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Abstract 
 
This report describes how an aircraft creates and flies its User Preferred 
Trajectory from take-off to landing, based on the objectives and constraints 
the aircraft is subjected to from a technological and operational viewpoint. 

A basic description of commercial aircraft operation is given, with an emphasis 
on identifying the different stakeholders (Air Navigation Service Providers, 
Airline Operation Center, Pilot/Aircraft, Airport and Civil Aviation Authority). A 
general description of Instrument Flight Rules operations is also given, 
together with an explanation of the capabilities of modern flight management 
systems. 

The objectives and constraints of the trajectory building process from an 
aircraft and air traffic management viewpoint are described in Chapter 4. 
Those are instrumental in understanding how the user preferred trajectory is 
built. The initial and detail route planning process is then described. 

The initial route planning is performed long before the flight and usually by the 
airline operating center where detail flight planning, including take-off, runway 
and departure procedure. This process is re-performed minutes before take-
off, and usually iterated during the flight when the details of approach and 
landing are communicated to the aircraft crew. 

The implementation of this user preferred trajectory is explained in terms of 
the options that the pilots have in the aircraft avionics to perform the mission. 
The implementation explained in this report is based on the avionics suite of a 
Boeing 737NG aircraft equipped with the most advanced flight management 
systems. 

An implementation of a user preferred trajectory, where the aircraft crew is 
able to best fulfill their objectives is composed of an idle or near idle descent 
from the cruise altitude. This type of descent, called an advanced continuous 
descent approach has been implemented by some air navigation service 
providers, airlines and airports, based on advanced technology that will be 
further described in this paper. Those procedures are called Green 
Approaches. 

In the last part of this report, the benefits of flying Green Approach procedures 
are analyzed by means of aircraft simulations. The analysis describes in detail 
the lateral and vertical trajectories of the Green Approaches at Stockholm’s 
Arlanda Airport and Brisbane Airport (Australia), together with the calculated 
advantages in term of fuel consumption, noise and gas emissions. 
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1 Introduction 
The operation of a today’s commercial aircraft is very different from the way 
they were operated in the past. The commercial aircraft of the 1930’s where 
machines where the crew was the main responsible of controlling the aircraft 
throughout the flight. However, during WW II there was a strong development 
of computers and electronics which brought the widespread application of the 
first complex autopilot systems. 

The development of more powerful and complex autopilot systems brought 
many advantages to aircraft operations. The pilot could be relieved of 
controlling the altitude and track of the aircraft during long distance flights, 
giving him the possibility to devote a higher part of his time into “managing” 
the flight in order to achieve higher standards of safety and efficiency. 

The management of the flight is a high-level task which involves creating or 
modifying the trajectory that the aircraft is going to flight from the origin to the 
destination. This trajectory (which will be called User Preferred Trajectory or 
UPT in this report) is usually prepared long before the flight taken in account 
the performance of the aircraft, the geography where the aircraft is going to 
flight and the climate and estimated seasonal weather. The UPT is later 
modified shortly before the flight to take in account precise information in 
regards of actual aircraft take-off weight and more precise information 
regarding the actual weather during the flight. The UPT is usually modified 
during the flight also to take in account unexpected weather phenomena like 
turbulence, and instructions that the crew receive from Air Navigation Service 
Providers (ANSP). 

The creation of this trajectory is a task which is usually performed by 
dispatchers. However, the modifications performed shortly before the flight 
and during the flight are mainly performed by the flight crew. 

During early commercial flights, the management of the aircraft was a task 
that the entire flight crew performed as a team. The pilot, co-pilot, flight 
engineer and navigator used their know how of airmanship, aircraft 
performance and navigation in order to refine the flight plan as many times as 
needed during the flight. In order to do so they used complicated tables which 
contained information about aircraft and engine performance, and more or 
less advanced calculators to estimate the fuel needed during the flight and the 
most efficient and safe altitudes and tracks to flight. 

It is also worth mentioning that in the past the lateral track legs were 
constrained to a path between two radio-beacons. This was necessary in 
order to more precisely navigate the aircraft at a time when inertial platforms 
and global navigation systems were not in existence. 

The development of computer systems gave the possibility of automating 
most tasks related to the management of the flight. This, together with 
development in avionics and navigation made it possible to replace half of the 
crew of an old commercial aircraft with a computer system that would help a 
two-person crew (pilot and co-pilot) to safely manage the aircraft during the 
whole flight. This computer is the Flight Management System (FMS). 
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The use of the FMS signified a revolution in the way aircraft operations are 
performed. By integrating information about weather, aircraft and engine 
performance, navigation and real-time information about the aircraft state, the 
FMS is able to compute precise trajectories to maximize not just the aircraft 
efficiency from a fuel point of view, but from a more general life-cycle cost. 
The integration between the autopilot and the FMS, together with the 
development of the area-navigation now makes it possible to flight detailed 
departure and approach procedures, increasing aircraft safety, airspace 
efficiency and airline economical revenues. 

The FMS continues to be developed, and new technical possibilities are 
appearing which each new generation of FMS. This evolution on the FMS has 
been so great that the airlines and ANSP are generally lying behind in terms 
of what is possible to do with the technology. This, together with the 
understanding that the air traffic is predicted to double or triple during the next 
decade [2], has forced the different stakeholders in the air traffic industry to 
develop and standardize new operational procedures and practices. This 
development is being carried out in Europe in the framework of the project 
SESAR (Single European Sky ATM Research) and in the United States in 
NGATS (Next Generation Air Transportation System). 

This report is intended to give a general discussion regarding the way the 
User Preferred Trajectories are constructed and implemented with the help of 
modern FMS systems, as well as giving an indication of the gains in efficiency 
and environmental aspects by using modern aircraft procedures that take 
advantages of airborne and ground technology. 
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2 Operation of Commercial Aircraft, 
Basics 

Operation of modern commercial aircraft is a complicated process where 
different stakeholders work together to keep traffic safety, efficient and with 
the least possible impact on the environment. Each of those stakeholders has 
particular objectives and is assigned particular set of tasks to perform. 

2.1 Stakeholders and tasks 
The main stakeholders involved in the operation of commercial aircrafts are 
the Air Navigation Service Providers (ANSP’s), the Airline Operation Centers 
(AOC), the Pilots/Aircraft, the airports and Civil Aviation Authorities (CAA). 

2.1.1 Air Navigation Service Provider (ANSP) [1]. 
The main tasks of the ANSP are to avoid collisions between aircraft by 
assuring safe separation, to maintain a calm and well-ordered flow of traffic 
and to provide information to pilots about weather, navigation and other 
relevant information like Notices to Airmen (NOTAM). The work performed by 
the ANSP is usually called Air Traffic Control (ATC). 

The air traffic control can be divided into three segments: 

- En route ATC 

- Terminal Area ATC 

- Airport ATC 

The en-route ATC is responsible for most of the controlled airspace between 
airports. In order to be able to cope with the high-density traffic close to larger 
airports, the en-route ATC delegates the responsibility of those areas to a 
local Terminal Area ATC. 

The Terminal Area ATC is responsible for the airspace in the terminal area 
(TMA) with the arrival and departure routes, with the exception of the actual 
arrival and departures from the airport. For these, the Airport ATC, or Tower 
Control, has the responsibility. 

Airport ATC has responsibility only for the airspace close to the runways and 
for handling on ground. When an aircraft departs or arrives at an airport it will 
have to cross all these boarders of responsibility and also sector borders 
within these segments. 

The job of an Air Traffic Controller is a complicated interplay between 
specially trained personnel, advanced technical equipment and precise, well 
proven work methods. The organization is built upon international rules and 
regulations as well as agreements and a common language - English. 

The Air Traffic Controller passes on instructions and authorizations to the 
pilots, maintains radio contact with them and controls the position of the 
aircraft in the airspace. It is also the job of the Air Traffic Controller to maintain 
a certain distance between aircraft. The aircraft should not be too close in 
height, too near behind or too the side and generally not in too close vicinity to 
each other. The Air Traffic Controller also maintains distance between aircraft 
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and vehicles at the airport. A sight of the Stockholm ATCC can be seen in 
Figure 1. 

 
Figure 1: The Stockholm Air Traffic Control Center ( ATCC). 

Before an aircraft is given clearance to take-off, the pilot must receive 
clearance from the airport control tower to proceed onto the runway and 
prepare for take-off. The pilot must also receive clearance for the actual route 
the aircraft is going to take. 

When the aircraft has taken-off and is gaining height, the control tower hands 
the responsibility of the aircraft over to a terminal controller who will guide the 
aircraft whilst it is in the vicinity of the airport. An area controller will then take 
over the aircraft and will be responsible for the aircraft during the flight. 

When the aircraft is approaching its destination, permission to approach the 
airport will be given to the pilot by the approach controller and then the tower 
controller takes over to give the pilot permission to make the actual landing. 

All airspace between 2900 meters and 14 000 meters is classified as a 
controlled area and then controlled by the ANSP. The area immediately above 
an airport and immediately surrounding the airport is also classified as a 
controlled area. 

In some countries the ANSP is a public entity. In some other countries it has 
been privatized and works autonomous under the supervision of the CAA. 

In Sweden the ANSP is Luftfartsverket (LFV). 

2.1.2 Airline Operation Center (AOC) [1]. 
The mission of the AOC is to ensure that the flights performed by the airline 
are operated safely and efficient, in accordance with legal regulations. 
Operational entities associated with flight operations include dispatch, flight 
crews, ground crews, gate managers, and others whose activities are 
coordinated within the AOC. The organization is also supported by 
meteorology, engineering, crew and route planning staff. 
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At larger airlines (especially US Carriers) a dispatcher makes all the 
necessary planning before the flight. The primary function of the dispatcher is 
the safe and legal planning and control of flights. Dispatchers play a central 
role in coordinating planning not only for individual flights but also for the 
overall schedule. Dispatchers manage flight preparations and monitor the 
flights status and weather conditions during the flight. They are responsible for 
preparing a flight plan that provides the fuel required, payload, route to be 
flown, and alternate airports for each flight. For the follow up and support to 
the flight crew they often use datalink communication like ACARS (Aircraft 
Communication Addressing and Reporting System). 

Weather briefings, which are an integral part of the dispatch release, may 
contain field condition reports and ground handler data in addition to surface 
weather observations, forecasts and NOTAMs. Finally, dispatchers are 
responsible for filing the latest flight plan with appropriate ATC facilities. 

Aircraft dispatchers regularly make decisions concerning whether or not a 
flight may be safely operated. Items taken into account are the deferred 
Minimum Equipment List (MEL) or Configuration Deviation List (CDL) items, 
aging aircraft restrictions, and availability of required technical and operational 
support (fuel, gates, ground power, stairs etc) at the departure, destination 
and alternate airports. 

During irregular operations and emergencies, the role of aircraft dispatcher is 
expanded to handle the additional coordination that such situations demand. 

In smaller airlines many of the dispatcher’s functions are carried out by the 
pilots themselves. There can be several different combinations where the 
pilots can have access to all the necessary weather information and aircraft 
status via a computer system and then do all the flight planning. 

2.1.3 Pilot/Aircraft [1]. 
Flight planning is either a task of the dispatchers or the flight crew. Airlines 
have made big investments in computers, datalink systems, as well as other 
systems to support the planning phase to make the flight safe, economical 
and having as little impact on the environment as possible. During the actual 
flight the crew has access to sophisticated on-board computers such as the 
Flight Management Systems, FMS. These help the pilots to execute the flight 
as planned and also can even optimize it and take into account the actual 
updated flight conditions. 

Unfortunately detailed information about the final trajectory computed is 
usually kept on the aircraft. On the ground, the controller just has the 
information than that aircraft is going to fly from A to B through certain points 
at a certain time. He then confirms that information by making contact with the 
aircraft via radio, and then looking at it on the radar screen. 

What controllers do, especially in the approach and landing phase, is 
controlling the aircraft by telling the pilot to fly at a certain speed or to steer to 
a certain heading at a certain altitude, in order to properly position the aircraft 
in the traffic pattern or in the flow to the airport. However, since the controller 
does not know the optimum performance profile for that particular aircraft 
(which depends on aircraft model, weight, weather etc), the commands issued 
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by ATC usually does not correspond to the most efficient User Preferred 
Trajectory. 

On the other hand the aircraft crew does not have a clear picture of what are 
the particular objectives and restrictions of the controller. Hence they are not 
able to use the sophisticated onboard systems to create an optimal trajectory. 
Instead the crew uses all other means of information, especially listening to 
the radio conversation between the controller and other pilots. They then try to 
figure out how the traffic situation is around and what kind of flight path he can 
expect. 

In the current air traffic system, air traffic controllers are responsible for 
preventing collisions and maintaining an orderly and expeditious flow of traffic. 
Pilots are in charge of control and navigation of their individual aircraft, and 
currently have no separation responsibility to other traffic other then to avoid 
collisions. When the controller can share awareness of relevant traffic to the 
aircrew, the next step is to co-operate (to various extents) in the 
responsibilities for the separation of own aircraft from other traffic. In co-
operative separation applications some separation assurance tasks are 
transferred from the ground ATC to the aircrew under specified conditions. 

2.1.4 Airport [1]. 
On an international airport with passenger- and cargo traffic a number of flows 
are connected. The airport has grown to become a communication point with 
both commercial, communicational, environmental and safety related work 
areas. 

The main objective of a modern airport is to perform the operational planning 
of the aircraft flow. This objective is achieved by the following subtasks: 

• Airport slotting 
To get control over the airport so that it doesn’t get overloaded, all timetables 
are regulated by a coordination function. This is done at all larger international 
airports. Overload causes delays, which is something all interested parties 
want to avoid.  

• Personnel planning 
The rules for the criteria of the airplane crews working hours together with the 
fact that the airplanes are active 24 hours a day make it necessary for all parts 
on the airport to have access to advanced planning tools when it comes to 
manning and authorizations. Both long-term and daily operational perspective 
is required to prevent delays from occurring. 

• Airplane planning 
For the airline operator, it is preferred to keep the fleet active in a safe and 
optimized way. The basis planning of the seasonal timetable with 
determination of the aircraft type is a long and complex work. In the daily 
operational work, delays and technical failures can require fast decisions and 
restructuring. Well-developed techniques together with support from the 
airport are required for this work. 
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• Towing, Planning of Airplane Parking, Gates and 
Passenger busses 

On the airport there are terminals with exits to the aircrafts, gates. At the 
terminal and on free ramp areas there are stands, parking places for aircrafts. 
Factors such as aircraft size, airline-specific terminals, destination within 
Schengen or not, customs regulations etc decide where and how the aircrafts 
are towed. 

• Airplane service during turnaround 
All the service needed during turnaround such as catering, fueling, technical 
oversight, cleaning, de-icing and towing etc requires co-ordination, technical 
support and well-developed methods to prevent delays. 

• Air Traffic Control 
The Air traffic control should see to an optimized traffic flow. This means that 
they must, mainly during the minute-operative work, optimize the aircraft 
movement both on ground and in the air to prevent unnecessary delays. 
Support tools and methods to more easily handle the planning of the flow are 
used today and the development towards even more sophisticated systems is 
a continuously ongoing process. This task is usually handed over to the 
ANSP. 

2.1.5 Civil Aviation Authority (CAA) 
The Civil Aviation Authority is the national body governing civil aviation in any 
country. Among the responsibilities of the CAA are to provide the community 
with a safe, cost-effective and environmental friendly civil airspace. Those 
objectives are fulfilled by carrying on the following activities: 

- Developing national regulations to be followed by the national airspace 
stakeholders (airline, pilots, air navigation service providers, etc.), in 
harmony with international regulations (i.e. International Civil Aviation 
Organization, ICAO) 

- Providing authorization and certificates to airlines, aircraft and crew 
(flight, cabin, maintenance, air traffic control, etc.) 

- Supervising that the regulation are thoroughly followed by the airspace 
stakeholders. 

- Publishing airspace chart and procedures to standardize the use of the 
national airspace. 

- Performing studies in regard of the level of security of the airspace. 

- Carrying on studies to minimize the environmental impact of flight 
operations. 

In Sweden the Civil Aviation Authority is Luftfartsstyrelsen. 

2.2 Instrument Flight Rules 
Aviation started with terrestrial navigation and visual contact to other aircraft to 
assure safe separation. Old primitive aircraft without advanced sensors and 
navigation systems relied on the pilot to have enough visibility in order to 
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control the attitude and altitude of the aircraft, to navigate and to maintain safe 
separation from obstacles and other aircraft. The regulations that allow the 
aircraft to operate on those conditions are called Visual Flight Rules (VFR). 
VFR operations are still used extensively for private pilots operations. 

When the need for all-weather operation was established, light- and radio-
beacons and radar systems were introduced on the ground to supplement 
missing aircraft capabilities. With this new set of aids, aircraft were allowed to 
fly without the assumptions that pilots were able to see and avoid obstacles, 
terrain and other traffic. The regulations that permit this type of operations are 
called Instrument Flight Rules (IFR). Nowadays almost all commercial traffic 
operates under IFR [1]. 

2.2.1 Flight plan 
On an IFR flight, the pilot is required to fill a document called Flight plan. The 
Flight plan contains information about the flight like: 

- Departure and arrival points 

- Route 

- Estimated time 

- Alternate airports 

- Pilot name 

- Number of passengers 

- Etc. 

The description of the route to flight can be given in terms of points (navaids 
or waypoints), or in terms of standard segments called airways. 

A navaid (short for Navigational Aid) describes the position where a radio 
beacon is installed. This radio beacon can be used by the aircraft to navigate 
by “locking” in it with internal radio-navigation systems of the aircraft (like VHF 
Omnidirectional Range - VOR or Non-Directional Beacon - NDB) 

A waypoint is a geographical point just defined by its latitude and longitude. 
An aircraft that has complex navigation systems may be able to navigate from 
any geographical point to other without the help of navaids. This capability 
(supported by the use of integrated avionics like Inertial Reference Systems, 
radio navigation, and nowadays Global Navigation Systems like GPS) is 
called Area Navigation (R-NAV). 

Both waypoints and navaid points are identified with the term fix. 

The airways are a set of standardized pre-defined paths which can be thought 
of three-dimensional highways for aircrafts. Usually the airways starts and 
finishes at a navaid. Before the advent of area navigation, most flightplan of 
commercial aircraft where described in terms of airways. 

A typical IFR flight can be divided in three stages. Those are departure, en-
route and approach. 
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2.2.2 Departure 
The departure starts when the aircraft is airborne and it finishes when the 
aircraft is out of the Terminal Area. 

 
Figure 2: Chart with SIDs from Malmö-Sturup Airport, runway 35 [3]. 

Since an aircraft flying under IFR has to be able to navigate safely out of the 
TMA keeping clear of surrounding terrain and avoiding collision with other 
aircraft in any visibility, the pilots flying the aircraft have to adhere to a 
departure procedure (DP) instructed by the controllers. The departure 
procedure usually consists of an initial heading and altitude that the pilot has 
to follow once airborne. 

In busier airports the departure procedures has to include more information in 
regards of the lateral trajectory to flight in order to achieve proper separation 
due to the high amount of traffic. Vertical restrictions may also be necessary 
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to consider. In those cases, the departure procedures are published document 
called Standard Instrument Departure (SID). 

The standard departure procedure is given by ATC to the pilot based in the 
runway which the aircraft is going to use, and the first waypoint in the aircraft 
flightplan. The departure procedure includes a number of waypoints or fixes 
which may be based on their latitude/longitude coordinates or in VOR/NDB 
radio beacons. 

A SID procedure usually ends at the first waypoint of the flight plan. SID 
procedures are defined by the local CAA to ensure safety and expedite 
handling of departing traffic and - when possible - to minimize the amount of 
noise over inhabited areas such as cities. An example of a SID can be seen in 
Figure 2. 

2.2.3 En route  
The en route part of the flight is described in the flightplan as either airways or 
fixes. An example of a flightplan sheet can be seen in Figure 3. 

 
Figure 3: Example of a Flightplan.  
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2.2.4 Approach 
The approach starts when the aircraft leaves the last point on the flightplan 
and finishes with the aircraft on the ground. If the aircraft is flying under IFR, 
the approach has to be conducted according to an Instrument Approach 
Procedure (IAP). 

The IAP instructs how to make the transition from the en route flight to the 
point where the aircraft can land visually. Approaches are classified as 
precision or nonprecision depending on the capability of the navigation aid 
used. Precision approaches include information regarding lateral and vertical 
trajectory. Nonprecision approaches provide just lateral trajectory information.  

The most commonly used precision approach system is the Instrument 
Landing System (ILS). The ILS is composed by two set of radio systems. The 
first provides lateral guidance to the runway (Localizer) and the second 
vertical guidance (Glideslope) 

Once established on the ILS approach, the aircraft will follow the ILS and 
descend along the predetermined vertical trajectory, until the Decision Height 
(DH) is reached. At this point, the pilot must have the runway or its approach 
lights in sight to continue the approach. If neither can be seen, the approach 
must be aborted and a Missed Approach procedure will be initiated where the 
aircraft will climb back to a predetermined altitude The DH depends on the ILS 
category of the ground system, as well as the equipment present on the 
aircraft [4]. 

Table 1: ILS Categories and Decision Height [4]. 

Approach Category Decision Height 
CAT I DH 200 feet and Runway Visual Range 2.400 feet 
CAT II DH 100 feet and Runway Visual Range 1.200 feet 
CAT IIIa No DH or DH below 100 feet and Runway Visual 

Range no less than 700 feet. 
CAT IIIb No DH or DH below 50 feet and Runway Visual 

Range less than 700 feet but no less than 150 feet. 
CAT IIIc No DH and no Runway Visual Range limitation 
 
It is worth to mention that ILS approaches in categories 2 and 3 can be 
completely automated and controlled by the computers on the aircraft all the 
way to touchdown. A description of an ILS approach to Arlanda airport can be 
seen in Figure 4. 

Busy airports may also have Standard Terminal Arrivals (STARs) providing an 
additional connection between en route flight and instrument approaches. 
These procedures usually start at an airway and end at the holding stack. 
ATC is responsible to guide the aircraft from the end of the STAR to the initial 
approach fix, giving it verbal instructions in terms of heading, altitude and 
airspeed. An example of STAR procedure can be seen in Figure 5. 
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Figure 4: ILS Approach to Stockholm-Arlanda Airport, runway 26 [3]. 
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Figure 5: STAR to Stockholm-Arlanda airport, runway 2 6 [3]. 

 



Hanyo Vera Anders  TRITA AVE Licentiate Thesis 

 

14 

3 The Flight Management System 
The term Flight Management System (FMS) is used to designate the 
combination of normal aircraft avionics with digital computers, integrated to 
“assist the pilot in managing the flight in an optimum manner by automating as 
many of the tasks as appropriate to reduce the pilot workload”. 

The FMS performs a number of functions, among them: 

i) Automatic navigation and guidance including “4D” navigation (Latitude, 
Longitude, Altitude and Time) 

ii) Presentation of information. 

iii) Reduction of operating costs. 

iv) Maintaining performance limits to assure security of airplane and comfort 
to passenger (maximum g, bank angle, etc.) 

As a result there is a major reduction on the pilot workload and the crew has 
more freedom to manage high-level cockpit tasks effectively during all phases 
of flight. 

3.1 Components of Typical FMS 
The FMS is not a single computer or piece of equipment, but the integration of 
many avionics systems to perform the tasks of navigation and management of 
the airplane (see Figure 6). The core of the FMS consists of the Flight 
Management Computer (FMC) and the Control Display Unit (CDU). 

3.1.1 Flight Management Computer (FMC).  
The FMC is a digital computer that stores in its memory diverse information 
for navigation and performance calculation. There are two basic types of data 
stored on the FMC. 

• Navigation Data:  
The navigation data is composed of: 

i) Radio Navaids (VOR, DME, VORTAC, TACAN, NDB) 

ii) Waypoints 

iii) Airways 

iv) Procedures (Approach, Departure, Transitions, Missed Approaches, 
Turns, Holds, etc.) 

v) Charted Holding Patterns 

vi) Standard Instrument Departures (SID) and Terminal Arrival Routes 
(STAR) 

vii) Airports and Runways. 

viii) Terminal Gates 
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ix) Company Routes. 

The navigation data of the FMC must be updated regularly to meet ICAO 
standards. These updates are released on a recurring cycle in a set scheme 
in order for all to have-, and refer to the same data. This cycle is 28 days and 
is known as the AIRAC – (Aeronautical Information Regulation and Control) 
dates. 

 
Figure 6: Typical Layout of an FMS [5]. 

 
• Performance Data 

The FMC stores a detailed aerodynamic model of the aircraft, which includes: 

i) Basic high speed polars 

ii) Target airspeed for operating modes and conditions 

iii) Buffet Limit Envelope. 

iv) Operational Aircraft Limits. 

v) Engine-out operating conditions. 

The FMC also contains a model of the engine installed on the airplane, which 
allows it to calculate fuel flow, thrust and engine limits in any air condition, 
considering as well as the use of anti-icing systems. 
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3.1.2 Control Display Unit (CDU) 
The CDU is used by the pilot to communicate with the FMC. A traditional CDU 
consists of monochromatic or color display and a keyboard. A commercial 
aircraft is provided usually with 2 or 3 CDUs. A typical CDU can be seen in 
Figure 7. 

 

 
Figure 7: Honeywell CDU. 

 

3.2 Main Tasks of FMS, Flight Planning – 
Navigation. 

As mentioned before, the task of the FMS involves the navigation and 
guidance of the airplane, as well as the management of fuel with the ultimate 
goal of reducing the overall operation costs of the airplane. 

3.2.1 Flight Planning: 
Before starting a flight on an airplane provided with a FMS, the crew provides 
the FMS with the basic information needed to perform a strategic planning of 
the flight. The minimum data that the pilot has to enter in the FMS is: 

• Route flown. For the FMS to be able to guide the airplane through the flight 
path, the crew has to enter the origin and destination of the flight. He may 
also include possible desired waypoints or flight level and other flight plan 
constraints. 

• Gross Take off weight and Fuel. The take off weight of the airplane is an 
important factor which affects most of the flight planning performed by the 
FMS. It is also important to specify the total fuel loaded at takeoff, which 
allows the FMS to carry out high accuracy performance calculations on the 
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aircraft. 

• Atmospheric Conditions. Some FMS can be fed with a database of 
expected atmospheric conditions for a given route. These conditions can 
include: 

- Winds (during climb, cruise and descent) 

- Temperature  

- Tropopause (limit) 

All this data will be used for the FMS to calculate the optimal flight path. 

• Cost Index and Required Time of Arrival 

- Cost Index: For the system to compute the ideal 4D trajectory of the 
airplane with the minimum overall operational costs, the FMS has to be 
fed with information regarding the relative importance of getting to a 
destination as briefly as possible, relative to the cost of the fuel that will 
be used on the flight. The details on the calculation of the Cost Index 
will be further expanded later in this report. 

- Required Time of Arrival: If the pilot is interested on achieving a fixed 
RTA (Required Time to Arrival) to some waypoint, some FMS can 
override the CI entered for the route, and will calculate the minimum CI 
allowed to achieve this waypoint on time. Alternatively, it can also show 
the preferred take off time to achieve the RTA with the minimum CI, as 
well as the limit take off time to achieve the destination on time (with 
the maximum CI of course). The system will also notify the crew if a 
given RTA can not be achieved. Results of the precision in the aircraft 
control to an RTA obtained of trials performed as part of the Aircraft in 
the Future ATM System (AFAS) are seen in Table 2. 

RTA Target Max Mean STD 

Top-Of STAR 7 sec 4.8 sec 2.7 sec 

Runway Threshold 21 sec 12.7 sec 7.3 sec 

Table 2 Results of RTA precision obtained during AF AS trials in Boeing 737 [6]. 

 
3.2.2 Navigation 
To be able to carry out the Flight Plan computed, the FMS has to be able to 
guide the aircraft through the airspace on a 4 dimensional basis (Latitude, 
Longitude, Altitude and Time). This is accomplished by calculating the position 
of the aircraft along the flight, the specific path for every leg and between the 
legs on the flight path, the climb and descent profiles, and finally by controlling 
the autopilot and the autothrottle along the flight. 
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• Calculation of Position and Speed 
To calculate the position and speed of the airplane, the FMS uses a variety of 
sensors available in the aircraft. Those sensors include: 

- Inertial Reference Systems (IRS) 

- Air Data Computer (ADC) 

- Radio Navigation Aids (i.e. VOR/DME, TACAN, NDB) 

- Global Navigation Satellite System (GPS, GLONASS and future 
GALILEO).  

 The calculated position obtained by the fusion of the available data is very 
accurate at a single time and also ascertained over time (drift monitoring). 

• Autopilot and Autothrottle Closed-Loop around the Flight 
Path 

The entire flight plan can be calculated by the FMS before the start of the 
flight according to the initial information provided by the pilot and the data 
stored on the FMC. The autopilot and autothrottle are then used to ‘close the 
loop’ to ensure that the aircraft is flown precisely according to the flight plan. A 
graphical description of the control loop can be seen in Figure 8. 

 
Figure 8: Control loops on a FMS/Autopilot system [5 ]. 

 
• Area Navigation (RNAV) and Required Navigation 

Performance (RNP) 
RNAV is a method of navigation that permits aircraft operation on any desired 
flight path within the coverage of station-referenced navigation aids or within 
the limits of the capability of self-contained aids, or a combination of these. In 
the future, there will be an increased dependence on the use of RNAV in lieu 
of routes defined by ground-based navigation aids. 
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RNAV routes and terminal procedures, including departure procedures and 
standard terminal arrivals, are designed with RNAV systems in mind. 

There are several potential advantages of RNAV routes and procedures like 
time and fuel saving, reducing dependence on radar vectoring and more 
efficient use of the airspace. 

RNP (Required Navigation Performance) is RNAV with on-board navigation 
monitoring and alerting, RNP is also a statement of the navigation 
performance necessary for operation within a defined airspace in terms of 
maximum possible lateral deviation from the defined flight path. A critical 
component of RNP is the ability of the aircraft navigation system to monitor its 
achieved navigation performance, and to identify whether the operational 
requirement is, or is not being met during an operation. This on-board 
performance monitoring and alerting capability therefore allows a lessened 
reliance on air traffic control intervention (via radar monitoring, automatic 
dependent surveillance -ADS, multilateration, communications), and/or route 
separation to achieve the overall safety of the operation. The RNP capability 
of the aircraft is a major component in determining the separation criteria to 
ensure that the overall containment of the operation is met. 

The RNP capability of an aircraft will vary depending on the aircraft equipment 
and the available navigation infrastructure. For example, an aircraft may be 
equipped and certified for RNP 1.0, but may not be capable of RNP 1.0 
operations due to limited navaid coverage [7]. 

Table 3: U.S. Standard RNP Levels [7]. 

RNP Level Typical Application Primary Route Width (NM) 

- Centerline to Boundary 

0.1 to 1.0 RNP SAAAR Approach 
Segments 

0.1 to 1.0 

0.3 to 1.0 RNP Approach Segments 0.3 to 1.0 

1 Terminal and En Route 1.0 

2 En Route 2.0 

 

• 4DT Navigation 
A new development in the FMS capabilities is the availability of intent 
trajectory data as calculated by modern Flight Management Systems. 

The calculated 4DTrajectory (4DT) includes not just the position of the future 
points in the trajectory (Latitude, Longitude and Altitude) but also at what time 
those points are going to be fly-over. In other words, the FMS knows when the 
aircraft will arrive, to within a few seconds at every waypoint in its flight path 
all the way to the runway. 
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Until not long ago, this information was only available to the pilots and, in 
some cases, to the passengers in the form of in-flight information about 
present aircraft position and landing time. Smiths Industries, a company that 
manufactures FMS for a variety of aircraft types, including the Boeing 737NG, 
has created a new update to their FMS software (version U10.6) which allows 
this 4DT intent data to be broadcasted out to other aircraft to other 
stakeholders in the ATM scene. Figure 9 shows both present state data as 
well as intent data for a flight in term of the Trajectory Change Points (TCPs). 

 

Present 

TCP +1 TCP +2 
TCP #3 

RTA 

 
Figure 9: Illustration of intent data [1]. 

The intent 4DT data sent by the Smiths FMS is based in the ARINC702A 
format. In this format it is possible to send to the ground or broadcast 
information about TCPs as well as Waypoints in the flight plan. Details about 
the information message and the format can be seen in Figure 10. 
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Figure 10: Protocol ARINC 702A [8]. 
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4 Objectives and Constraints in 
Trajectory Building 

The aircraft trajectory is built during the flight planning and management 
phases to achieve a set of objectives such as safety and efficiency. However 
to understand the process of trajectory planning it is necessary to understand 
in detail those objectives and the set of constraints that the aircraft is 
subjected to. 

The main objective of an airline is to provide a good business case by 
achieving revenues, but there are also other relevant set of objectives, like to 
provide a good environment for the passengers, to minimize the 
environmental effects to the community, and to achieve a good safety record 
by minimizing the number of incidents and accidents. 

The aircraft is limited in its ability to achieve those objectives by constraints 
inherent to the aircraft technology and operation. In addition, there are other 
constraints which depend on the ANSP and the CAA. 

The Air Traffic Management (ATM) related constraints are set in place by the 
ANSP in order to achieve particular ATM objectives. Those are providing safe 
and efficient operations to commercial, private and military aviation and to 
achieve efficiency in the use of the Airspace and Airports. 

Since some of the objectives of the airline and the ANSP are the same (for 
instance the ones related to the safety of the particular aircraft operation), 
some constraints will be repeated by being both aircraft-Inherent and ATM-
related. 

In the following paragraphs a detail of the Objectives, Inherent Constraints 
and ATM Constraints that affects the creation of the aircraft trajectory are 
mentioned in detail. The different figures show a graphical description of the 
relations between different level of objectives and constraints. 

4.1 List and Description of Aircraft Objectives 
4.1.1 Revenue 

Revenue

Minimize Flight 

Time

Minimize 

Overflight Fees

Minimize Fuel 

Consumption

Minimize Landing 

Fees

Maximize 

Payload Weight

Minimize Stress/

Load on Aircraft  
 

Figure 11: Objectives, Revenue 

 
• Maximize Payload Weight 
Airline revenues are directly related to the amount (weight) of passengers and 
cargo carried by the airplane. 
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• Minimize Fuel Consumption 
Minimizing fuel consumption increases profitability for any given flight and 
airline. 

• Minimize Overflight Fees 
Reduction of overflight fees increases profitability for airlines. 

• Minimize Landing Fees: 
Reduction of landing fees increases profitability for airlines. 

• Minimize Stress/Load on Aircraft 
The higher the stresses/loads on an aircraft, the greater the cost related to 
maintenance/overhauls. 

4.1.2 Environment 
 

Environment

Maximize 

Passenger 

Comfort

Minimize 

Emissions

FuelNoise 
Small Bank/

Climb Angles
Smooth Flight Modern Aircraft

No Turbulence
No Sudden 

Maneuvers
 

 

Figure 12: Objectives, Environment 

 
• Minimize Emissions 

a. Minimize Noise Emissions 
Noise emissions have a great impact on the quality of life for people living 
close to airports, as well as for airport personnel. 

b. Minimize Fuel Emissions 
Fuel emissions have an impact on common environmental problems, such as 
the Greenhouse Effect and Depletion of the Ozone Layer. 

• Maximize Passenger Comfort 
a. Smooth Flight 

• No Turbulence 
Passengers can experience serious distress and even injuries due to the mid-
frequencies and relatively high G oscillations produced by an aircraft in 
turbulent flow. 
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• No sudden Maneuvers 
Sudden maneuvers with medium to high loads can produce distress for 
passengers. 

b. Small Bank/Climb Angles 
The higher the Bank/Climb angles, the higher the load changes on the aircraft 
and subsequently the higher the distress for the passengers. 

c. Modern Aircraft 
In general, modern aircraft provide a more comfortable environment for 
passengers than older aircraft. 

4.1.3 Safety 
 

 
 

Figure 13: Objectives, Safety 

 
• Avoiding Accidents 
Airlines strive to use every means available to ensure flight safety for all 
aircraft in order to avoid potential accidents. In addition to the loss of human 
life, accidents inflict material losses for airlines as well as reduced credibility 
among passengers which can eventually result in airline bankruptcy. 

• Avoiding Incidents 
Incidents in particular must be avoided, so there are fewer possibilities that an 
incident can lead to an accident. 

4.2 List and Description of Inherent Aircraft 
Constraints 

4.2.1 Environmental 
 

 
 

Figure 14: Constraints, Environmental 
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• Terrain 

a. En Route 
The aircraft must maintain a certain clearance altitude in order to avoid terrain 
and obstacles along the entire path of flight. 

b. Airport 
The aircraft must maintain a certain clearance altitude in order to avoid terrain 
and obstacles while taking off, descending and landing. 

• Noise 
There are clearly defined maximum levels of noise that may be produced by 
aircraft in the vicinity of various airports. 

• Emissions 
There are clearly defined levels of emissions that aircraft engines may 
produce. 

• Runway Setup 
a. Altitude 

The altitude of the runway has a direct influence on the maximum available 
thrust of the engines at Take Off. 

b. Slope 
The slope of the runway will influence the time the aircraft needs to achieve 
V1 and VR speeds. 

c. Type 
The type of runway (grass, gravel, asphalt, etc.) affects the friction coefficient 
of the aircraft at Take Off and landing. A higher friction means a longer time to 
accelerate to V1 (decision speed) and VR (rotation speed). A too low friction 
coefficient can lead to the loss of control at Take Off or Landing (independent 
of the actual conditions of the runway due to actual contamination).  

d. Length 
The length of the runway affects the possibility to achieve V1 and VR, while 
having still runway available to abort Take Off. On the other side, while 
landing, if the runway is too short it may not be enough space to bring the 
airplane to stop. 

4.2.2 Safety 
 

 
 

Figure 15: Constraints, Safety 
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• Terrain Avoidance 
The aircraft has to fulfill certain requirements in order to maintain a certain 
altitude clearance over ground level so as not to collide with terrain or other 
obstacles such as buildings. 

• Safe Operations 
There are regulations sanctioned by both ICAO and the FAA that regulate 
how an aircraft must be operated in order to maintain safely and avoid 
accidents. 

4.2.3 Regulations 
 

 
 

Figure 16: Constraints, Regulations 

 
• ICAO PANS-OPS 
ICAO has a body of rules called Procedures for Air Navigation Service 
Operations (PAN-OPS) that dictate how aircraft related procedures must be 
designed / operated. 

• FAA-TERPS 
Terminal Instrument Procedures (TERPS) are the FAA version of ICAO 
PANS-OPS. 

4.2.4 Technology 
 

Technology

Avionics Airframe/Engine

FMS Type NAV Capability
Engine Type/

Number

Aircraft Type/

Capabilities
 

 

Figure 17: Constraints, Technology 
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• Avionics 
a. FMS-Type 

The type of FMS onboard an aircraft will greatly influence the Flight 
Trajectory. Most modern FMS are able to calculate the most efficient 
trajectories for the flight, and are able to automatically control the Vertical 
Path, Lateral Path and Thrust of the aircraft during certain flight conditions. 
Old FMS do not have so advanced capabilities. 

b. NAV Capability 
The navigation equipment on any aircraft will influence the accuracy of the 
aircraft’s navigation capability. 

• Aircraft/Engine 
a. Engine Type/Number 

The engine Type and Number influences a variety of factors, primarily the 
range of maximum available thrust at different altitudes, as well as the level of 
reliability of the aircraft. 

b. Aircraft Type/Capabilities 
Different aircraft have different performance capabilities such as distance 
needed for take off, altitude, maximum speed, etc. 

4.2.5 Meteorology 
 

Meteorology

EnrouteAirport

Snow/IceWind Visibility TurbulenceJet Stream Thunderstorms

 
Figure 18: Constrains, Meteorology 

 
• Airport 

a. Wind 
Wind can affect the time needed for the aircraft to reach V1 and VR, as well 
as the feasibility of achieving take off or landing due to strong side-winds or 
wind-shear. 

b. Snow/Ice 
Snow/ice will affect the runway friction level. 

c. Visibility 
Lack of visibility can affect the feasibility of aircraft to land in certain 
conditions. 
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• En-route 
a. Jet stream 

The powerful high-altitude jet stream winds can affect the decision to 
take/avoid certain routes. 

b. Turbulence 
The flight crew may change routes to avoid turbulence thereby avoiding 
excessive load on the aircraft and minimizing passenger discomfort. 

c. Thunderstorms 
The flight crew may change routes to avoid thunderstorms, thereby avoiding 
excessive load on the aircraft, minimizing passenger discomfort and 
maintaining safety standards during flight. 

4.3 List and Description of ATM Constraints [9] 

4.3.1 Constraints classified by their source 

The ATM Constraints are those directly related to the operational strategies 
employed by the ATM system to organize traffic flows. Operational strategies 
of an ANSP consist of tactical restrictions directly affecting the flown trajectory 
as well as strategic restrictions like flow restrictions and standard procedures 
affecting the designing of optimal operational strategies. Figure 19 shows a 
classification of ATM Constraints according to the source of the constraint. 

 
Figure 19: Classification of ATM Constraints accord ing to the source 

4.3.2 Environmental 

ATM Constraints of the class environment have as a source either 
atmospheric or ground based sources. Both sources result in limitations of 
capacity for airspace or airports. The effect on the user preference can be 
manifold and range from delays to re-routings. 

In general the atmospheric constraints concern local weather phenomena on 
an airport, like visibility, precipitation or wind, or en-route like sever weather. 
Atmospheric constraints respectively the resulting types of ATM Constraints 
i.e. ATC Interventions can affect either the flown trajectory or the designing of 
the user preference e.g. trans-Atlantic flights. 

Ground related constraints are mainly caused by infrastructure actions like 
works or maintenance actions e.g. snow removal. 
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Figure 20: Sources for environmental constraints 

4.3.3 Regulatory 

ATM Constraints of the class regulatory have as a source national (e.g. 
aviation regulation) or international regulations (e.g. ICAO) concerning safety, 
noise or the airspace regime. These constraints can be considered stable. 
Nevertheless this class of constraints has to be considered in ATM 
Constraints. Taking for example ICAO airspace classifications as defined in 
ICAO Annex 11 Appendix 4. This airspace classifications define, which 
service is provided in an airspace (e.g. Air Traffic Control, Flight Information 
Service, Traffic Information, Air Traffic Advisory Service), which kind of flights 
can be performed (e.g. VFR, IFR, both) and related visibility minima. It can be 
seen that these definitions affect the operational concept that an ANSP will 
implement in a specific airspace and in turn also limits the possible strategies 
to achieve the objectives. 

Noise

Regulatory

Airspace
regime

Safety

Military
Airspace

ICAO Airspace
classifications

 
Figure 21: Sources for regulatory constraints 

4.3.4 Technology 

The constraints of the class technology are based on ATM systems in general 
and the fact that these systems can fail. Hence these constraints aim solely 
on remedying the adverse effects of CNS/ATM failures. Again they can have 
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tactical and strategic effects. In regard of the technical failure, it has long term 
effects like the repair of a system and hence influencing capacity of e.g. an 
airport on a large scale they become of the class environmental. 

4.3.5 Event 

Constraints of the class event are related to events compromising the 
objective of safety. Consequently the resulting constraints of this class aim at 
re-instating safety. In the Model these are mainly ATC Interventions of the 
type’s level, heading/vectoring, climb, descend and speed. Furthermore the 
constraint can be pre-defined solutions of the type procedure implemented in 
the form of e.g. missed approach procedures. 

Event

Incidents Accident Emergency

Airprox
Runway
closure

Aircraft
Unlawful

interference
Runway
incursion

 
Figure 22: Sources for event constraints 

4.3.6 Operational 

ATM Constraints of the class operational result from both aspects of the 
objectives, safety and efficiency. Consequently they can affect the flown 
trajectory as well as the designing of user preferences. Operational 
constraints themselves result from the existing sectorisation, the capacity 
available or the CFMU as flow restrictions. 

Operational

CFMUCapacitySectorisation

 
Figure 23: Sources for operational constraints 

4.3.7 ATM Constraints classified by type 

ATM Constraints can be classified not only by source but also by type, where 
type is based on the form of the constraint. 
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Figure 24: Classification of ATM Constraints by typ e 

• Flow Restrictions 

Constraints of the type flow restrictions concern processes for balancing 
demand and capacity. In the model that means flow restrictions will be 
imposed e.g. in case the demand exceeds the capacity of a specific airspace, 
but the airspace cannot be changed. Such an event can be holiday season 
starts, big public events etc. The flow restriction will be imposed to use the 
existing airspace structure as efficiently as possible e.g. re-routing traffic to 
airspace or routes where there is still capacity available. Hence operational 
strategies of users have to be adapted/re-designed with regard to the new 
routings and the given user objectives. 
Responsible for the Flow Restrictions is the Central Flow Management Unit of 
EUROCONTROL: 
"The CFMU is an operational unit of EUROCONTROL, enhancing safety 
through co-ordinated management of the air traffic in Europe. It ensures 
congestion in the air does not occur and that available capacity is used 
effectively." [10] 

• Procedures 

Constraints of the type procedures consist of a set of rules. These rules are 
combined out of separate instructions. For Standard Instrument Departures, 
Standard Arrival Routes and route structures the building blocks can be 
considered to be ATC Interventions, which have been arranged in a specific 
way to achieve a specific objective (safety, efficiency). With regard to the pre-
definition they could be regarded as intrinsic constraints. This is true insofar 
as they limit e.g. the options on how to depart from an airport. On the other 
hand the actual user preference implemented depends on the selection of a 
specific pre-defined constraint by an ANSP. 
Instrument Flight Rules or Visual Flight Rules represents another set of pre-
defined rules. Here the rules define the boundaries e.g. for landing under 
different visibility conditions (minimum decision height etc.). 
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Figure 25: Types of procedure constraints 

• ATC Interventions 

The constraints of the type ATC Intervention result directly from controller 
actions and can be applied during every phase of flight and generally are to 
be followed by the pilot. 

ATC Interventions

Climb Rate
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Descent  Rate

 
Figure 26: Types of ATC Interventions 

• Airspace Structure 

The constraints of the type airspace structure are based on the division of the 
physical airspace into manageable portions. The division can be done 
according to routes flown, airspace regimes (military airspace, ICAO 
classifications) or by the ANSP as sectorisation. In general this constraint type 
limits the decision space for an ANSP in implementing ATC Interventions 
respectively require specific adaptations in an operational concept for the 
services to be provided. Furthermore also the design of operational strategies 
of the users is limited by e.g. the required equipment to pass through a stretch 
of airspace. 
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Airspace Structure
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Figure 27: Types of airspace structure constraints 
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5 User Preferred Trajectory 
Construction: Initial Route Planning 

 
One can say that the user preferred trajectory is created on three levels. The 
first is the route planning level where the actual routes and which aircraft will 
fly them are chosen. The second level is performed short before take-off and 
usually by the crew, when current weather and loading conditions are 
considered. The third level is an iterative level performed during the flight, 
when new previously unknown constrained are discovered, or given by the 
relevant ANSP. 
 
In the first phase, an analysis of the intended route is conducted. Factors 
considered at this stage include seasonal variations that can be large both in 
terms of load but also in winds. One particular example of this for the 
European carriers is the Asian routes that have large seasonal wind 
variations. 
 
Once a route is opened, a dynamic aircraft type selection is performed by 
airlines which have a fleet composition. The selection and variations could be 
within a family such as A 319 to A 321 or B 737 NG -600 to 900, or between 
types of aircraft, such as a choice between a regional jet or turbo prop. The 
UPT will be significantly affected by the choice of aircraft type due to 
differences in optimal cruise altitude, speeds, etc. 
 
Once the daily planning starts, the Airline Operations Center (AOC) conducts 
the flight planning with the support of advanced flight planning systems and 
performs the first construction of the UPT for a particular flight. The operations 
of the flight planning system can be conducted by dispatchers, pilots or a 
combination of the two. In normal short haul operations the planning is 
performed by pilots, but in case of demanding planning at the edge of the 
flight envelope or long haul operations, the planning is in many cases assisted 
by dispatchers that have the tools, time and experience to optimize a UPT. 
 
The most efficient flight path between two points is a great circle route. 
However, the AOC must also consider factors such as fuel and personnel 
costs, alternate airports, route charges, traffic constraints, day of the year, 
infrastructure availability (NOTAM) and weather including warnings for 
Significant Meteorological information (SIGMET) when determining what they 
consider to be the optimal lateral trajectory. In addition, for the vertical 
trajectory factors such as weight, temperature deviation from standard 
atmosphere, altitude constraints as well as weather must also be considered. 
There are a variety of different planning tools used by AOC’s for carrying out 
flight planning. At Scandinavian Airlines Systems (SAS), a program known as 
Rodos [11] is used for route planning while other systems such as Lufthansa’s 
LIDO, Jeppensen’s JetPlan and NAVTECH’s Dispatch are used by other 
airlines. These programs carry out flight planning, optimized routing and crew 
scheduling. 
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The main factors affecting UPT in all phases of flight are the load and the 
winds. The load is comprised of the passengers, dead load (mail, baggage 
and cargo) and fuel. The fuel load is based on the taxi fuel, trip fuel, 
contingency fuel and alternate fuel plus additional reserves. The minimum 
amount of alternate and contingency fuel are determined by the regulations 
that are governing the flight, JAA JAR OPS in Europe and FAA FAR 121 in 
the US, specific recruitments are in place for Extended Range Twin 
Operations (ETOPS) .  
 
A practical view of the practical factors affecting flight planning as carrying out 
in the preliminary flight planning is explained in the following paragraphs. 
 

5.1 Fuel and time costs 
In order to achieve profitability, an airline must be able to reduce its costs. The 
costs described here include time and fuel costs which are two costs that are 
directly affected by the choice of the user preferred trajectory. 
 
5.1.1 Time costs 
The time cost incurred by an airline is based on a number of factors: 

i) Hourly maintenance costs. The hourly maintenance cost which an airline 
must pay can be considered to be almost a constant for all airlines. This is 
because regulations stipulate how often an aircraft is to be overhauled 
and maintained. These regulations and the cost to follow them, depends 
mainly on aircraft type, age and scope of maintenance. 

ii) Flight crew and cabin crew cost per hour. This cost can be difficult to 
calculate. Even if the crews have fixed salary, reduced flight hours will 
lead to a better and more efficient use of the crew. An optimization of this 
leads to an ideal crew size and the avoidance of crew reinforcement on 
shortage situations. 

iii) Marginal depreciation and leasing cost. This refers to the cost of 
ownership or leasing of an aircraft for extra flying hours. 

iv) There are other time related costs that arise because of passenger 
dissatisfaction, diversions, missing connections and compensations. 

5.1.2 Fuel costs 
The fuel cost varies greatly from season to season, year to year and from one 
area to another. Airlines currently add a ‘fuel surcharge’ to tickets in order to 
make up for profits lost by rising fuel prices. 
The specific range of an aircraft per kg of fuel will depend greatly on the 
selected speed of the airplane, type of aircraft, as well as other considerations 
on a given flight plan (altitude of cruise, prevailing winds on flight path, etc.) 
The typical contribution of fuel cost to overall operating costs nowadays is 
about 20-25% [12]. 
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5.1.3 Cost Index 
If an airline wants to minimize time related costs, the airplane needs to 
perform the flight as fast as possible. The fewer hours taken for a given flight, 
the less will be the time related costs of the airplane. However, if an airplane 
flies fast, it consumes a higher amount of fuel, thus increasing the fuel costs. 

The minimum operational costs will then be achieved by selecting: 

i) A proper speed that balances the fuel and time related costs. 

ii) An optimum flight path that take advantages of an optimal climb profile 
altitude and prevailing winds, considering also variables like time to climb 
and time to descend. 

The way the airlines measure the relative weight of the time dependent costs 
and the fuel costs is by the use of the cost index. The cost index is given by 
the formula: 

Fuel

Time

C

C
CI =  

Where TimeC  is the cost of the airplane-time on the route, and FuelC  is the cost 
of the fuel consumed on the route. As the resultant CI is of utmost importance, 
vendors of Flight Management Systems (FMS) use this value to calculate the 
most efficient speeds, climb and descent profiles as well as aircraft 
configuration for a given flight. 

The higher the Cost Index, the bigger the importance of the time related cost 
on the route to fly. 

If for a given flight the time related cost is negligible, the result will be the use 
of a very small CI (tending to zero). This will also lead to a higher airplane 
range. If the time related costs are great in consideration to the fuel cost, the 
result will be a larger CI which will lead to a faster flight speed. 

The extreme cases are represented by: 

i) CI zero (or almost): Minimum Fuel Mode for maximum range and 
minimum fuel burn. 

ii) CI max: Minimum Time Mode for maximum speed. 

Clearly, the maximum range and speed varies from one aircraft to another. 

In the table below can be seen a simulation carried out on the Smiths Flight 
Management Workstation simulator. This shows the difference in fuel 
consumption and flying time with difference cost index in a Boeing 737-600 
aircraft in a flight from Charles de Gaulle Airport to Arlanda. The trip is of 
about 800 NM. 

Cost Index Fly Time Average Speed in 
Cruise 

Fuel Consumption 

20 2:09:34 hours 0.781 Mach 4937 kg 
100 2:04:00 hours 0.801 Mach 5523 kg 
Table 4: Flying time and fuel consumption dependenc e in Cost Index for an 800 NM fly. 
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In the table can be seen that the difference between flying with Cost Index 20 
and Cost Index 100 (the maximum Cost Index allowed in the Smiths Flight 
Management System) is more than 500 kg. of fuel for a time saving of about 5 
minutes. 

 
5.1.4 Use and Calculation of the Cost Index 
Every airline uses his specific calculated Cost Index on a different way: 

i) Use of cost index to calculate conditions for long range cruise. 

ii) Use of cost index to meet schedules requirements in every route. 

iii) Cost index calculation according to fuel price variation, etc. 

What is clear from the discussion of time related costs is that the cost index 
varies with every aircraft, and can also change with different routes according 
to the importance that time cost represents on those routes. Ideally, for an 
optimum overall cost in all the routes, every airline should calculate their 
overall costs per route in different seasons of the year. 

In Table 5 are listed approximated cost index for the Airbus A300/310 
provided for Airbus to their clients as a reference. 

 

 Time Cost  [US$/min] 

Fuel Cost  [US$/USG] Low (<15) Medium (15 to 20) High (>20) 

Low (<0.7) 65 85 100 
Medium (0.7 to 0.9) 50 65 80 

High (>0.9) 40 55 65 
Table 5 Cost Index for Airbus A300/310 (kg/min) Hon eywell definition [13]. 

 

5.2 Overflight charges 
Overflight charges vary widely from one country to another. They are 
generally based on aircraft weight and have an influence on how AOC 
consider flight planning. In Europe most countries apply the Eurocontrol Route 
Charge System [14]. 

The Eurocontrol route charge system is governed by a Multilateral Agreement 
signed in 1981 by a group of European states in order to create a joint system 
to calculate, bill and recover route charges. 

The total charge collected by Eurocontrol in an Instrument Flying Rule (IFR) 
Flight equals the sum of the charges generated by the flight in every individual 
Flight Information Region (FIR). 

Examples of overflight charges for the European regin in year 2004 can be 
seen in Table 6. 
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Table 6: Cost bases and national unit rates for 200 4 [15]. 

 
In every FIR the charge can be calculated as: 

iii tpdr ××=  

, where pd i × is defined as the number of service units for the flight over the 
particular FIR. 

• The distance factor id is equal to one hundredth of the great circle 
distance, expressed in kilometers, between the aerodrome of departure 
within, or the point of entry into, the airspace of the FIRs of State (i) and 
the aerodrome of first destination within, or the point of exit from, that 
airspace.  The distance to be taken into account is reduced by a 
notional twenty kilometers for each take-off and for each landing on the 
territory of State (i). 
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• The weight factor (p) is the square root of the quotient obtained by 
dividing by fifty (50) the number of metric tons in the maximum 
certificated take-off weight (MTOW) of the aircraft as follows: 

50

MTOW
p =  

• The unit rate it is determined for specific periods and is publish by the 
individual state. 

The Airlines continuously monitor the different rates in any country. As an 
example when Finland increased their rate in early 2000 Scandinavian 
Airlines needed to increase flight time by at least 20min on a flight between 
Copenhagen and Beijing, in order to avoid Finnish airspace. 

During 2004, five Eurocontrol member states were in position to lower their 
rates, these can be seen in Table 7. 

 
Table 7: Status of unit rates [15]. 

 

5.3 Winds 
Winds aloft, local winds and jet streams are major factors considered by the 
AOC when doing route planning. The winds determine both which tracks and 
flight levels are desired. In the AOC Flight Planning centers the latest wind 
information and Significant Weather Charts, SWC, given by the different MET 
Centers are used when planning a flight. In Europe most of this information 
comes from the MET Centre in Bracknell, UK. 

Several Airlines use the onboard ACARS/FMS system to collect and send 
wind information via ACARS messages directly to Bracknell in order to 
increase the accuracy of the wind prognoses with real time data. 

When a flight plan for a given flight is created and loaded in the FMS by the 
pilot, it is updated with the latest wind prognoses for enroute, take off and 
descent. In order for the pilot to have the latest weather prognosis, wind 
information is sent to the airborne aircraft via ACARS, upon request from the 
pilots or direct from the Dispatch Office. Throughout the flight, the FMS uses 
current and predicted wind data to refine the aircrafts trajectory. 

For long haul flights the wind factor is extremely important. During winter 
months, the Jet Stream regularly attains speeds in excess of 130 kts. If a flight 
is able to avoid the jet stream by flying at a more optimal altitude or track, 
thousands of pounds of fuel can be saved. Conversely, aircraft flying 
eastwards can use the jet stream to reduce travel time and fuel burn. This is a 
major factor when carrying out flight planning over the North Atlantic Region. 
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Although a number of fixed trans-Atlantic tracks exist, the bulk of traffic 
operates on tracks which vary from day to day depending on meteorological 
conditions.  The variability of the wind patterns would make a fixed track 
system unnecessarily penalizing in terms of flight time and consequent fuel 
usage.  Nevertheless, the volume of traffic along the core routes is such that a 
complete absence of any designated tracks (i.e. a free flow system) would 
currently be unworkable given the need to maintain procedural separation 
standards in airspace largely without radar surveillance. 

 

 
Figure 28: OTS tracks for the North Atlantic  

 
As a result, an OTS (Organized Track System) is set up on a daily basis for 
each of the Westbound and Eastbound flows.  Each core OTS is comprised of 
a set, typically 4 to 7, of parallel or nearly parallel tracks, positioned in the light 
of the prevailing winds to suit the traffic flying between Europe and North 
America 

The designation of an OTS facilitates a high throughput of traffic by ensuring 
that aircraft on adjacent tracks are separated for the entire oceanic crossing - 
at the expense of some restriction in the operator's choice of track.  In effect, 
where the preferred track lies within the geographical limits of the OTS, the 
operator is obliged to choose an OTS track - unless he flies above or below 
the system.  Where the preferred track lies clear of the OTS, the operator is 
free to fly it by nominating a random track.  Trans-Atlantic tracks, therefore, 
fall into three categories: OTS, Random or Fixed. An example of OTS tracks 
can be seen in Figure 28. 

The establishment of a track structure, whether by daily promulgation of an 
OTS or the permanent establishment of fixed tracks, may impose some 
constraints on aircraft profiles.  Operators may choose to flight plan random 
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routes.  However, random traffic competes for routes and flight levels on a 
first-come, first- served basis and aircraft flying random routes conflicting with 
the OTS are likely to be subject to flight level or routing restrictions. 

When flying at fixed levels as opposed to cruise-climbing and the requirement 
to choose a flight level based on a predetermined Flight Level Allocation 
Scheme (FLAS) will give a flight level penalty. 

Inaccuracies in the meteorological forecast may cause the operator to choose 
a track which does not make optimum use of prevailing conditions; whilst not 
directly attributable to ATM, this penalty plays an important part in flight 
economics. 

 

5.4 Rule based flight planning (alt weather) 
By rule based flight planning, factors such as weather, alternate airports and 
subsequent fuel required are involved. There are different procedures within 
the airline community as to who will carry out the fuel planning. In some cases 
it is a dispatch function and in some it is taken care of by the flight crew. In all 
cases, the legal decision to accept fuel planning is still made by the 
commander. 

There are several different factors that are taken into account before ordering 
the fuel truck. Once the aircraft is airborne it is up to the commander to use 
the onboard fuel as efficient as possible and decide if re-planning is 
necessary. A landing with less than final reserve fuel should be avoided 
whenever possible. This means that under normal operating conditions the 
final reserve fuel shall remain unused upon landing. 

When doing the calculation of the minimum fuel, the sum will be of: taxi fuel, 
trip fuel, contingency fuel, final reserve fuel, additional fuel and extra fuel. 

The final reserve fuel is the fuel required to fly for 30 min. at holding speed at 
1500 ft above at the alternate or destination aerodrome under standard 
condition and at standard weight. Contingency fuel is the fuel required to 
cover deviations during flight from the planned operating conditions as well as 
provide operational flexibility in case of in-flight malfunctions (shall be 5% of 
the planned trip fuel). 

Additional fuel is used in two different ways depending on the planning 
method used, but covers the way an alternate destination is chosen. The extra 
fuel is depending on the Commander’s requirements (additional consumption 
in icing condition, APU consumption, malfunctions on the aircraft, etc) 

In addition, the company can specify adding a company fuel in order to cover 
special operational requirements such as destination holding due to traffic etc. 

For longer flights Extended Range Twin Operations (ETOPS) procedures can 
be applied. These must be approved by the local ruling authority in order to be 
carried out. These are the operations conducted over a route that contains a 
point further than one hour’s flying time at the approved one-engine-
inoperative cruise speed from an adequate aerodrome. For these procedures 
a special method should be used when calculating the minimum fuel and 
special attention will be paid when selecting enroute alternate aerodromes. 
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All this fuel will add a weight on the aircraft which the FMS takes into account 
when calculating the trajectory and gives speed commands to the system and 
the pilot. 
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6 User Preferred Trajectory 
Construction: Detailed Flight Planning 

The user preferred trajectory is created on three levels. The first is the initial 
route planning level where the actual routes and which aircraft will fly them are 
chosen. The second level is more on the detailed flight planning level where 
current weather and loading conditions are considered. The third level is an 
iterative level performed during the flight, when new previously unknown 
constrained are discovered, or given by the relevant ANSP. 

The flight management system available on today’s modern aircraft is used 
extensively by the pilot to handle these constraints, and can even perform 
advanced functions such as flying an aircraft to meet a required time of arrival. 

A detail view of the practical factors affecting this second phase of the 
construction of the UPT will be given in the next section, together with a 
practical example of the information setup on the Flight Management System 
of a Boeing 737-NG (Smith Industries Flight Management System). A 
graphical description will be also given to further explain the relation between 
input and output in the different processes 

 

6.1 Take-off Calculations 
Take-off calculations are performed by the flight crew prior to take-off in order 
to assess if it is possible to take-off on the assigned Runway with the actual 
zero fuel weight and fuel load. 

The calculations are aided by various databases containing information 
regarding performance, take-off weight vs runway and climb requirements. 
Some years ago, the common procedure was to carry out the calculations 
from tabulated information on the Aircraft Flight Manual (see Figure 30). 
Today, the procedure is performed by consulting remote databases whenever 
possible by means of ACARS, special web-tools such as Rodos, and 
sometimes GSM-based tools (see Figure 31). 

Normally, initial take-off calculations are done by the pilot prior to actually 
knowing certain factors such as actual take-off weight of the aircraft, the 
precise number of passengers, cargo weight, etc, as part of the flight plan.  

At a later stage prior to take-off the initial calculations are revised with more 
concrete information regarding the actual weights, runway and weather 
conditions. 

The flight planning analysis will not be specifically described in this report. 
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Figure 29: Take-off Calculation 

 
 
6.1.1 Captain’s Analysis 
After the take-off calculations have been done, the flight crew analyzes the 
flight plan based on standard operational procedures and airmanship. This 
analysis is used to make the final decision regarding acceptance of the actual 
take-off conditions. 
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Figure 30: Take-Off Table 

 
6.1.2 Input Data 
 
• Runway Data 
The runway data contains information about the length of the runway, the 
altitude of the runway location, the degree of slope and any information 
regarding obstacles in the near vicinity (geographic obstacles, buildings, etc). 

• Runway Conditions 
This information concerns the actual condition of the runway and level of 
friction (any slush or snow on the runway, other contamination, etc). 

• Aircraft Performance Data 
This data regards the aerodynamic characteristics of the aircraft, as well as 
the performance of the aircraft engine. Other information regarding aircraft 
performance at take-off includes engine airfoil, activation of anti-ice systems, 
deployment of flaps/slats, and activation of the air-conditioning system. 

• Weather Data 
Temperature information is used to evaluate engine performance. It is also 
important to have information about wind on the runway to evaluate the 
distance needed to achieve V1, VR and V2. 

• Zero Fuel Weight 
The actual weight of the airplane will affect the V1, VR and V2 speeds. 

• Fuel 
The amount of fuel is added to the Zero Fuel Weight to calculate the take-off 
Weight. 
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• Standard Operational Procedures 
Airlines may have special take-off procedures that must be respected by 
pilots. 

• Airmanship 
The captain may make a decision based on years of flight experience 
combined with certain information regarding weather, runway conditions or 
aircraft actual conditions not usually given “officially” to the captain, but which 
can influence his decision to accept take-off conditions.  

 
6.1.3 Captain’s Options 
• Reduce Take-Off Weight 
If, according to the take-off calculations and the pilot’s analysis, it is not 
possible to take-off in the present conditions, the option may exist to reduce 
take-off weight by offloading passengers, mail, cargo or baggage. 

• Change Take-Off Runway or Improve Runway Friction 
Other possibilities to allow the aircraft to take-off may include changing the 
runway to another with better wind or slope conditions, or asking airport 
personnel to improve runway friction. The friction on a Runway can be 
improved by cleaning the runway or by using chemicals. 

 
6.1.4 Output Data  
• Cancelling Take Off 
If, after exhausting the possibilities of reducing take-off weight, changing take-
off runway or improving runway friction it is still not possible to take-off, the 
take-off must be cancelled. 

• Take Off Thrust Calculations 
After the take-off calculations have been done, the flight crew must perform 
take-off thrust calculations. 
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Figure 31: T/O Thrust Calculations 

 

6.2 T/O Thrust Calculations 
The take-off thrust calculations are performed in order to determine the level 
of thrust needed by the aircraft at take-off. 

A high take-off thrust will assure a higher acceleration to V1, allowing a 
greater runway margin for an eventual aborted take-off. However, high take-
off thrust also implies a higher load on the engines, which in the longer term 
will lead to less operational hours between overhauls. 

Taking this into consideration, the crew will usually decide to accept a lower 
level of take-off thrust with a safe runway margin in order to eventually abort 
the take-off in the current conditions. 

The calculations are made by consulting databases either on paper or 
remotely accessed databases, just as with take-off calculations. 
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Figure 32: Input and Output in T/O Thrust Calculati ons 

 
6.2.1 Input Data 
• Runway Data 
The altitude of the runway determines the theoretically available thrust under 
the current weather conditions. The Length, Slope and eventual Obstacles will 
determine the time needed to achieve certain V1, and what runway margin the 
aircraft will have for eventually aborting the take-off. 

• Runway Conditions 
Runway friction and contamination will affect aircraft acceleration at take-off. 

• Aircraft Performance Data 
Aircraft performance data is the information regarding aircraft drag and engine 
available thrust at various temperatures and altitudes. 

• Weather Data 
Information about temperature is used to evaluate engine and airplane 
performance. 

• Zero Fuel Weight 
The weight of the aircraft will affect the V1, VR and V2 speeds. 
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• Fuel Weight 
The amount of fuel loaded is added to the zero fuel weight to calculate the 
take-off weight. 

• Standard Operational Procedures 
Airlines may have special take-off procedures that must be respected by the 
crew. 

• Airmanship 
The pilot can use other types of non-explicit information to modify his 
judgment regarding take-off thrust 

• Flaps/slats settings 
The take-off configuration (based on the take-off calculations) is used as an 
input for the take-off thrust calculations. 

 
6.2.2 Captain’s Options 
• Derated T/O Thrust 
If the aircraft uses full available thrust at take-off, it will achieve greater 
acceleration, achieving V1 and VR at an earlier point on the runway, and will 
therefore have more runway space to brake on in the event that the take-off is 
aborted. Using higher T/O thrust increases workload on the engines, however, 
and can lead to increased maintenance costs. 

Taking that into consideration, if a safe take-off can be achieved with lower 
Maximum Thrust, derating, the pilot will usually choose this option. The derate 
procedure is usually inserted on the FMS by setting an outside air 
temperature, which will give the selected derated thrust for the given engine 
model. The information regarding outside air temperature and engine thrust is 
available on the thrust tables for the respective specific engine models (see 
Figure 33). 
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Figure 33: Engine Thrust vs OAT Table 

 
6.2.3 Output Data 
• Derated T/O Thrust 
According to the T/O Thrust calculation and the captain’s analysis, the correct 
thrust setting for take-off is selected. 

• V1, VR, V2 
The T/O thrust calculations will also provide values for V1, VR and V2 for the 
given runway conditions and thrust settings. 

• Optimal T/O Flaps 
The T/O thrust calculations will also provide the value of the optimal flap 
position for take-off in the current conditions. 

 

6.3 FMS Input 
6.3.1 Step 1 - Initializing Route 
For the FMS to compute the optimum trajectories, it is necessary to input the 
general flight path. 

 
• Input Data 

- Company Route 
The preferred procedure is to supply the FMS with a company route which is 
already stored on the FMS memory. 
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For instance, to fly Stockholm ARLANDA (ICAO designation ESSA) to London 
Heathrow Airport (ICAO designation EGLL) on a Scandinavian Airlines (SAS) 
aircraft, the SAS route could be used: 

 
ESSAEGLL10 
 

 
 

Figure 34: FMS while Initializing Route 

 
This information will be used by the FMS to construct the lateral flight path. 
The flight crew can alternately construct the route by manually entering fixes 
or airways. However, this is not the preferred procedure. 

The flight crew can also select the lateral path between waypoints. These can 
be airways or great circle routes. 

 
6.3.2 Step 2 - Check FMS Route Waypoints against Fl ight 

Plan 
Once the Company Route has been set up on the FMS, the flight crew has to 
compare the waypoints on the FMS flight plan against the flight plan obtained 
from the AOC (Airline Operation Center). This prevents any error in the flight 
path generation process. A detail view of the flightplan obtained by the AOC 
can be seen in Figure 35. 
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Figure 35: Flight Plan from AOC with Waypoints 

 



Hanyo Vera Anders  TRITA AVE Licentiate Thesis 

 

52 

6.3.3 Step 3 - Performance Initialization 
In this step, the crew provides the Aircraft and Atmosphere data to compute 
the values of target performance for the flight. 

 
• Input Data 
The information necessary to compute the target performance values is: 

- ZFW (Zero Fuel Weight) 
- Fuel Reserves  
- Cost Index  
- Cruise Altitude 

In some route databases, the Cost Index data and cruise altitude data can be 
obtained from default values and the pilot doesn’t need to modify those 
values. 

• Output Data 
Taking into consideration the actual fuel of the aircraft, the FMS calculates: 

- CG position 
- TRIP Altitude 

The trip altitude indicates the Ideal altitude regarding fuel consumption for the 
given weight, temperature, pressure and Cost Index. 

The FMS also shows the default TRANS ALT (Transition Altitude) for the 
departure airport.  

- When the aircraft is parked on the departure runway, the value of QFE 
(barometric pressure at station location at aerodrome elevation datum 
point) is set on the altimeter pressure-setting scale. Alternatively, the 
value of QNH can be used (the mean-sea-level pressure derived from 
the barometric pressure at the station location by calculating the weight 
of an imaginary air column, extending from the location to sea level, 
assuming the temperature at the location is the ISA temperature for 
that elevation, the temperature lapse rate is ISA and the air is dry 
throughout the column). 

- Above the transition altitude, the value of QNE is used (ISA Standard 
Pressure setting of 1013.2 hPa). This implies that above the TRANS 
ALT every aircraft has the same reference system to measure altitude. 

 

The TRANS ALTITUDE usually varies from country to country and is given as 
part of the SIDS procedures of every airport. 

• Alternate Information 
In addition to that information, the pilot can add further information to improve 
the quality of the target performance values calculated by the FMS. The 
additional information is: 

 
- Winds on Cruise Altitude 
- Forecast en-route ISA deviation or T/C OAT  
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Figure 36: FMS while Initializing Performance 

 

• Performance Limits 
For every given aircraft, the FMS has in its memory the minimum and 
maximum speed/mach to fly on climb, cruise and descent. 

Those variables are: 

- Minimum and Maximum Speed at Climb 
- Minimum and Maximum Speed at Cruise 
- Minimum and Maximum Speed at Descent 
 

Even if the variables are stored as default for the specific airplane, the pilot 
may change them if desired. 

• Tolerance to RTA Waypoint 
The pilot can also modify the Time Error Tolerance  to the RTA waypoint. In 
modern FMS systems this value can be modified between 5 to 30 seconds. 

For more information regarding RTA, go to Step 9 CRUISE Mode. 

6.3.4 Step 4 - N1 Limit 
The crew has to supply the FMS information regarding N1 limits throughout 
the flight, in order to allow correct commands from the FMS to the autothrottle. 
The N1 value is generally expressed as the percentage of the maximum 
rotation speed of the low pressure turbine in the engine. 
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• Input Data: 
- N1 Limit 

The desired Thrust restriction is selected by entering the outside air 
temperature (OAT) that will produce the selected thrust (the value of the 
selected thrust comes from the take off calculations). 

- CLIMB Thrust Reductions: 
When an N1 Limit is selected, the climb thrust is then calculated by the FMS 
to be the highest available climb thrust level that will not cause a throttle push 
at transition from takeoff mode. Most FMS have the option to reduce 
maximum thrust at climb. For example, the thrust reduction modes for CLIMB 
on the Boeing 737 are: 

- CLB-1: Approximates a 3% reduction to 10000 ft, then gradual thrust 
increase to normal climb N1 at 15000 ft. 

- CLB-2: Approximates a 6% reduction to 6000 ft, then gradual thrust 
increase to normal climb N1 at 15000 ft. 

 
6.3.5 Step 5 – Take-Off Reference 
By setting the information for the take-off reference, the FMS is able to 
calculate/display the values of fully rated or reduced take-off thrust that will be 
used. 

• Input Data 
- T/O FLAPS  

The pilot needs to set the Flap configuration to be used on take-off. Normally 
those values come from the take-off calculations. 

- V1/VR/V2 
The values for V1 (T/O Decision Speed), VR (Rotation Speed) and V2 (T/O 
Safety Speed) from the QRH (Quick Reference Handbook) are selected for 
default on the FMS. The pilot can accept those or enter new ones according 
to the take-off Calculations. 

- CG position  
The pilot may adjust the position of the center of gravity so the FMS can 
calculate the T/O stabilizer trim setting. 

• Output Data 
- V1/VR/V2 

The values for V1, VR and V2 from the QRH are selected for default on the 
FMS. The pilot can accept those or enter new ones according to the take-off 
calculations. 

- T/O stabilizer trim setting. 
The T/O stabilizer trim setting is calculated from the T/O CG position. 

6.3.6 Step 6: Departures and Arrivals 
In this step, the flight crew has to supply the FMS with information about the 
take-off runway and procedures, as well as assumed information about the 
landing runway and procedures. 
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The flight crew doesn’t usually know exactly which runway and procedure they 
will be requested to use by ATC on approaching and landing. A “good guess” 
has to be set up in the FMS in order for it to calculate the vertical and lateral 
paths throughout the flight. The definitive SID is usually given to the crew 
between 30 and 10 minutes before take-off. The STAR is usually radioed to 
the crew before initiating the descent from cruise altitude. 

• Input Data 
- T/O Runway: 

The user preferred runway will be the runway that is directed into the 
destination airport. For example, if the airplane is flying from Arlanda 
(Stockholm) to London Heathrow, the preferred T/O runway will be one 
pointing to the West. However, this decision will be finally subjected to the TO 
calculations. 

- SID: 
The user preferred trajectory at Take Off is composed by a SID (Standard 
Instrument Departure). The SID procedures are stored on the FMS and can 
be selected by the pilot, according to ATC request. 

- Arrival Runway 
As in the case of the Departure Runway, the Pilot would choose a runway 
parallel to his approaching direction for the Arrival Runway. This is actually 
just an initial guess. The actual landing RWY will be known later, when the 
crew receives information from ATC regarding landing conditions to perform 
the Landing Calculations. 

- Approaches 
In an unconstrained environment, the pilot would have to choose among a 
different set of approaches for the given runway. Different types of 
approaches are: 

o ILS (Instrument Landing System) 
o RNP (Required Navigation Performance) 
o MLS (Microwave Landing System) 

Those approaches are part of the landing procedures for the respective 
airports, and are stored on the FMS memory. 

- STAR 
For every given approach, there is a set of STARs (Standard Terminal Arrival 
Routes) that lead to a near-intersection with the selected Approach. The 
STAR provides the transition from the en-route airspace to the terminal area. 
The preferred STAR will be one that will easily connect the end of the 
company route Selected with the beginning of the selected approach. The 
definitive STAR will be communicated to the crew before initiating the 
descent. 

- TRANSITION 
Sometimes, the flight crew has to select transition routes between the route 
path and the departure/arrival routes in order for them to connect properly. 
The flight crew can then choose between the available transitions for the 
selected procedure. 
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• Output Data 
With the newly entered information, the FMS will be able to calculate the 
lateral and vertical paths of the flight. There may, however, still be 
discrepancies on the flight path that may have to be resolved. Furthermore, 
the CLIMB, CRUISE and DESCENT modes will not yet have been set up, so 
the detailed path has not been calculated yet. 

 

6.3.7 Step 7: Eliminating Route Discrepancies 
Once the pilot has set the route, the departure and the arrival procedures on 
the FMS, there may still be discrepancies along the legs of those respective 
routes. The pilot has the responsibility to fix those discrepancies. 

• Input Data 
 Fixed Route Discrepancies 
The user preferred way to fix the discrepancies would be to specify direct 
flight from the way point before the discrepancy to the way point immediately 
after the discrepancy. 

• Output Data 
With the newly entered information, the FMS can now calculate the vertical 
and lateral paths. The only information needed now is to select the CLIMB, 
CRUISE and DESCENT modes that are going to be used by the crew. 

6.3.8  Step 8: CLIMB Mode 
• Input Data 
CLIMB Mode 
The flight crew can choose among several types of CLIMB modes available 
on the FMS, all the way to the Top of Climb point (cruise altitude). 

The common climb modes in a Smith FMS system are: 

- ECON: Economy Mode. The target speed is selected to better achieve 
the Cost Index entered for the current flight. In an unconstrained 
trajectory, this is the preferred mode of operation. 

- MAX RATE:  Maximum Rate Mode. It gives a target speed for 
achieving maximum rate of climb. 

- MAX ANGLE:  Maximum Angle Mode. It gives a target speed for 
achieving the best altitude gain for the ground covered. It may be 
necessary to use MAX ANGLE to avoid certain ground obstacles 
during climb. 

- RTA:  Required Time of Arrival Mode. The target speed is selected to 
achieve a required time of arrival to some waypoint ahead. 
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Figure 37: FMS while setting the CLIMB Mode 

 
• Output Data 
Complete Lateral and Vertical Flight Path up to TOC   
With the information regarding the CLIMB mode, the FMS calculates and 
displays the target speed for climb for the respective aircraft /engine model 
stored on the FMS database. It also considers speed restrictions in regard to 
flying altitude (the common speed restriction is 250 knots below 10000 feet, 
but it can be modified by the crew). This information is used to construct the 
lateral and vertical flight path all the way to Top Of Climb (Cruise Altitude) 

6.3.9 Step 9: CRUISE Modes 
• Input Data 
CRUISE Mode 
The flight crew has the option of choosing among several types of CRUISE 
modes available on the FMS. The common cruise modes on a Smiths FMS 
system are: 

- ECON: Economical Cruise Speed, optimized speed for the given Cost 
Index value. In an Unconstrained Trajectory, this is the preferred mode 
of operation to increase the revenues of the airline. 

- LRC:  Long Range Mode, optimal speed to minimize fuel consumption 
at the given cruise altitude. This mode of operation may be needed 
when flying close to the maximum range of the Aircraft. 

- RTA:  Required Time of Arrival mode. Computes the minimum Cost 
Index value to fly to a given Waypoint for a requested timeframe. 
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Figure 38: FMS while setting the CRUISE Mode 

The FMS also displays the optimal unconstrained altitude and the maximum 
altitude for the given flight path. This information can be used on the flight to 
make step climbs as the aircraft reduces weight due to consumed fuel. 

• Output Data 
Complete Lateral and Vertical Flight Paths up to es timated TOD  
With the information regarding the CRUISE mode, the FMS calculates and 
displays the target speed for climb for the respective aircraft /engine model 
stored on the FMS database. With this information, the FMS can calculate the 
lateral and vertical flight paths all the way to the assumed top of descent point 
calculated from the particular STAR set earlier by the flight crew. It is 
important to note that during cruise, the crew will input the definitive STAR 
procedure according to ATC instructions. 

6.3.10 Step 10 - Arrival 
• Input Data 
While still flying on cruise, the crew will receive instructions regarding landing 
runway, approach, STAR and transitions. For more information, refer to Step 
6. 

• Output Data 
This new information will be used by the FMS to calculate the lateral and 
vertical paths during the arrival. If the STAR commanded by ATC describes 
the lateral path all the way to the landing procedure, the FMS would have 
enough information to calculate the lateral and vertical path of the aircraft all 
the way to the runway threshold. However, most of the operational STAR 
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nowadays does not describe the trajectory all the way to the landing 
procedure, leaving instead freedom to the controller to “vector” the aircraft to 
the approach procedure in the way (s)he finds it better given the airspace 
scenario. 

6.3.11 Step 11 - DESCENT Modes 
• Input Data 
DESCENT Mode 
The flight crew may choose among several types of DESCENT modes 
available on the FMS. The descent mode is initiated when the airplane 
achieves the top of descent point (the point where the aircraft start to descend 
from the cruise level), and the target altitude is set below the current altitude. 
The basic descent modes on a Smiths FMS System are: 

- ECON PATH DESCENT: In this mode the FMS controls pitch to fly the 
aircraft along an altitude profile (path) based upon flight plan and 
altitude restrictions. The pilot has the responsibility of controlling aircraft 
speed by means of throttle or the speed brake, taking the aircraft to the 
FMC target speed displayed on the airspeed indicator (this is not 
necessary unless the FMS has not been with the right information 
regarding actual weather conditions). In this mode, the target speed is 
usually computed by the FMS to reduce fuel consumption, but can be 
modified by the crew. This is the preferred mode of operation. 

- SPEED DESCENT: In this mode the FMS controls the speed of the 
aircraft using pitch to achieve an FMC generated economy speed 
(ECON) or a flight crew-entered speed. This Mode of operation is often 
selected when landing with special restrictions from ATC. 

 
 

 
Figure 39: FMS while setting the DESCENT Mode 
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• Output Data 
This new information will be used by the FMS to calculate the Complete 
Lateral and Vertical Paths all the way to Landing. The most important 
information resulting from the descent mode is the Top of Descent point 
(TOD). 

6.3.12 Note: HOLDINGS 
Holdings are not user preferred trajectories for airlines or flight crews. 

6.4 Landing Calculations 
The landing calculations are usually performed by the flight crew in the air 
while the aircraft is still on cruise, and once ATC has sent information 
regarding authorized RWY, APPROACH and STAR to follow upon landing. 
However, for sake of simplicity, it is going to be described in this section. 

As with the Take-Off Calculations, the Landing Calculations can be performed 
from tabulated information in the Airplane Flight Manual. Today, automatic 
calculations using remote databases are preferred (as seen in Figure 41). 

 

 
 

Figure 40: Landing Calculations 
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6.4.1 Captain’s Analysis 
As in the case of the Take-Off calculations, the captain makes the final 
decision whether or not to land on the indicated runway. 

6.4.2 Input Data 
• Runway Data 
The runway data contains information about the length of the landing runway, 
the altitude of the runway location, the degree of slope and any information 
regarding obstacles in the near vicinity (geographic obstacles, buildings, etc). 

• Runway Conditions 
This information regards the actual condition of the runway and level of friction 
(any slush or snow on the runway, other contamination etc.) 

• Airplane Performance Data 
This data includes the aerodynamic characteristics of the aircraft, as well as 
the performance of the aircraft engine. Other information regarding aircraft 
performance at landing includes engine airfoil, activation of anti-ice systems, 
deployment of flaps/slats, and activation of air-conditioning system). 

• Weather Data 
Information about temperature is used to evaluate engine and airplane 
performance. It is also important to have information about winds on the 
runway. 

• Landing Weight 
The gross weight of the aircraft is one of the most important factors that affect 
the decision whether or not to land on a runway. The heavier the aircraft, the 
greater the kinetic energy it will carry when landing, and the harder it will be to 
bring it to a complete stop. 

• Landing Configuration 
The standard landing configuration for the given aircraft/speed comes from 
the specific aircraft data. 

6.4.3 Captain’s Options 
• Possibility to Land 
The aircraft calculations and the Captain’s analysis will determine acceptance 
or rejection of the runway indicated by ATC for landing. 

• Other Runway / Improve RWY Friction 
If the runway is rejected by the pilot, the flight crew can request another 
landing runway or can ask ATC to improve the assigned runway friction by 
means of cleaning the runway or by means of chemicals. 
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Figure 41: Example of output from Landing Calculatio n 

 
6.4.4 Output Data 

Landing/Diverting to Alternate Airport 
The final step in the landing calculation process will be the decision to land at 
the destination airport, or to divert to an alternate airport. 
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7 Implementation of the User Preferred 
Trajectory 

In this section, the implementation of the UPT resulting from the flight planning 
is explained in detail, together with a graphical description. The details of this 
implementation may change depending on specific aircraft and avionics suits. 
In this section, the implementation is based in the avionics and Flight 
Management System provided in the Boeing 737NG family of aircraft (Flight 
Management Systems from Smith Industries) 

Once the proper information has been entered into the FMS and the vertical 
and lateral flight paths have been calculated, the main variables that control 
the trajectory of the airplane will be the condition of the LNAV mode (Lateral 
Navigation), VNAV (Vertical Navigation), the thrust settings and the airplane 
configuration. 

The VNAV and LNAV modes regulate the information that goes from the FMS 
to the autopilot to maintain the vertical and lateral paths calculated by the 
FMS. When VNAV/LNAV are not selected, the aircraft’s vertical and lateral 
paths are governed directly by the autopilot (to achieve/hold a certain altitude 
given by the pilot, and to achieve a certain specified heading). 

The thrust setting will allow the engine thrust settings to be fed directly by the 
crew to the engines, or will allow automatic information to be fed from the auto 
throttle to the engine to achieve a certain vertical path / speed. 

The configuration of the aircraft refers to the use of lift augmentation systems 
or speed brakes to modify the speed / vertical path, as well as the use of 
landing gears. 

Since the use of VNAV and LNAV modes provides the full implementation of 
the UPT as calculated by the FMS, this is the user preferred mode of flying 
the aircraft. However, to fly the aircraft in VNAV and LNAV modes all the way 
to the approach and landing, the aircraft has to be fed with information 
regarding the lateral trajectory and the vertical constrains all the way from take 
off to landing. 

Most of the times, the FMS does not have the entire information regarding the 
approach phase. In this case, the last part of the approach has to be 
commanded by ATC in terms of verbal instructions (vector). 

In the current example, it has been assumed that all the information regarding 
lateral trajectory and vertical restrictions has given to the aircraft for the whole 
flight. 
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7.1 Take-Off 
 

 
 

Figure 42: Take Off 
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Figure 43: Take-Off Modes 

 
 
7.1.1 LNAV 
During T/O the pilot controls the aircraft manually, however on certain aircraft 
the LNAV function can be activated already on the ground and can provide 
guidance. 

7.1.2 VNAV 
The VNAV mode is not to be activated during T/O and the vertical profile is 
flown manually from lift off. 

7.1.3 Thrust 
The thrust setting at take-off will be the result of the take-off thrust 
calculations. When the aircraft is in the take-off position, the captain will 
activate the “TOGA” (Take Off, Go Around) button and the thrust commands 
will automatically be fed to the aircraft. 

7.1.4 Configuration 
The configuration of the aircraft regarding lift augmentation devices will be 
determined from the take-off thrust calculations. When a positive rate of climb 
is experienced, the gear will be retracted. 
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7.2 Initial Climb (up to 1500 ft) 
 

 
 

Figure 44: Initial Climb 

 

 
 

Figure 45: Intial Climb Modes 
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7.2.1 LNAV 
If the LNAV has already been selected on the ground, it will be activated and 
give guidance at 50ft AGL. If the departure procedure starts at the RWY 
threshold, the active leg is within 3.0 NM and 5 degrees of the RWY heading. 
Otherwise, the LNAV mode can be selected and activated after 400ft when 
the aircraft wings are level and stabilized in the climb.  

7.2.2 VNAV 
The VNAV function is not activated during the initial climb. The crew has the 
responsibility of commanding the aircraft pitch to achieve/maintain a speed of 
V2 + 10 knots. 

7.2.3 Thrust 
The Climb Thrust Setting will be given by the N1 setting or EPR (Engine 
Pressure Ratio) setting on the FMS (depending on engine provider). 

7.2.4 Configuration 
The configuration of the aircraft will be the same as at take-off, but with gear 
up. 

 

 

7.3 Intermediate Climb (1500-3000 ft) 
 

 
 

Figure 46: Intermediate Climb 
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Figure 47: Intermediate Climb Modes 

 
 
7.3.1 LNAV 
The LNAV is activated and controlling to the defined flight plan and departure 
procedures. 

7.3.2 VNAV 
The VNAV mode is still not activated. The pilot will fly the vertical path 
manually or via the autopilot/flight director and at 1500ft will lower the attitude 
and start to accelerate the aircraft in order to retract the flaps. 

7.3.3 Thrust 
The Climb Thrust Setting will be given by the N1 setting or EPR (Engine 
Pressure Ratio) setting on the FMS (depending on engine provider). 

7.3.4 Configuration 
The configuration of the aircraft will be the same as in the initial climb, but the 
aircraft will now start to accelerate to Flap Maneuver Speed in order to retract 
the Flaps. 
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7.4 Acceleration / Configuration Change 
 

 
 

Figure 48: Acceleration / Configuration Change 

 

 
 

Figure 49: Acceleration / Configuration Change Mode s 
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7.4.1 LNAV 
The LNAV mode is activated. The vertical path of the aircraft will thereafter be 
defined by the FMS calculated path. 

7.4.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft will thereafter be 
defined by the FMS calculated path, according to the CLIMB mode selected 
on the FMS. The airplane will be commanded to accelerate to 250 kts. 

7.4.3 Thrust 
The climb thrust setting will be given by the N1 setting or EPR (Engine 
Pressure Ratio) setting on the FMS (depending on engine provider). 

7.4.4 Configuration 
At 3000 ft AGL, the Aircraft starts the transition from take-off configuration to 
clean configuration. 

 

7.5 Climb (3000 ft to10000 ft) 

 
 

Figure 50: Climb (3000 ft to 10000 ft) 
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Figure 51: Climb 3000 ft to 1000 ft Modes 

 
7.5.1 LNAV 
The LNAV mode is activated. 

7.5.2 VNAV 
The VNAV mode will be selected and activated after the aircraft has achieved 
clean configuration, at approximately 3000ft.  The Vertical path of the aircraft 
is then defined by the FMS calculated path, according to the CLIMB Mode 
selected on the FMS. The FMS will control the vertical profile of the aircraft to 
avoid exceeding 250 kts. 

7.5.3 Thrust 
The climb thrust setting will be given by the N1 setting or EPR (Engine 
Pressure Ratio) setting on the FMS (depending on engine provider). 

7.5.4 Configuration 
In this flight phase the airplane has a clean configuration. 
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7.6 Climb Limited by Speed 

 
 

Figure 52: Climb Limited by Speed 

 

 
 

Figure 53: Climb Limited by Speed Modes 
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7.6.1 LNAV 
The LNAV mode is activated. 

7.6.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft is then defined 
by the FMS calculated path, according to the CLIMB mode selected on the 
FMS. The FMS controls the speed of the aircraft to achieve / maintain the 
speed (in Knots) calculated by the FMS to the specific CLIMB mode. 

7.6.3 Thrust 
The climb thrust setting will be given by the N1 setting or EPR (Engine 
Pressure Ratio) setting on the FMS (depending on engine provider). 

7.6.4 Configuration 
In this flight phase the aircraft has a CLEAN configuration. 

 

7.7 Climb Limited by Mach 
 

 
 

Figure 54: Climb Limited by Mach. 
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Figure 55: Climb Limited by Mach Modes 

 

At the standard crossover altitude of FL290, the climb speed changes to be 
limited by Mach number instead of speed. 

7.7.1 LNAV 
The LNAV mode is activated. 

7.7.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft is then defined 
by the FMS calculated path, according to the CLIMB Mode selected on the 
FMS. The FMS controls the speed of the aircraft to achieve / maintain the 
Mach number calculated by the FMS to the specific CLIMB mode. 

7.7.3 Thrust 
The climb thrust setting will be given by the N1 setting or EPR (Engine 
Pressure Ratio) setting on the FMS (depending on engine provider). 

7.7.4 Configuration 
In this flight phase the airplane has a clean configuration. 
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7.8 Cruise (From TOC to Step Climb) 
Once the Aircraft achieve its Top of Climb altitude (entered on the FMS as 
Cruise Altitude), the aircraft enters Cruise Mode. 
 

 
 

Figure 56: Cruise (from TOC to Step Climb) 

 
 

Figure 57: Cruise (from TOC to Step Climb) Modes 
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7.8.1 LNAV 
The LNAV mode is activated. 

7.8.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft is then defined 
by the FMS calculated path, according to the CRUISE mode selected on the 
FMS. The FMS controls the speed of the aircraft to achieve / maintain the 
Mach number calculated by the FMS to the specific CRUISE mode. 

7.8.3 Thrust 
The thrust setting will be given by the FMS to achieve the goal Mach number 
according to the selected CRUISE mode. 

7.8.4 Configuration 
In this flight phase the airplane has a CLEAN configuration. 

 

7.9 Step Climb (to TOC #2) 
 

 
 

Figure 58: Step Climb (to TOC #2) 
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Figure 59: Step Climb (to TOC #2) Modes 

 
7.9.1 LNAV 
The LNAV mode is activated. 

7.9.2 VNAV 
The VNAV mode is activated. The step altitudes can be planned as standard 
step-ups during the preplanning on ground. According to this, the pilot can 
insert STEP UP into the FMS depending on the gross weight and 
performance. 

7.9.3 Thrust 
The climb thrust setting will be given by the FMS to achieve the goal Mach 
number according to the selected CRUISE mode. 

7.9.4 Configuration 
In this flight phase the airplane has a clean configuration. 
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7.10 Cruise II 

 
 

Figure 60: Cruise II  

 
 

Figure 61: Cruise II Modes  
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7.10.1 LNAV 
The LNAV mode is activated. 

7.10.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft is then defined 
by the FMS calculated path, according to the CRUISE mode selected on the 
FMS. The FMS controls the speed of the aircraft to achieve / maintain the 
Mach number calculated by the FMS to the specific CRUISE mode. 

7.10.3 Thrust 
The thrust setting will be given by the FMS to achieve the goal Mach number 
according to the selected CRUISE mode. 

7.10.4 Configuration 
In this flight phase the aircraft has a clean configuration. 

7.11 Descent limited by Mach 
The descent profile will be calculated from the lowest altitude constraint and 
upward in order to reach the Top of Descent Point (TOD), assuming idle 
thrust. 

 

 
 

Figure 62: Descent Limited by Mach 
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Figure 63: Descent Limited by Mach Modes 

 
7.11.1 LNAV 
The LNAV mode is activated 

7.11.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft is then defined 
by the FMS calculated path, according to the DESCENT mode selected on 
the FMS. The FMS controls the speed of the aircraft to achieve / maintain the 
Mach number calculated by the FMS to the specific DESCENT mode. 

7.11.3 Thrust 
The profile is calculated as an idle thrust descent to achieve the goal Mach 
number. 

7.11.4 Configuration 
In this flight phase the airplane has a clean configuration. 
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7.12 Descent limited by Speed 

 
 

Figure 64: Descent Limited by Speed 

 

 
 

Figure 65: Descent Limited by Speed Modes. 
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7.12.1 LNAV 
 
The LNAV mode is activated. 
 
7.12.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft is then defined 
by the FMS calculated path, according to the DESCENT mode selected on 
the FMS. From FL290, the FMS controls the speed of the aircraft to achieve / 
maintain the speed (Knots) calculated by the FMS to the specific DESCENT 
mode. 

7.12.3 Thrust 
The profile is calculated as an idle thrust descent to achieve the goal Mach 
number. 

7.12.4 Configuration 
In this flight phase the airplane has a CLEAN configuration 

 

7.13 Speed reduction. 
 

 
 

Figure 66: Speed Reduction. 
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Figure 67: Speed Reduction Modes. 

 
7.13.1 LNAV  
The LNAV mode is activated. 

7.13.2 VNAV 
The VNAV is activated. The vertical path of the aircraft is then defined by the 
FMS calculated path, according to the DESCENT mode selected on the FMS. 
The FMS knows the point when FL100 will be reached and the speed of 
250kts must be achieved, therefore it calculates the point when it has to start 
its de-acceleration in order to fulfill this speed restriction of 250 kts below 
FL100. 

7.13.3 Thrust 
The thrust will be very close to idle. 

7.13.4 Configuration 
In this Flight Phase the airplane has a Clean Configuration. 
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7.14 Descent FL100-5000 ft Limited by Speed (250 
kts.) 

 

 
Figure 68: Descent Limited by Speed (250 kts) 

 

 
 

Figure 69: Descent Limited by Speed (250 kts) Modes 
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7.14.1 LNAV 
The LNAV mode is activated. 

7.14.2 VNAV 
The VNAV mode is activated. The vertical path of the aircraft is then defined 
by the FMS calculated path, according to the DESCENT mode selected on 
the FMS. The speed is limited to 250 Kts to comply with the usual restriction 
of speed below FL100. 

7.14.3 Thrust 
The thrust will be very close to idle. 

7.14.4 Configuration 
In this Flight Phase the airplane has a clean configuration. 

 

7.15 Initial Approach 
 

 
 

Figure 70: Initial Approach. 
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Figure 71: Initial Approach Modes 

 
7.15.1 LNAV 
If the aircraft has not been given a specific vector direction from ATC, the 
pilots do not need to take control of the trajectory and the LNAV mode is 
activated. The vertical path of the aircraft is then defined by the FMS 
calculated path. 

7.15.2 VNAV 
If the aircraft has not been given a specific vector direction from ATC, the 
pilots do not need to take control of the arcraft and the VNAV mode is 
activated. The vertical path of the aircraft is then defined by the FMS 
calculated path, according to the DESCENT mode selected on the FMS. The 
speed is limited to 250 Kts to comply with usual regulations. 

7.15.3 Thrust 
The thrust setting will be controlled by the FMS for getting into the final 
approach flight path (ILS, RNP, etc.) inside a velocity window usually between 
200 to 180 kts. 

7.15.4 Configuration 
In this flight phase the airplane starts the transition to the landing 
configuration. The transition to different flaps/slats positions is commanded by 
the crew on advice of the speed booklet of the aircraft, or in modern airplanes 
by the Primary Flight Display (PFD). 
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7.16 XLS 

 
 

Figure 72: XLS 

 

 
 

Figure 73: XLS Modes. 
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7.16.1 LNAV 
The XLS final approach phase can be an ILS approach (Instrument Landing 
System), MLS approach (Microwave Landing System), GLS approach (GNSS 
Landing System) or RNP approach. 

If the Aircraft is flying a RNP approach, the LNAV mode will be activated and 
the FMS will pass information regarding lateral maneuvers to the autopilot. If 
the airplane is flying an ILS or MLS approach, the lateral maneuvers of the 
aircraft will be aimed to intercept/follow the ILS/MLS glide path. 

7.16.2 VNAV 
If the Aircraft is flying a RNP approach, the LNAV mode will be activated and 
the FMS will pass information regarding vertical maneuvers to the Autopilot. If 
the aircraft is flying an ILS or MLS approach, the lateral maneuvers of the 
aircraft will be aimed to intercept/follow the ILS/MLS glide path. 

7.16.3 Thrust 
The Thrust Setting will be given by the FMS to maintain the aircraft inside the 
XLS glide path, and to keep with the speed calculated by the FMS during the 
trajectory. 

7.16.4 Configuration 
In this flight phase the airplane starts the transition to the landing 
configuration. The transition to different flaps/slats positions is commanded by 
the crew on advice of the speed booklet of the aircraft, or in modern airplanes 
by the Primary Flight Display (PFD).Usually, when the aircraft is over the glide 
path, the landing gear is extended. 
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7.17 Landing 

 
 

Figure 74: Landing 

 

 
 

Figure 75: Landing Modes 
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7.17.1 LNAV 
The XLS final approach phase can be an ILS approach (Instrument Landing 
System), MLS approach (Microwave Landing System), GLS approach (GNSS 
Landing System) or RNP approach. 

If the Aircraft is flying a RNP approach, the LNAV mode will be activated and 
the FMS will pass information regarding lateral maneuvers to the autopilot. If 
the airplane is flying an ILS or MLS approach, the lateral maneuvers of the 
aircraft will be aimed to intercept/follow the ILS/MLS glide path. 

7.17.2 VNAV 
If the Aircraft is flying a RNP approach, the LNAV mode will be activated and 
the FMS will pass information regarding vertical maneuvers to the Autopilot. If 
the aircraft is flying an ILS or MLS approach, the lateral maneuvers of the 
aircraft will be aimed to intercept/follow the ILS/MLS glide path. 

7.17.3 Thrust 
The Thrust Setting will be given by the FMS to maintain the aircraft inside the 
XLS glide path, and to keep with the speed calculated by the FMS during the 
trajectory. 

7.17.4 Configuration 
In this flight phase the aircraft is in landing configuration and with landing 
gears extended. 
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8 Example of UPT Implementation: 
Green Approaches. 

 
Air traffic is growing rapidly throughout the world. Most analyses conclude that 
the European air traffic will double by the year 2020. This implies tremendous 
future problems related to capacity and safety. 
 
According to preliminary studies carried out by the SESAR Program (Single 
European Sky ATM Research), there is an identified necessity to fund R&D 
solutions to fill this increasing gap in traffic that already today is affecting 
airlines mainly in terms of delays (see Figure 76). 

 

 
Figure 76: Predicted evolution of European capacity o f ATM system according to 

SESAR [16]. 

 
NUP2+ is a project funded by the program TEN-T of DG TREN from the 
European Commission that started the year 2004 and that will end by 
September 2007. The project partners are LFV, SAS, Rockwell Collins-
France, Avtech, Smiths Aerospace, Austrocontrol, Austrian Airlines, 
Com4Solutions, Eurocontrol and Deutsche Flugsicherung (DFS) [17]. 

 
NUP 2+ intention is to validate applications that will extract benefits of the 
capabilities of some aircraft to downlink their intended 4 Dimension Trajectory 
(4DT) as calculated by the FMS. The benefits of using Automatic Dependent 
Surveillance – Broadcast technology (ADS-B) are also to be investigated. 
 
Some 4DT and ADS-B applications have been tested in live trials at Arlanda 
airport in Stockholm. Among the applications selected were the Green 
Approaches. 



Hanyo Vera Anders  TRITA AVE Licentiate Thesis 

 

92 

8.1 Definition of Green Approaches 

Vertical and lateral navigation modes provide the full implementation of the 
UPT as calculated by the Flight Management System. Hence, this is the user 
preferred mode of flying the aircraft.  

According to section 2 of this report one can see that a typical approach in 
IFR conditions includes the use of a STAR procedure to provide a connection 
between en route flight and instrument approaches. At the end of the STAR 
usually is a holding stack from where ATC can vector the aircraft to the initial 
instrument approach fix (IAF). The intention of providing this “gap” between 
the end of the STAR and the initial approach fix is to, via ATC vectoring, 
provide a safe separation between approaching aircraft. 

During these standard approaches, the procedure involves also deployment of 
flaps and landing gear to slow the aircraft while “stair stepping down” in 
altitude. Those steps down are commanded by ATC in order to have a clear 
vertical separation of the aircraft in the TMA, increasing then safety.  

The procedure also involves deployment of flaps and landing gear to slow the 
aircraft during the approach. As can be seen in Figure 77, a standard 
approach procedure in a Boeing 737-400/500 involves deployment of landing 
gears and 15 degrees flaps 15 before interception of the glideslope, and full 
landing configuration and landing speed all the way during the glideslope. 

 
Figure 77: ILS Approach procedure in Boeing 737-400/ 500 [18]. 

Even if those regular approach procedures provide ATC a practical way to 
keep the airspace safe, they are not the most efficient way to fly the aircraft all 
the way to the touchdown point. 

Every time a step down is commanded by ATC, the aircraft performs a 
descent followed by a level-off segment. Usually during this level off segment 
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the engines on the aircraft need to accelerate in order to compensate the 
speed lost consequence of the decrease of the vertical speed. This level off 
segments can then introduce high rates of fuel consumption and, if produced 
at lower altitudes, high noise as well. 

If the aircraft is let free to fly in a continuous descent, the airplane will avoid 
these high thrust segments decreasing fuel consumption and noise. A 
procedure which let the airplane fly a significant part of the approach in a 
continuous descent mode is called a Continuous Descent Approach (CDA).  

In the particular case where the CDA is performed from the Top Of Descent 
point (TOD) to the interception with the landing procedure, this is called and 
Advanced Continuous Descent Approach (A-CDA). 

In other words, the A-CDA is an arrival procedure designed in such a way that 
the aircraft descends from the cruise altitude with the engines very close to 
idle power. In this way the emissions of the engine (noise and contaminant 
gases) are minimized during the descent phase, and the aircraft uses less fuel 
decreasing also the aircraft operational cost (see Figure 78). 

 
Figure 78: Vertical profiles of A-CDA and Standard Ap proach 

The green approaches procedures were developed during the project NUP2+ 
and are defined as A-CDA approaches with defined ATC constraints and 
optimized from an aircraft performance standpoint. The application starts 
before TOD. Therefore, the pilot shall receive his inbound Green Approach 
clearance to follow the special STAR for active runway well ahead of TOD. 

Up to now, the problem for the air traffic controllers to let aircraft fly CDAs has 
been their uncertainty of how the aircraft will behave during the descent. In the 
NUP2+ project, this problem is solved by downlinking the intended 4DT from 
the FMS of the aircraft to the Air Traffic and Control Center (ATCC). With this 
4DT the controller has a ‘description’ of the lateral and vertical path, the 
predicted time when the aircraft is going to pass the various cardinal points, 
and therefore the average speed between any such points. This information is 
used by ATC to secure aircraft separation and keep the TMA safe. 

8.2 Green RNAV and RNP Approaches 

The main feature of a Green Approach is that it gives the complete lateral 
trajectory and vertical constrains to the FMS all the way to the runway 
threshold in order for the computer to calculate the most efficient descent (on 
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idle) from the Top-Of-Descent point. A sheet describing a Green Approach 
can be seen in Figure 80. 

However, if the approach is based on a standard arrival procedure finishing in 
an ILS instrument approach, the final approach given by the ILS is a straight 
segment with a distance between 5 to13 Nautical Miles, where the aircraft has 
to flight at a descent angle of 3 degrees and in landing configuration to follow 
the Glideslope. 

Since the aircraft has to fly in the landing configuration, this last approach 
segment produces a high level of fuel consumption because of the high drag 
associated with the landing configuration, as well as an unavoidable noise 
area just straight before the runway. 

However, the development of Requested Navigation Performance (RNP) has 
made it possible to develop new approach procedures which can be flown 
completely by the Flight Management System all the way to the runway. 
Those RNP approaches let the FMS calculate the optimal speed and 
configuration change during the descent and approach. The only intervention 
the pilot has to perform on the aircraft is managing the change of configuration 
on the aircraft according to the recommendations given by the FMS [19]. 

The advantages of a green RNP approach can then be summarized as: 

- Flying the optimum flight trajectory and speed schedule until touch 
down. 

- Shorter final straight segment and then shorter overall path to 
touchdown. 

- As a consequence, less fuel consumption, noise and emissions. 

For a detail in the reduction of flight path with the use or RNP Approach, refer 
to Figure 79. 

8.3 Expected benefits. 
The use of Green Approach procedures brings benefits not just to airlines but 
also to the aircrew and to the ANSP. The benefits are mentioned below [20]. 

Airline benefits 
- Since the aircraft will follow a non-interrupted defined STAR that takes 

into account every defined restrictions it allows the performance to be 
optimized by the FMS in accordance to the respective Airline policy 
(min fuel, min time, min cost, etc) 

- Less fuel and noise will ease the environmental load. 

- Accurate information will support CDM (Collaborative Decision Making) 
between airport, ANSP and airlines in terms of arrival time, gate 
preparation, passenger transfers, etc. 
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Figure 79: Approaches to Brisbane Airport, RWY19. 
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ILS 
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Aircrew benefits 
- Full awareness at an earlier stage about the complete approach since 

the aircraft is following a defined STAR, increasing then the safety of 
the operation. 

- Reduced radio transmission due to fewer tactical instructions. 

 
Figure 80: Green Approach STAR. 

 
ANSP benefits 

- Accurate information will support collaborative decision making 
processes. 

- The 4DT data may be used by the controller to support strategic 
planning. 

- Down-linked 4DT data will improve ground system trajectory 
prediction/presentation. 

- Enhanced predictability for the controller for Green Approach aircraft as 
their 4D trajectory is known in advance.  

- Aircraft performing Green Approaches will give low environment load in 
terms of emission and noise. 
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- Reduced radio transmission due to fewer tactical instructions. 

Airport benefits 
- Increased predictability for the stand utility planning and ground 

handling processes. 

- Improved planning and execution of traffic should give environmental 
benefits. 

- Green Approaches should be attractive to Airlines by offering more 
predictable operations. 

- Accurate information will support CDM processes. 

8.4 Vertical trajectory during a Green Approach 
Procedure 

The FMS calculates the vertical trajectory to be flown taking in account the 
restrictions in the TMA, as well as the particular restrictions in altitude and/or 
speed specified in the particular Green Approach. 

Those restrictions can be: 

- Altitude Type: 

o Flying ABOVE a certain altitude at a particular fix. 

o Flying BELOW a certain altitude at a particular fix. 

o Flying AT a certain altitude at a particular fix. 

- Speed Type: 

o Flying at or below a certain indicated airspeed at a particular fix 
or under a certain altitude. 

Those restrictions can be specified on the Green Approach STAR in order to 
maintain the same air traffic structure as the one manually implemented by 
the air traffic controllers in their traditional task of vector aircraft to and from 
the airport. Since any intervention from the pilot on response of an ATC 
instruction will disrupt the Green Approach, the restrictions have to be set up 
on the procedure from the very start. 

The FMS will calculate the descent trajectory flying with engines in idle power 
or very close to idle power during the descent. The point where the descent is 
initiated is calculated taking in account the cruise speed (computed from the 
Cost Index), the distance left to the airport, the current known winds and the 
restrictions during descent and approach. 

Restrictions in term of speed (deceleration) are usually resolved by the FMS 
by performing short level-off segments at idle power. Those short level-off 
segments provides an efficient way of decreasing speed without being forced 
to use speed-brakes or flaps. 

However, restrictions in terms of altitude may cause the aircraft to fly too 
slowly during the idle segment, or to use speed-brakes or flaps during the 
descent. 
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Figure 81: Construction of typical descent path in a Green Approach. 

 
The forces that are applied to an aircraft during an idle descent can be seen in 
Figure 82. 
 

 
 

 

Figure 82: Forces on an a/c during an idle descent.  

 
 
During an idle descent at a constant speed, the drag of the aircraft equals to 
the weight component in the direction of the flight-path. 
 

θsinMgDrag =  
 
With θ  the flight-path angle. From this equation, during an idle descent at 
constant speed: 
 

- Higher glide-path angle has to be compensated by higher Drag (either 
by increasing the speed of the aircraft or by deploying speed-brakes) 

- Lower glide-path angle has to be compensated by decreasing Drag (by 
decreasing the speed of the aircraft). 

 
 

θ

Mg 
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Lift 
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This simple relation conveys the great influence that altitude restrictions may 
have on speed during the Green Approach descent. 

If a BELOW restriction is set up too far from the airport, the FMS may 
command a slow descent speed to maintain the low angle (see Figure 83). 
This has the drawback of increasing the flight time. Alternatively, some logic 
can be included on the FMS program to fly those segments with the engine at 
different thrust setting (non-idle). 

 
Figure 83: Possible descent with "below" restriction . 

On the other hand, if an ABOVE restriction is set at a fix too close to the final 
approach, the descent of the aircraft may have to be performed too steeply 
(see Figure 84). This can result in the obligation to use airbrakes to increase 
Drag either during descent, or after the descent to decelerate the aircraft for 
final approach (with the lack of efficiency and increase in aircraft noise). In the 
worse case the restriction may not be fulfilled by the aircraft. 

 
Figure 84: Possible descent with "above" restriction . 
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Since different aircraft have different performance and drag polars, the 
restrictions included on the Green Approaches need to be very well tested 
during a number fast-speed simulations. These need to consider different 
weights and different atmospheric conditions in order to create highly efficient 
descents for all possible aircraft in most conditions. 

 

8.5 Simulations: Noise and Fuel Consumption 
In order to measure the effects on fuel consumption of aircraft flying Green 
Approaches in Arlanda airport, there is currently an effort coordinated by the 
NUP2+ team to sample and analyze data recorder in the aircraft from 
Scandinavian Airlines Systems flying those procedures. 

In the meantime, before the information is available, one can use simulations 
to assess both the fuel savings and the decrease in aircraft noise obtained by 
the use of Green Approaches. 

In order to do so, two simulators are used. Those are the Smiths Flight 
Management Workstation and the Integrated Noise Model from the Federal 
Aviation Administration (FAA) of the United States. 

8.5.1 The AASES Flight Simulator 
The AASES flight simulator is based on the Smiths Flight Management 
Workstation. This tool reproduces the flight dynamics of a Boeing 737, and 
includes the real Flight Management Computer installed on the Boeing 737 
NG. 

The possibility of reproducing the behavior of real FMS hardware makes it 
possible to have an accurate simulation of the actual trajectory computed by 
the FMS and flown by the aircraft while in VNAV/LNAV navigation modes. It is 
also possible to fly the simulator with the autopilot in order to compare a 
trajectory flown by the FMS with a trajectory produced by ATC vectoring. 

The system has also the possibility to log data regarding fuel consumption, 
trajectory and thrust. This data can be later used to make analysis of fuel used 
during trip, and as an input to the Noise analysis. 

The main features of this simulator are: 

- Software Developed by Smiths Aerospace. 

- Main components: 

o PC Software 

o Glass Cockpit Display of Boeing 737NG 

o Real Smiths Aerospace FMC (Flight Management Computer) 

o Real CDU (Control and Display Unit) present on Boeing 737NG 

- Currently, input/output from flight crew to simulator by means of CDU 
and virtual instruments displayed on PC screen, commanded with 
mouse. 

- Able to connect to outside visualization to projection display system. 
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A screenshot of the Smith Flight Management Workstation can be seen in 
Figure 85. 

 

 
Figure 85: Smiths Flight Management Workstation 

8.5.2 Integrated Noise Model - INM 
The Integrated Noise Model is a software package developed by the United 
States Federal Aviation Authority (FAA) to predict noise levels at and around 
airports. INM is outlined by its flexibility, providing the user with a great variety 
of possibilities to perform noise studies. It was originally created to calculate 
the noise average covering a long period of time, but can be adapted to 
analyze the noise produced by single aircraft operations. The INM has been 
FAA's standard tool since 1978 for determining the predicted noise impact in 
the vicinity of airports 

The main features of INM are: 

- Possibility to use existing data of airports in the United States, or to 
create new airports including runway elevation, latitude longitude and 
inclination. 

- Analysis may also include topographical effects as well as effects 
produces by local atmospheric pressure, temperature and humidity. 

- The analysis of particular approach procedures can be based in 
standard departure/arrivals or by mean of specific profiles (including 
latitude, longitude, altitude and thrust throughout the given procedure)  

- The database of INM includes Noise-Power-Distance (NPD) data for a 
range of commercial aircraft and engine models. This data is use to 
calculate community noise levels. 

The main shortcoming in the use of INM to precisely calculate the noise 
produced by aircraft in a particular departure or approach procedure is that 
the noise levels in the database are specified for a given flap setting and 
undercarriage deployment. Since the aircraft noise is the result of the engine 
noise and the airframe noise, the effect of using the noise produced by the 
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aircraft in an “average” configuration may produce noise results somehow 
different from reality. 

That also means that the difference in noise produced by an aircraft 
approaching an airport with different flap configuration, or with different timing 
in the configuration change, would be observed by the different engine thrust 
associated with this configuration, but not directly as a result of more or less 
airframe noise. 

Another issue in the noise calculated by INM model is the atmospheric 
absorption of noise. INM uses the noise calculation model given in [21]. This 
model is known to provide differences in the order of 4dB at higher 
frequencies, if compared to more accurate models as the Sutherland model 
[22]. 

8.6 Scenario of Simulations 
8.6.1 General Considerations 
In order to perform the fuel consumption and noise analysis of the operations, 
the flights were performed by real-time simulations in the AASES, with the 
help of the Smiths Flight Management Workstation. 

The trajectory and throttle history is input to INM by a special macro to 
calculate the noise footprint on the ground. 

The noise metric used for the INM analysis was the Sound Exposure Level, 
SEL or LAE, which is defined as [23]: 
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Where: AP   Weighted measured noise (dBA) 
  APP 200 =  Threshold of human hearing 

  st 10 =   Reference time of 1 second 
 
Mathematically, the SEL is the sum of the sound energy over the duration of 
the noise event, the result being an “equivalent” noise event of one second 
duration (see Figure 86). The SEL metric is A-weighted. That means that the 
aircraft noise spectra are modified by A-weighting, which depresses noise 
levels in low and high frequency bands, approximating the frequency 
response of the human ear. 
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Figure 86: Sound Exposure Level SEL [24]. 

Simulations were carried out in two different scenarios. One of them includes 
approaches to RWY 01L and 01R in Arlanda airport. The second involves 
RNP approaches to Brisbane airport in Australia. 

 
8.6.2 Arlanda Airport, Runway 01L 
The objective of this simulation scenario is to assess the advantages in term 
of fuel consumption and noise obtained by flying the Green Approaches to 
Arlanda Airport, to the Runway 01L. 

Arlanda airport (ICAO code ESSA) is located about 35 km. north of Stockholm 
and it is the largest airport in Sweden with a number of 17.539.390 
passengers served in year 2006. The airport had 234.000 movements in 2005 
with a maximum of 80 movements per hour [25]. 

Stockholm Arlanda has three operating runways, 4 passenger terminals, 53 
stands, 44 remote stands as well as 5 cargo terminals and hangars  

Arlanda Airport is situated in an urban area surrounded by several cities. The 
noise caused by arriving and departing flights is known to disturb the local 
residents, especially during certain times of the day. The peak hours at 
Arlanda Airport, based on a yearly average, are from 07.00h to 10.00h and 
from 15.00h - 20.00h. 

A special noise issue should be considered in Arlanda Airport. The community 
of Upplands Väsby, a city situated south of Arlanda Airport, is complaining 
about the noise generated from airplanes landing on runways 01L and 01R 
and especially those departing from 19L during night time. The organization 
”Väsbybor mot flygbuller” (Inhabitants of Väsby against airplane noise) [26] 
has made significant pressure on the media and already achieved that flights 
inbound for runway 01R have to maintain an altitude of 4000ft instead of the 
usual 2500ft before establishing on the ILS glide path. With the use of Green 
Approaches it would hopefully not be necessary to issue such regulations 
because of the reduced noise levels. 

Currently there are published Green Approaches (P-RNAV STARS) defined to 
RWY 01L, RWY 19R and RWY 26. In this simulation an analysis of the 
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approaches to RWY 01L and RWY 01R flying from the South (Malmö Airport) 
will be performed, throughout SAS company route ESMSESSA10. 

The aircraft selected was a Boeing 737-800 with an initial TO Weight of 
130.000 lbs. 

The sub-scenarios that were evaluated are: 

- Standard Approach to RWY 01L: 

o Scenario uses traditional STAR with direct vectoring from the end of 
the STAR to the start of the ILS approach segment. 

o This standard scenario is composed by 3 level-off segments at 
8000 ft, 5000 ft and 2500 ft. 

- Green Approach (P-RNAV) to RWY 01L: 
o This Scenario involves flying the Green Approach TROSA1J, into 

the ILS approach segment. 

o The aircraft is flown in VNAV/LNAV modes from departure to the 
ILS approach segment. 

• Simulation Results: 
The lateral trajectories flown in the standard approach scenario and in the 
green approach can be seen in Figure 87. It can be easily seen that flying the 
Green Approach TROSA1J from the south gives a much shorter flight track 
than flying the standard approach that passes by waypoint TÄBY (TEB) 
before directing to the ILS interception (at fix CI01L) 

In Figure 88 it is possible to see the altitude profile of the standard approach 
and the green approach. In the standard approaches the level-off segments at 
8.000 ft, 5.000 and 2.500 can be identified before the ILS interception. It can 
be seen also that the green approach descent is much smoother, presenting 
just two deceleration segments at 10.000 feet to fulfil the speed regulation of 
250 kts below that altitude, and at 2.500 feet in order to decelerate to final 
approach speed. 

The effects of these level off segments in the fuel consumption can be seen in 
Figure 89. It is observed that when levelling off at 8.000 feet and 5.000 feet 
the fuel flow to the engines increases from 1500-2000 lbs/hour to about 5.000 
lbs/hour. In the last level-off segment at 2.500 feet, the fuel consumption 
increases even more, to almost 7.000 lbs/hour. This is the combined effect of 
level-off and selecting 15 degrees of flaps and landing gear extension, with 
the obvious increase in drag. 

During the ILS descent there is again a rise in the fuel consumption (about 
6.000 lbs/hour). This is due to the drag effect of flying in landing configuration 
(40 degrees of flaps and landing gear extended). 
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Figure 87: Approaches to RWY01L. 
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Figure 88: Altitude profile for approaches to RW01L . 
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Figure 89: Fuel flow for approaches to RW01L. 

In regards of the fuel consumption, the simulation results are: 

 

- Fuel used in flight with Standard Approach:  5.310 lbs (2.409 kgs) 

- Fuel used in flight with Green Approach:  4.890 lbs (2.218 kgs) 

- Fuel savings by using Green Approach:  420 lbs (191 kgs). 
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Figure 90: Noise analysis for Standard and Green App roach in RWY01L. 

 
Figure 91: Detailed noise analysis for Standard and Green Approach in RW01L. 

The fuel savings can be also understood as a strong decrease in emission of 
greenhouse gases and other gases that affects the ozone layer. According to 
the Emission Indexes for aircraft in year 2004 obtained from SAGE [27], every 
kilogram of Jet Fuel burned is equivalent to the emission of: 

- 3,155 kilograms of CO2 

- 1,237 kilograms of H2O 
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- 0,0143 kilograms of NOx 

 

Using this information as a reference, it is possible to conclude that saving 
420 lbs (191 kilograms) of Jet Fuel decreases the total emissions for the flight 
in: 

- 1.325 lbs (603 kilograms) of CO2 

- 520 lbs (236 kilograms) of H2O 

- 6 lbs (3 kilograms) of NOx  

The analysis of the noise in the standard approach and the green approach 
can be seen in Figure 90 and Figure 91. 

There is a noticeable decrease in the area subjected to 70 and 75 dBA noise 
by flying the Green Approach.  

When approaching the ILS segment from the east, the standard approach 
produces noise of 75 dBA over the Upplands Väsby area (Figure 91). This 
area of high noise over Upplands Väsby is noticeably decreased by the use of 
the Green Approach procedure. 

8.6.3 Arlanda Airport, Runway 01R 
The objective of this scenario is the same as with RWY 01L. In this case the 
Green Approach analyzed is a RNP approach to the runway 01R. 

The aircraft selected is a Boeing 737-800 coming from the South (Malmö) with 
an initial Take off Weight of 130.000 lbs. 

The sub-scenarios to be evaluated are: 

- Standard Approach to RWY 01R (with Initial Approach Fix at 2500 feet): 

o Scenario will use traditional STAR with direct vectoring from the end 
of the STAR to the start of the ILS approach segment. 

o Scenario will be composed by 3 level-off segments at 8000 ft, 5000 
ft and 2500 ft. 

- Standard Approach to RWY 01R (with Initial Approach Fix at 4000 feet): 

o Scenario will use traditional STAR with direct vectoring from the end 
of the STAR to the start of the ILS approach segment. 

o Scenario will be composed by 3 level-off segments at 8000 ft, 5000 
ft and 4000 ft. 

- Green Approach (RNP) to RWY 01R: 

o This Scenario will involve flying a RNP approach into RWY01R. 

o The aircraft will be flown in VNAV/LNAV modes all the way from 
departure to touch down. 

The standard approach to RWY 01R with the final level-off segment at 2500 
feet was the way LFV instructed aircraft to perform the final approach before 
the lobby performed by the Upplands Väsby community.  
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This standard approach was replaced by an approach with the final level-off 
segment  before the ILS interception at 4000 feet. The intention is perform the 
customary level-off segment at a higher altitude. Since the level-off segment is 
known to produce high noise, performing it at a higher altitude would lead to 
less community noise, at an expense of a longer flight track. 

• Simulation Results: 
The lateral trajectories flown in the standard approach and in the RNP 
approach can be seen in Figure 92. It can be seen that flying the standard 
approach with the last level segment at 4.000 feet to avoid the noise over 
Uppsland Väsby increase the length of the flight track. On the other hand, 
flying the RNP approach gives softer turns, increasing then passenger 
comfort. 

 
Figure 92: Approaches to RWY01R. 
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Figure 93: Altitude profile for approaches to RWY01 R. 
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Figure 94: Fuel flow for approaches to RWY01R. 

The effects of this level off segments in the fuel consumption can be seen in 
Figure 94. Those effects are similar to the ones observed in the analysis of 
RWY01L. 

In regards of the fuel consumption, the simulation results are: 

- Fuel used in flight with Std. Approach (2500 feet): 5.307 lbs (2.407 kgs) 

- Fuel used in flight with Std. Approach (4000 feet): 5.421 lbs (2.459 kgs) 

- Fuel used in flight with RNP Approach:   4.967 lbs (2.253 kgs) 
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The result shows an increase of more than 100 lbs of fuel (50 kilograms) by 
flying the standard approach with the level off segment at 4.000 feet instead of 
2.500 feet. This is explained by the longer flight track of that procedure. 

If one compares the standard approach used today (with the level-off segment 
at 4.000 feet) with the proposed RNP approach, the savings in fuel and 
emissions are: 

- Fuel savings by using RNP Approach: 454 lbs (206 kilograms) 

- Associated emissions: 

o 1.432 lbs (650 kilograms) of CO2 

o 562 lbs (255 kilograms) of H2O 

o 6 lbs (3 kilograms) of NOx  

The analysis of noise produced by flying standard approaches with final level-
off segment of 2.500 and 4.000 feet can be seen in figure Figure 95. One can 
see a noticeable decrease in noise in the Upplands Väsby area, where the 
noise decreases from 75 dBA to 65 dBA. 

 
Figure 95: Standard approaches to RW01R. 

The comparison between the standard approach with level-off at 4.000 and 
the RNP approach can be seen in Figure 96 

 
Figure 96: Standard and RNP approaches to RW01R. 

 

RNP 
Approach 

Standard 
Approach 
With level-off at 
2500 feet  

Standard 
Approach 
With level-off at 
4000 feet  

Standard 
Approach 
With level-off 
at 4000 feet  



Hanyo Vera Anders  TRITA AVE Licentiate Thesis 

 

112 

The RNP approach has been designed to avoid highly populated areas. 
Therefore, the noise produced over Upplands Väsby decreases from 65 dB in 
the standard approach with level-off segment at 4.000, to 55 dBA. The effect 
over Upplands Väsby can be seen clearly in Figure 97. 

 
Figure 97: Detail of noise produced in approaches t o RWY01R. 

 
8.6.4 Brisbane Airport, Runway 01. 
The objective of this simulation scenario is to assess the advantages in term 
of fuel consumption and noise obtained by flying Green Approaches (RNP) to 
Brisbane Airport in Australia. 

Brisbane airport (ICAO code YBBN) is located in the Brisbane suburb of Eagle 
Farm, Queensland. The airport, that handles national and international traffic, 
has suffered a radical increase in passenger the last three years (16.208.976 
passengers in the year 2005-2006) [28]. 

Brisbane airport works with two runways, 01/19 (3.569 meters) and 14/32 
(1,763 meters). Because of the short length of runway 14/32, the most used 
runway is 01/19. 

An important issue regarding Brisbane airport is the noise produced by aircraft 
approaching runway 01. The direction and position of the runway force aircraft 
to over-fly an area very close to the city center on the ILS approach. 

Noise, environmental and economical considerations made a number of 
aviation related companies (including the Australian Airline Qantas and 
Australian ANSP) sign a contract with Naverus – a company specialized in 
developing navigation procedures – to develop RNP procedures for Brisbane 
airport as a way to test the benefits of this type of navigation. If the benefits 
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demonstrated are important enough, there may be the possibility to expand 
the development of RNP procedures to other airports in Australia. 

Currently, a number of RNP procedures for Brisbane Airport have been 
developed. As the time of this report, they have been around 1000 RNP 
approaches flown by Boeing 737-NG equipment. 

The present simulation will assess the advantages of flying RNP approaches 
to RWY 01, compared with standard approaches. The scenario to analyze 
approaches to RWY 01 will involve a flight performed by a Boeing 737-800 
flying from the north (Cairns International Airport in northern Australia). 

8.6.4.1 Simulation Results: 
The lateral trajectories flown in a standard approach and in the RNP approach 
can be seen in Figure 98. Flying the standard approach increases the length 
of the flight because of the inclusion of the straight ILS segment. 

The differences between the altitude profile flown in the standard approach 
(with level off segments at 8.000, 5.000 and 3.000 feet before the ILS 
glideslope) and the RNP approach can be seen in Figure 99. 

  

 
Figure 98: Approaches to Brisbane, RWY01. 
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Figure 99: Altitude profiles in Approaches to Brisb ane, RWY01. 

 
In regards of the fuel consumption, the simulation results were: 

- Fuel savings by flying RNP Approach:  630 lbs (286 kgs) 

- Associated emissions: 

o 1.988 lbs (902 kilograms) of CO2 

o 779 lbs (354 kilograms) of H2O 

o 9 lbs (4 kilograms) of NOx  

The analysis of noise produced by flying standard approaches and RNP 
approaches can be seen in the next figures. 

 

Figure 100: Noise in approaches to Brisbane, RWY01.  
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Figure 101: Detail of noise produced in approaches to Brisbane, RWY01. 

8.6.5 Brisbane Airport, Runway 19. 
The same analysis carried out before will be performed to RWY19. In this 
case the approach to RWY19 flies over the ocean, therefore the noise is not 
an issue. However, it is interesting to analyze the effects on fuel economy and 
emissions. 

The scenario will involve a Boeing 737-800 flying from the South (the airport 
of Sydney). 

• Simulation Results: 
The lateral trajectories flown in a standard approaches and in the RNP 
approach can be seen in Figure 102. Flying the standard approach increases 
the length of the flight because of the inclusion of the straight ILS segment. 

The differences between the altitude profile flown in the Standard Approach 
(with level off segments at 8.000, 5.000 and 2.500 feet before the ILS 
glideslope) can be seen in Figure 103. The differences between the altitude 
profile flown in the Standard Approach (with level off segments at 8.000, 5.000 
and 2.500 feet before the ILS glideslope) and the RNP approach can be seen 
in Figure 103. 

In regards to the fuel consumption, the simulation results were: 

- Fuel savings by flying RNP Approach:  625 lbs (283 kgs) 

- Associated emissions: 

o 1.972 lbs (893 kilograms) of CO2 

o 773 lbs (350 kilograms) of H2O 

o 9 lbs (4 kilograms) of NOx  
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Figure 102: Approaches to Brisbane, RWY19. 
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Figure 103: Altitude profiles in Approaches to Bris bane, RWY19. 
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The analysis of noise produced by flying standard approaches and RNP 
approaches can be seen in Figure 104 and Figure 105. 

 
Figure 104: Noise in approach to Brisbane, RWY19. 

 

 
Figure 105: Noise comparison in approaches to Brisb ane, RWY19. 
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9 Conclusions 
 
Aircraft operations are very complicated processes which are affected by 
different actors and stakeholders trying to maximize their objectives under 
their particular constrains. 

In order to improve the capacity, safety and efficiency of aircraft operations, 
this process has to be very well understood. This is not an easy thing to do 
given the number of factors which affect the aircraft operation and the 
resultant trajectory the aircraft is going to fly. 

A good way to understand this process is to look carefully to the different 
objectives and constrains that the aircraft/aircrew has to work with, and to look 
at the way the route and the trajectory are designed. 

One can see that the final trajectory flown by a modern commercial aircraft is 
built up mainly with the help of the Flight Management System. The function 
of the FMS is of paramount importance in modern aircraft operation. It not 
only builds the trajectory taking in account the ATM preferences stored in its 
memory and preferences entered by the crew and the current environment. It 
also carries out optimization routines to calculate the optimum speed to reach 
the destination based on aircraft and fuel costs. It also aids the crew to 
navigate and fly the trajectory with the use of the integrated autopilot and 
navigation aids. 

Modern Flight Management systems are so advanced that sometimes airlines 
and ANSPs has trouble extracting all the possible benefits from the use of 
those systems. Some of those benefits include the use of 4DT navigation, 
Continuous Descent Approaches and RNP procedures. 

The use of 4DT navigation has the potential to perform a revolution in the way 
the airspace is operated nowadays by performing Time-Based Operations (i.e. 
ATC give an aircraft the exact time when it should perform the landing). On 
the other hand, the use of Continuous Descent Approach and RNP 
procedures can have a strong impact in the economy of the airlines (by 
decreasing the fuel consumption during the flight) as well as the noise and 
emissions produced during the descent phase. 

The widespread use of those technologies has yet to take place. However, as 
ATC develops higher technological systems to achieve a greater 
communication with the aircraft, aircraft with modern FMS systems keep 
coming out of the assembling lines and older aircraft are forced to upgrade, 
we are going to see those operations as standard practices in many airport on 
the world, improving then capacity, security, efficiency and environmental 
aspects in many airports around the world. 
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10 Acronyms 
4D  Four Dimension 

4DT  Four Dimensional Trajectory 

ACARS Aircraft Communication Addressing and Reporting System 

ADC  Air Data Computer 

ADS  Automatic Dependent Surveillance 

ADS-B Automatic Dependent Surveillance – Broadcast 

AGL  Above Ground Level 

AIRAC Aeronautical Information Regulation and Control 

ANSP  Air Navigation Service Provider 

ATC  Air Traffic Control 

ATCC  Air Traffic Control Center 

ATM  Air Traffic Management 

AOC  Airline Operations Center 

ARINC Aeronautical Radio, Incorporated 

CAA  Civil Aviation Authority 

CDL  Configuration Deviation List 

CDU  Control Display Unit 

CI  Cost Index 

CFMU  Central Flow Management Unit 

DFS  Deutsche Flugsicherung 

DH  Decision Height 

DP  Departure Procedure 

EPR  Engine Pressure Ratio 

ETA  Estimated Time of Arrival 

ETOPS Extended Twin Engine Operations 

FMC  Flight Management Computer 

FMS  Flight Management System 

Ft  Feet 

GNSS  Global Navigation Satellite System 

GPS  Global Positioning System 

IAP  Instrument Approach Procedure 

ICAO  International Civil Aviation Organization 

IFR  Instrument Flight Rules 
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ILS  Instrument Landing System 

IRS  Inertial Reference System 

FIR  Flight Information Region 

FL  Flight Level 

LFV  Luftfartsverket 

MEL  Minimum Equipment List 

NAVAID Navigation Aid 

NEAN  North European ADS-B Network 

NDB  Non-directional Beacon 

NGATS Next Generation Air Transportation System 

NOTAM Notices to Airmen 

NUP  NEAN Update Program 

NUP2+ NEAN Update Program Phase 2+ 

OTS  Organized Track System 

PFD  Primary Flight Display 

QFE  Atmospheric Pressure at Field Elevation 

QNE 1013.25 Mb Altimeter Subscale Setting (International Standard 
Atmosphere) 

QNH  Atmospheric Pressure at Nautical Height 

QRH  Quick Reference Handbook 

R-NAV Area Navigation 

RNP  Required Navigation Performance 

RTA  Required Time of Arrival 

RWY  Runway 

SAAAR Special Aircraft and Aircrew Authorization Required 

SAS  Scandinavian Airlines System 

SID  Standard Instrument Departure 

SIGMET Significant Meteorological Information 

SESAR Single European Sky ATM Research Program 

STAR  Standard Terminal Arrival Route 

SWC  Significant Weather Chart 

TACAN Tactical Air Navigation 

TCP  Trajectory Change Point 

TMA  Terminal Maneuver Area 

T/O  Take-off 
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TOC  Top of Climb 

TOD  Top of Descent 

TOGA  Take-off / Go-around 

UPT  User Preferred Trajectory 

V1  Take-off Decision Speed 

V2  Take-off Safety Speed 

VR  Rotation Speed 

VFR  Visual Flight Rules 

VOR  VHF Omni-directional Range 

VORTAC Co-located VOR / TACAN 
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