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Summary

An improvement of present air navigation systems and procedures to fulfil the increasing capacity demand is an enormous challenge for all those involved.

With the adoption of the DFS data link strategy which is part of the organisation's strategy development process, an important decision was made to be prepared for this challenge. This data link strategy sees the introduction of the Aeronautical Telecommunication Network (ATN) (in a first step for air/ground communication), data link technologies, data link services and Air Traffic Management (ATM) procedures founded on them as soon as possible, reasonable and justifiable.

The comparative data link investigations, by which three data links (“Aeronautical Mobile Satellite Service” (AMSS), “Mode Select” (Mode S) and the “North European ADS-B Network” (NEAN)) were assessed, should supply an important basis for the decision making process towards their possible use.
1. Introduction

An improvement of present air navigation systems and procedures to fulfil the increasing capacity demand is an enormous challenge for all those involved.

With the adoption of the DFS data link strategy which is part of the organisation's strategy development process, an important decision was made to be prepared for this challenge. This data link strategy sees the introduction of the Aeronautical Telecommunication Network (ATN) (in a first step for air/ground communication), data link technologies, data link services and Air Traffic Management (ATM) procedures founded on them as soon as possible, reasonable and justifiable.

The comparative data link investigations, by which three data links (“Aeronautical Mobile Satellite Service” (AMSS), “Mode Select” (Mode S) and the “North European ADS-B Network” (NEAN)) were assessed, should supply an important basis for the decision making process towards their possible use. By this approach the process of selecting suitable air/ground data link technologies and their prospective operational use could be progressed.

Ongoing activities around the introduction of data link into the ATM environment (EU-projects, Eurocontrol projects, national planning) are centred around the use of VDL Mode 2 systems. For this reason, it may be questioned why no VDL Mode 2 data link system had been investigated as well.

Reason was simply that such systems were not available to DFS at the time the activities were conducted. Immediately after the end of the trials, VDL Mode 2 equipment was made available by ARINC, and the analyse-method used for the first set of investigations will be applied to this system as well and results be reported as soon as available

In addition, the results presented in this paper imply that a demand for more capable data link systems may arise from the applications, and such data link systems will have to be investigated in order to validate their potential use as soon as a reasonable capability for a wider use is acknowledged within DFS.

The integration of mobile data links into the test bed of DFS was started at the end of 1997 in the framework of the “ATN Trials Infrastructure” (ATIF) project. From the technical viewpoint, AMSS proved to be an unproblematic system which, after a short integration phase, could be used experimentally.

The integration of Mode S was far more difficult, since a large number of problems with the experimental equipment and, above all, the low availability of Mode S data link specialists had a lasting effect: Whereas external expertise was available for AMSS, this was possible only with limitations in the case of Mode S. This meant that a large amount of DFS resources had to be used for system trouble shooting instead for performance testing.

In the case of NEAN, DFS was involved in a separate project and provided 4 base stations, one national server and one monitor station for the European NEAN infrastructure.

Even though all these components were permanently used in the scope of the project NEAN, the comparative data link investigations revealed malfunctions of the experimental equipment. Fortunately, most of them could be resolved by the manufacturers in a short time.

Finding suitable test- and measurement equipment for the comparative data link tests was another challenge. A market analysis showed that there were no suitable "off the shelf" systems, and orders were therefore placed for the development of a data link test equipment (Comparative Data link End-to-end Classification and Analysis Tool (CODECAT)), with the objective of providing systems with a modular and thus easily extendable design which could be used later for such purposes as the classification of various Data Links in accordance with the ATN Standards and Recommended Practices (SARPs) and also for other examinations.

It is currently becoming clear, as part of the VDL Mode 2 examinations, that this was the correct decision. It was possible to extend these systems quickly and cheaply so that they could be used for further tests.
2. Objectives

Within the framework of the development and evaluation of capacity-increasing technologies and procedures, DFS is actively involved in their standardisation.

Especially the contributions to different international bodies of experts, which are in charge of the development and standardisation of these new technologies and procedures, reveal the need for a common methodology and measuring device to obtain comparable results with respect to performance, reliability or a potential benefit.

Various projects and programmes outside DFS deal and dealt with the analysis of the capacity provided by new data link systems (e.g. Automatic Dependant Surveillance (ADS) Europe Trials, Flight Trials of ATN over Multiple Subnetworks (FITAMS), ProATN, Investigation of Networked CNS/ATM Applications (INCA)). However, due to the different methods used to measure their potential, the results are often difficult to compare or even not comparable at all.

It was therefore an essential requirement to compare the different data links under equal conditions (as equal as possible) with the same measurement tools and measurement procedures, to:

· provide a basis for the decision process regarding the future use of different data links,

· present recommendations on how to classify data links (e.g. with respect to the classification scheme for mobile networks defined in the ATN SARPs, Package 2),

· derive recommendations for the optimisation of data link systems currently in use.

Furthermore, results presented in this document are targeted towards helping to optimise the use of data link services like CPDLC, ADS-B/C or FIS and the development of new ATM systems, provided the behaviour of the data link systems is taken into consideration.

3. Methodology

The comparative data link investigations were divided into two phases. The first phase focused on the preparation of the concept, plan and test environment for the data link investigations whereas the second phase, itself divided into steps, concentrated on performing the investigations and producing the final report.

Milestones of the two programme phases were the preparation of the concept for the investigations (end of phase 1), the development of data link test tools (step B1), the two trials-campaigns (laboratory (B3) and flight trials (B5)), and finally the preparation of the final report.

The different work packages and their interrelation are illustrated in Figure 1.
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Figure 1: Sequence of work packages of the comparative data link trials

All three data links were investigated with regard to their up- and downlink properties. This means that every test (connection establishment, data transmission latency, etc.) was performed twice. In addition to these investigations on the network layer, investigations were performed on the application layer using the Controller to Pilot Data Link Communication (CPDLC) application specified in the ATN SARPs and the two ATN subnetworks (i.e. AMSS and Mode S).

Based on the results achieved by the laboratory trials campaign, flight trials were performed similarly to the laboratory trials (up- and downlink) but with the priority on the interaction of flight manoeuvre and data transmission behaviour.

In parallel to the distribution of the final report (July 2000), further investigations were performed using the VDL mode 2 data link. It’s planned to incorporate these results in the final report which is to be expected for the forth quarter 2000 as a version 2.0.

4. Focus of Investigations

The investigations focused on:

1.
the determination of the Call Setup and the Call Clearing Latencies

2.
the determination of the available transfer rate per connection

3.
the determination of the Data transmission Latency, lost messages, corruptions, etc.

The laboratory trials were performed with the real data link facilities. The relatively low operational cost of the laboratory trials allowed to obtain large amounts of result data. During the flight trials additional results were obtained with smaller sets of experiment data but in real flight. These tests thus complemented the laboratory trials.

We did not investigate:

· The influence of changing traffic load on the results (but the traffic load was documented, if possible)

· Running costs of data links

· Implementation activities in the international surrounding

· What are the (performance-)requirements of an application or service on a data link

5. General conditions of data link investigations

The comparative data link investigations reveal a large number of data link system deficiencies as well as system characteristics that must be taken into account when results are invoked for decisions.

One interesting result is the dependency of the data link performance characteristics per connection on the size of data packets that are to be transmitted. This dependency is pointed out by Figure 2.
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Figure 2: Dependency of Data Transmission Latency and packet size

It becomes obvious that a classification of data links and a presentation of data link performance values have to be handled with care if no further information about the measurement procedures and methods is given. An example can be given with the AMSS data link (in downlink direction) which could be classified into three different classes (class C, class D or class E, with respect to the ATN classification scheme), depending on the packets that are to be transmitted.

Results presented in this document should therefore be understood as the 95%-values derived from multiple trials (( increasing packet size) in various test environments (laboratory trials and flight trials).

On the other hand, deficiencies of the experimental data link equipment had a high impact on results achieved. These deficiencies and their potential influence on the results are listed below:

· The North European ADS-B Network (NEAN) has been developed to evaluate and demonstrate the STDMA technology for ADS-B purposes. The capability to transmit data wasn’t the focus of the project. Consequently the NEAN systems haven’t been developed nor optimised for that functionality. This becomes clearly evident by the lack of a flow control mechanism or reliable network and transport protocols. Even if the STDMA technology is used, it is still a long way to go for the NEAN to be called a VDL Mode 4 data link.

In the case of the comparative data link trials performed by DFS, the lack of a flow control mechanism and reliable network and transport protocols caused a high loss-rate of data. The investigation-team come therefore to the decision that NEAN tests should be performed with a data rate that guarantees a loss rate less than 10 %. That’s the reason for the relatively low user data rate which should be higher in the case of VDL Mode 4 (which supports reliable protocols and flow control mechanisms).

· In the scope of the Mode S investigations, the investigation-team had to cope with a number of shortcomings due to the experimental equipment that has been used. It had a high impact on the results, especially with respect to the integrity and reliability investigations.

For packet sizes >160 bytes it is unlikely that Mode S could reach similar performance values as VDL Mode 2 or VDL Mode 4 due to it’s rotating antenna and the current transponder equipment, nevertheless better performance values will be possible if data link equipment is optimised and properly implemented.

6. Results

6.1 Measured Response Time

From the response time assessment it can be concluded that the AMSS and NEAN data links are in a position to support a range of data link services or, more specifically, these data link services for which response time requirements have been defined so far (see [1]). The ATN compliant part of the Mode S data link fails to meet the defined requirements and can only be considered for non-time-critical data link services, such as Controller Access Parameters (CAP).

6.2 Integrity

Considering the integrity requirements defined by the ADS Panel (ADSP) and the measurement results collected during the data link trials, it can be noted that none of the investigated data links seems to be robust enough in order to meet the defined integrity requirements on the network level. However, it should be noted that the ADSP requirements refer to the end-to-end integrity, i.e. between applications hosted in end systems. This means that appropriate measures in the upper protocol layers of these end systems, such as checksums and sequence numbers on the transport layer and/or the application layer, may considerably improve the measured integrity on the network layer; experience and analysis [2] shows that integrity improvements in the order of several decades are achievable.

Consequently, the AMSS data link which has demonstrated an excellent loss rate in the uplink (i.e. 0 %) and a modest loss rate in the downlink (i.e. 0,1 %) meet at least the 10-6 end-to-end integrity requirement, given that such upper layer protocol mechanisms are applied. It may also meet the 10-7 requirement, however this requires a more detailed analysis.

The very high loss rates measured for the NEAN and Mode S data links (11,4 % and 24,1 % respectively), however, do not allow to arrive at the same conclusion w.r.t. the achievable end-to-end integrity as for the AMSS. This means that these data links are currently not expected to meet the integrity requirements postulated for the known air/ground applications, given the obtained measurement results. However, it should be noted that the observed high loss rate for the Mode S data link seems to be primarily caused by malfunction of the experimental equipment used in the data link trials. It is expected that operational Mode S equipment will exhibit a much smaller loss rate, which in combination with appropriate upper layer loss protection features may qualify this data link for support of air/ground ATS applications.

The high loss rate measured for the NEAN data link seems to be a system-inherent feature which may be attributed to the missing flow control mechanisms in this data link. If such flow control mechanisms are added, e.g. in the context of an ISO/IEC 8208 packet layer interface (the X.25 Protocol), and upper layer protection features are also implemented, then the NEAN data link is expected to be a candidate for supporting operational air/ground Air Traffic Services (ATS) applications (in the scope of the ADSP integrity requirements).

6.3 Reliability

Considering the reliability requirements defined by ADSP and the measurement results collected during the data link trials, it can be noted that none of the investigated data links seems to be robust enough in order to meet the defined reliability requirements. However, it should be noted again that experimental equipment has been used in the data link trials which sometimes exhibited strange/undeterministic behaviour and/or was poorly debugged in some cases.

6.4 Throughput Assessment

The throughput assessment is based on a flight communication traffic profile which has been developed in the context of the ATN Implementation Task Force.

All investigated data links will be able to transfer the required traffic load per flight associated with the three traffic scenarios considered above. However, it should be noted that the measurements performed during the data link trials and the assessment made above hold for a single aircraft. In an operational environment a number of aircraft will share the capacity of a data link system. Consequently, there will be an upper limit of aircraft which may be simultaneously served by a given ground station. In the case of AMSS, this limit will be defined by the number of channels which may be simultaneously maintained by the ground earth station. In the case of Mode S and NEAN, this limit will be defined by the overall RF capacity offered by the data link system. This overall capacity depends on a number of factors, which are for example the rotation time of the antenna, the data link capabilities of the transponder and the geographical distribution of the aircraft in the case of Mode S. Therefore a more detailed and sophisticated analysis would be required to expand the measurement results on a large scale operational scenario.

6.5 Summary of Results

Table 1 provides a high-level summary of the measurement results for the three investigated data link technologies. The values listed in this table should be understood as the 95%-values derived from multiple trials in various test environments and are intended to broadly classify the relevant data link technology for the subsequent assessment. The reader is referred to the final report of the “Comparative Data Link Investigations” for the detailed and accurate measurement results.


AMSS
Mode S
NEAN


Uplink
Downlink
Uplink
Downlink
Uplink
Downlink

User Data Rate (bits/s)

359
180
-2
-2
312
339

Packet Rate (packets/s)1
0,3
0,25
-2
-

1,9
2,0

Transmission Delay (seconds)
11,0
28,0
72,1
51,7
6,2
4,4

Message Loss Rate (%)
0,0
0,1
9,2
24,1
11,4
2,8

Reliability (%)
46
41
51
52
56
44

Call Setup Round-trip Time (seconds)
4,7
29,1
n/a

Table 1: Performance Characteristics of the Investigated Data Links

7. Conclusion and Recommendations

Even if it still seems to be a long way to go before data link and ATN is operationally introduced, the comparative data link investigations were a significant step in that direction. Both, the results achieved and the infrastructure built at DFS’s R&D centre in Langen are a foundation for continuing activities (e.g. the simulations, VDL Mode 2 investigations), new projects and future plans with respect to the introduction of data link in Germany.

Having carefully analysed the large amount of detailed results from the investigated data link systems, it becomes clear that there is no clear winner of the data link trials. All investigated data link technologies exhibit some deficiencies which will limit their deployment for operational data link services. The major identified deficiencies are:

· The extreme packet loss rate of the NEAN data link in the case that the incoming packet rate exceeds a certain threshold (i.e. more than 3 packets/second) due to the lack of a reliable network and transport protocol and flow control between Data Terminal Equipment (DTE) and Data Circuit-terminating Equipment (DCE)

· The large variations in the transmission delay of the AMSS data link which may be a problem for data link services which require a request-response transaction being completed within a given time interval

· The high round-trip times of the Mode S data link which exceed the maximum delay expected by the majority of currently envisaged ATS data link services.

7.1 Data Link Technology

Out of the investigated systems, there is no data link technology which suggests itself as a primary candidate for implementation. Based on the assessment presented in this document, AMSS will receive the highest ranking and Mode S the lowest one. However, none of the investigated data link technologies succeeds in meeting the complete set of requirements. In particular, in the categories reliability and integrity the investigated data link systems fall considerably short of the requirements; this may be attributed to the experimental and prototype character of the data link equipment used in the trials.

A lot of trouble arose from Mode S subnetwork component interoperability problems. This was disappointing since more work had been allocated to the systems’ interworking, instead of their use.

It is also remarkable that none of the investigated data link systems seems to be a real good backup candidate for one of the other investigated data link systems. In particular, it is hard to imagine that a class H  system may be an appropriate backup or complementary system for a primary class C system.

The AMSS system used for these investigations is already based on commercial products which have been on the market for several years. In spite of this, it is even now not in a position to meet all of the requirements. Also the Mode S ADLP, a prototype system which incorporates the experience of several years, entailed various problems; and finally VDL (except Mode 1) is still in its technical infancy.

In conclusion the question arises if any data link may fulfil the stringent operational requirements in the near future.

7.2 Recommendations with respect to the use of mobile Data Links

Due to the immense gap between operational requirements and technical reality, it is obviously still a long way to go for data link system developers and data link providers. But it is also recommended to re-consider current concepts how data link could be used in the future, in particular with respect to time-critical messages.

It should be added as well that the data link investigations exposed a need for recommendations how to classify data links. A case in point is the message length which should be taken into consideration if a data link is classified (see chapter 5). Similar effects occur with Mode S and mechanically rotating antennas. This demonstrates that a classification which should provide a basis to compare different data links with each other or to find the adequate data link for a data link service respectively, doesn’t provide a suitable source of help if the results are not presented in conjunction with the measurement procedure they are based on.

It is currently emerging that an operational introduction of VDL Mode 2 as a primary data link is getting more and more likely. It is therefore an open question if one of the investigated data links could take over the role of a complementary data link for VDL Mode 2.

On condition that a complementary data link should support the same services as the primary candidate does, it is not possible to recommend any of the investigated Air/Ground data links to be used for that purpose in their current development status.

The results achieved in the scope of the investigations make clear, that neither the measured performance values (integrity, reliability, end-to-end delay) nor the system behaviour fulfils the user requirements.

If it is foreseen to use a complementary data link just for some of the services that are supported by the primary data link, which means that the requirements for a complementary candidate are not as stringent as they are for the primary one, than a further assessment based on the services that are to be supported is recommended.

In the case of a complete substitution of the primary data link by the complementary one, it does not appear advisable to spend more money on the further development of these data links in order to use them as a complementary medium as part of a first data link implementation phase (for services which are not time-critical). Instead, activities should be concentrated on the development of complementary media for a second data link implementation phase, whose objective is the introduction of time-critical services (such as VDL Mode 3 or Mode 4).

We therefore recommend that work be concentrated on the strengths of the data links evaluated during the comparative data link examinations and that these be used for the above purpose. These could be the Mode S Specific Services and ADS-B for Mode S, ADS-B for NEAN and data transfer in areas without VHF or radar coverage for AMSS.

Nevertheless, if it is still planned to use one of the investigated data links as a complementary data link for VDL Mode 2, then the most promising candidate needs to be assessed based on the development potential and the associated effort with the applications in mind.

7.3 Recommendations with respect to the use of the ATN

Analyses carried out as part of the comparative data link examinations prove that the ATN can provide a noticeable improvement in the performance values (reliability, integrity). This is achieved by a set of International ISO (Organisation for Standardisation) protocols, such as ISO8208 (X.25), CLNP (Connectionless Network Protocol ) or TP4 (Transport Protocol level 4).

In addition, ATN foresees very efficient compression algorithms for the air/ground communication which keeps protocol overhead in an acceptable range. This means that the overhead associated with the protocols above the data link system (which shall guarantee the required reliability and integrity) is in fact only partly seen by the data link system.

Finally, the Joint ATN Trials performed in 1997 showed that the ATN has no negative effects on the ground subnetworks which are used (such as the Packet Switched Network (PSN) of DFS).

On the basis of the ATN SARPs, which are now very well developed, the diverse available pre-operational systems (such as ProATN) and the extensive studies which have been carried out as part of various national and international projects on the subject of ATN, this technology probably offers the largest potential to be put into service in a short time in order to support the use of future Data Link Services.
8. Action by the working group

The working group is invited to note the results achieved by DFS.

- - - - - - - - - -
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List of abbreviations

ADLP
Aircraft Data Link Processor

ADS-B/C
Automatic Dependent Surveillance - Broadcast/Contract

ADSP
ADS Panel

AMSS
Aeronautical Mobile Satellite Service

ATIF
ATN Trials InFrastructure

ATM
Air Traffic Management

ATN
Aeronautical telecommunications network

ATS
Air Traffic Services

ATSC
Air Traffic Service Communication

CAP
Controller access parameters

CLNP
Connectionless Network Protocol

CODECAT
Comparative Data link End-to-end Classification and Analysis Tool

CPDLC
Controller-pilot data link communications

DART
Demonstrator and ATN research test bed

DCE
Data Circuit-terminating Equipment

D-FIS
Data link flight information services

DFS
DFS Deutsche Flugsicherung GmbH (German Air Navigation Services)

DSC
Downstream Clearance

DTE
Data Terminal Equipment

EU
European Union

FITAMS
Flight Trials of ATN over Multiple Subnetworks

ICAO
International Civil Aviation Organisation

IEC
International Electrotechnical Commission

INCA
Investigation of Networked CNS/ATM Applications

ISO
International Organisation for Standardisation

Mode S
Mode Select

NEAN
North European ADS-B Network

ProATN
Prototype ATN

PSN
Packed Switched Network

R&D
Research and Development

SARPs
Standards and Recommended Practices

STDMA
Self Organising Time Division Multiple Access

TP4
Transport Protocol level 4

VDL
VHF Data Link
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� The data rate and packet rate values are average values collected from a number of measurements with varying packet lengths; therefore no strict relationship exists between the listed values of these two performance characteristics.


� No data rate and packet rate could be measured for the Mode S data link; therefore a “-“ is indicated in the associated boxes of � REF _Ref490986280 \h ��Table 1�.





- 1 -


