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1. INTRODUCTION

This report summarizes a technical assessment of 1090 MHz Extended Squitter
(1090ES) performance based on work efforts documented in the Technical Link
Assessment Report of March 2001 [ref. 1] and work efforts since report publication.
This report builds upon the March 2001 TLAT report that was commissioned by the
Safe Flight 21 Steering Committee and the EUROCONTROL ADS Programme
Steering Group.

Several decisions regarding implementation of ADS-B have been made since
publication of the TLAT report. The FAA’s Operational Evolution Plan [ref. 2]
identified a set of applications enabled by ADS-B planned for implementation in the
next 10 years. Additionally, the European aviation community is considering a
proposal that identifies a set of ADS-B-enabled applications (referred to as
CARE/ASAS package 1 [ref. 3]) for early operational implementation. This proposal
identifies similar applications to the Federal Aviation Administration (FAA) plan.

Since EUROCONTROL and the FAA are developing a joint strategy paper regarding
ADS-B link selection and implementation, additional work was required to develop a
common understanding regarding performance of 1090ES. This effort provided an
opportunity for EUROCONTROL and the FAA to discuss and share their respective
work efforts over the last year since publication of the TLAT report. The membership
of the assessment team is:

Ann Tedford, Co-Chair FAA

Constantine Tamvaclis, Co-Chair EUROCONTROL Experimental Centre

Lawrence Bachman Johns Hopkins University, Applied
Physics Laboratory

William Harman Massachusetts Institute of Technology
(MIT) Lincoln Laboratory

Vince Orlando MIT Lincoln Laboratory

Stanley Jones Mitre Corporation

Thomas Pagano FAA

Ron Jones FAA

Jim Baird FAA

Thinh Dinh BAE SYSTEMS

EUROCONTROL and the FAA wanted an assessment of performance in 2010, a
condition not studied by TLAT. Package 1 was selected to represent the applications,
since it refers to the transition period to 2010. Core Europe was selected as the focus
of this study, since it represents a heavily loaded interference environment. These
conditions also approximate the expected FAA 2010 environment. The scenario and
applications are discussed in Section 2.

This assessment considered developments since the TLAT report—the enhanced
decoder, more advanced models, and additional data from the Frankfurt trials. The
assessment method is described in Section 3. Section 4 summarizes the results fully
described in Appendix A.
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2. CORE EUROPE 2010 SIMULATION SCENARIO
2.1 Background

The EUROCONTROL ADS Program developed a Core Europe (CE) 2015 scenario
[ref. 1] for use in simulations aiming to evaluate performance and capacity
characteristics of the three candidate ADS-B link technologies. EUROCONTROL,
the FAA, and other organisations used this scenario in simulations for the TLAT
study [ref. 2] and subsequent ADS-B link evaluations. The developing consensus on
an early operational implementation of an initial set of ADS-B applications has raised
the issue of ADS-B performance and capacity in the transition period prior to 2015
and notably the initial period to 2010. Therefore, a scenario has to be defined
describing the ADS-B environment in Core Europe up to 2010.

2.2 Scenario scope

The Core Europe scenario for the period to 2010 has been developed by
EUROCONTROL following the assumptions made for CE2015 and also the ongoing
Safety and CBA studies of the EUROCONTROL ADS Programme. It has also taken
into account assumptions made by the transition studies of other EUROCONTROL
Programmes concerning CNS infrastructure in Europe that might affect the ADS-B
environment.

This version of the CE2010 scenario is specifically aimed at supporting the 1090ES
simulations conducted in collaboration with the FAA and aimed at establishing the
feasibility of using 1090ES as the baseline ADS-B link in Core Europe to 2010.

2.3 CE2010 Geographic Area

In accordance with [ref. 1], the scenario covers a circular geographical area of radius
300 nautical miles (nmi) centered on Brussels (lat. 50.5 deg., and long. 4.21 deg.), as
shown in Figure 1. This area is split into an inner core of radius 200 nmi and an outer
ring (“non-core area”) in the range of 200 nmi to 300 nmi from the centre of the
scenario. This distinction is made because the inner core area has higher traffic
density.

2.4 Airports and Terminal Areas in CE2010

The Core Europe scenario includes five major airports (Heathrow, Paris CDG,
Frankfurt, Schiphol, and Zaventem). These airports are surrounded by the busiest
Terminal Maneuvering Areas (TMA) in terms of traffic density in Europe.

Each TMA is divided into an “inner,” “middle,” and “outer” area of radius 5, 12, and
50 nmi, respectively. The inner region represents the airport surface and is intended to
include aircraft participating in an A-SMGCS environment. The middle region
represents the inner terminal airspace and includes aircraft at low level, approaching
the airport. The outer region represents the outer terminal airspace embracing aircraft
descending towards the airport.
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Figure 1 Geographical Area of the Core Europe Scenario

The TMA centres are assumed to be at the co-ordinates indicated below.

TMA Centre | Latitude | Longitude
Brussels 50.5 4.21
London' 51 0.37
Amsterdam 51.92 4.62
Frankfurt 49.67 8.20
Paris 48.68 2.29

' The centre of the London TMA is shifted from the real coordinates (51.083, 1.293) to make the
London TMA fit within the 300 nmi radius.

1090-WP-12-05

Page 6 of 128



1090 MHz Extended Squitter Assessment Report June 2002

2.5 Traffic Distribution

The median EUROCONTROL estimate for annual traffic growth in Core Europe is
3.7%. The CE2015 scenario [ref. 1] was based on this assumption, and the same
assumption shall be applied to the 2010 scenario.

2.5.1 Altitude distribution

In accordance with [ref. 1], traffic will be allocated into five altitude bands as follows:

Band Altitude Range

Ft.
G Ground Level
L 0-3,000
3,000-10,000

10,000-25,000

c |z | Z

25,000-41,000

It shall be assumed that General Aviation (GA) fly below FL250 (e.g., only in bands
G, L, and M).

2.5.2 Aircraft Density

The projected total number of aircraft in the Core Europe (radius of 300 nmi) in the
period to 2005 to 2015 is shown in

Figure 2. These estimates assume a traffic growth factor of 3.7%. As in [ref. 1], it has
furthermore been assumed that each of the five major TMAs shall reach a traffic
density equal to the projected London TMA density (which is currently the busiest
TMA in Europe).
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Figure 2 Predicted Core Europe (radius of 300 nmi) Air Traffic Growth in
the Period to 2015

The following table lists the assumed number of aircraft per region and altitude band
in the scenario for the years 2005, 2010, and 2015.
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Region Altitude 2005 | 2010 | 2015
Distribution

Core En-Route 485 580 696
Altitude Band L 6%
Altitude Band M 16%
Altitude Band H 39%
Altitude Band U 39%

TMA Inner (N=0..4) 17 21 25
Altitude Band G 100%

TMA Middle (N=0..4) 20 24 29
Altitude Band L 65%
Altitude Band M 35%

TMA Outer (N=0..4) 72 86 103
Altitude Band M 35%
Altitude Band H 65%

Non-Core En route 302 363 435
Altitude Band L 6%
Altitude Band M 16%
Altitude Band H 39%
Altitude Band U 39%

Non-Core TMA 104 125 150
Altitude Band L 59%
Altitude Band M 30%
Altitude Band H 20%

Non-Core Ground 18 21 25
Altitude Band G 100%

1090-WP-12-05 Page 9 of 128



1090 MHz Extended Squitter Assessment Report June 2002

Figure 3 below plots the latitude/longitude positions of the 1,744 aircraft included in
the Core Europe 2010 (CE2010) scenario (see also Figure 1).
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Figure 3 Aircraft Distribution in CE2010

2.5.3 Aircraft Movement

In accordance with [ref. 1], movement of aircraft within the scenario will be modelled
by assigning to aircraft in a given altitude band a constant ground speed, but in
random (uniformly distributed) directions.

= The ground speeds are allocated to the different altitude bands as follows:

= BandL 150 kts

= BandM 200 kts

= BandH 300 kts

*= BandU 450 kts
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2.5.4 Aircraft Types

Figure 4 shows the current composition of the aircraft fleet flying in Europe.
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Figure 4 European Aircraft Fleet
(colors indicate scope of ACAS mandate)
Notes:

= Class A: piston aircraft with a maximum take-off mass below 5,700kg
= Class B: turboprop aircraft with a maximum take-off mass below 5,700kg

= Class C: turboprop aircraft with a maximum take-off mass between 5,700kg and
15,000kg (class subject to ACAS Phase 2)

= Class D: jet aircraft with a maximum take-off mass between 5700kg and
15,000kg (class subject to ACAS Phase 2)

= Class E: turboprop with a maximum take-off mass in excess of 15,000kg (class
subject to ACAS Phase 1)

= (Class F: jet aircraft with a maximum take-off mass in excess of 15,000kg (class
subject to ACAS Phase 1)

= Class G: high-performance (military) jets
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It is assumed that the percentages indicated in Figure 4 will remain valid in the period
to 2010. Therefore the simulated aircraft can be grouped into three aircraft classes,
namely General Aviation, Air Transport, and Military Aircraft, as follows:

Class Percentage | 2005 | 2010 | 2015
Air Transport 72% 1047 | 1255 | 1505
Military 8% 116 140 167
General Aviation 20% 291 349 418
Total 1454 | 1744 | 2091

2.6 ADS-B Services/Applications

Both ADS-B and TIS-B services shall be provided in Core Europe. Ground stations to
transmit cross-link services may also be provided to ensure interoperability between
dissimilarly equipped aircraft.

It is anticipated that in the period between 2003 and 2010 an initial package of ADS-
B applications” will be used operationally. Package 1 will allow early benefits from
the more mature ADS-B applications and will also serve to promote confidence in
ADS-B applications, thus allowing beyond 2010 introduction of additional and
possibly more demanding applications.

The CE2010 scenario assumes that the ADS-B applications to be implemented in the
period of interest are those currently included in “Application Package 1”. These
applications are as follows:

= Ground Surveillance Applications (GSA)

—ATC Air to Ground Surveillance En Route and TMA
= Airborne Surveillance Applications (ASA)

—Airborne Traffic Situational Awareness (ATSAW)

= Surface Enhanced Visual Acquisition (SEVA)
= Enhanced Visual Acquisition (EVA)

—Airborne Spacing and Merging, TMA, and En Route

= Airborne Separation Assurance in low-density remote and oceanic Airspaces

2 Package 1 is currently under discussion between IATA, CARE/ASAS, EUROCAE,
EUROCONTROL, the European Commission, and other Stakeholders. It is expected to be finalised by
June 2002.
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All the above applications, except for last bulleted item, are to be used in the Core
European area, where ADS-B will be used in parallel with the existing ground
surveillance infrastructure.

2.7 Ground SURVEILLANCE Infrastructure

2.7.1 SSR/Mode S Interrogators

In accordance with the projections of the EUROCONTROL Mode S Programme it
shall be assumed that in the period 2005 to 2010 there will be 591 interrogators
(airport, en-route, and military) operating inside or near the Core Area of Europe. The
list of these interrogators indicating their locations and characteristics is supplied
separately. This list takes into account the Mode S interrogator upgrades planned by
national service providers, airports, and military authorities up to 2005, and also their
declared intents for Mode S upgrades in the period beyond 2005 and up to 2010.

2.7.2 ADS-B Ground Stations

It is assumed that a network of ADS-B ground stations shall be implemented by 2010
to allow reception of ADS-B reports over the whole Core Europe area. End-to-end
ADS-B performance degradation due to the ground network shall be assumed
insignificant compared with that of the air-to-ground radio link.

2.7.3 TIS-B Ground Stations

It is assumed that a network of TIS-B ground stations shall be implemented by 2010
to allow a TIS-B service over the whole Core Europe area. TIS-B stations shall uplink
tracks for non-ADS-B-equipped targets. The TIS-B tracks shall be generated by
ground SDPD systems. TIS-B ground stations may incorporate an ADS-B crosslink
function for the scenario where multiple ADS-B links are in use.

2.8 Airborne SURVEILLANCE infrastructure

2.8.1 1030/1090 MHz Transponders

It is assumed that all aircraft carry dual 1030/1090 MHz SSR transponders. It is
furthermore assumed [ref. 3] that by 2010, 100% of the ATA, 30% of the military
aircraft, and 30% of GA will carry ARINC718A transponders (which can support
ACAS 11, elementary and enhanced Mode S, and transmission of extended squitter).

ATA and military aircraft are assumed to use two antennas—one on top and the other
on the bottom of the airframe. GA are assumed to carry a single antenna placed on the
bottom of the airframe.

2.8.2 TCAS/ACAS

Currently, 95% of all aircraft weighing more than 15 tonnes or having more than 30
passenger seats flying in European airspace are equipped with ACAS (i.e., TCAS II
Version 7). Of those that are equipped, about 90% report altitude with 25ft format.
The proportion of aircraft weighing >15 tonnes is thought to be 89% of the
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commercial and business fleet in Europe. The proportion of commercial and business
aircraft weighing between 5.7 tonnes and 15 tonnes (due for phase II of the ACAS
mandate before 1 Jan 2005) is thought to be about 10%. Consequently, by 2005 it is
expected that 99% of ATA will carry ACAS °.

Approximately 20% of aircraft will be too small for the ACAS mandate. Another 8%
are military, which are also exempted from the ACAS mandate.

For the 2010 simulations, it will be assumed that 100% of ATA aircraft carry ACAS,
while only 10% of GA and military aircraft carry such equipment.

2.8.3 ADS-B

The term ADS-B equipage is used to indicate that the aircraft has at least the
capability to transmit the required information and optionally reception capability
(plus the appropriate applications processors and CDTI).

The following two options were evaluated:

= a. Use of extended squitter by all ADS-B-equipped aircraft; and

* b. Use of two links, extended squitter and one other, each on a separate subset of
ADS-B-equipped aircraft, with interoperability provided via ground-based cross-
link relays.

It is assumed that ADS-B equipage will not be mandated before 2010. ADS-B
equipage is therefore expected to be incentive-driven. Consequently, only a
percentage of the aircraft on the scenario will be ADS- B equipped. It is assumed that
by 2010, 70% of ATA, 30% of military aircraft, and 20% of GA shall be ADS-B
equipped. The other aircraft are assumed to be included in TIS-B transmissions from
the ground. In the case of scenario b, it is assumed that 60% of all aircraft are VDL-4
equipped, 10% of all aircraft are extended squitter equipped, and 30% of all aircraft
are non-equipped.

284 TIS-B

It is assumed that all aircraft equipped with ADS-B receivers are also capable of
receiving TIS-B uplinks.

2.9 ADS-B REQUIREMENTS

2.9.1 Reported Parameters

In the period to 2010, ADS-B shall support at a minimum the following basic
surveillance parameters [ref. 5]:

* The ACAS mandate due in 1 Jan 2003 requires Mark 3 transponders. It is expected, however, that
aircraft operators will opt to install ATINC718A transponders, which have a wider range of
capabilities.
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Data Item Comment

Time

Identification
Call Sign
ICAO 24-bit Address

Emitter category

Three-dimensional Position

Latitude WGS-84

Longitude WGS-84

Barometric Altitude

Position Uncertainty

Status

The feasibility of broadcasting some or all of the following additional enhanced
surveillance parameters [ref. 5] must also be considered:

Data Item Comment

Ground Vector

Ground Speed

Track Angle

Vertical Rate

Turn Rate

Air Vector

Air Speed IAS or Mach or true airspeed

Magnetic Heading

Velocity Uncertainty

Selected Altitude

It will be assumed that GA and military aircraft support only the basic data set while
ATA may also support the enhanced surveillance data set.

2.9.2 Performance

The following table lists the performance requirements extracted from [ref. 5] to be
applied in the 2005-2010 scenario.
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MAS/Continental High-Density
Airport Surface TMA En-route
Basic Basic (+ Enhanced) Basic (+ Enhanced)
Sround ADS EUP: 5 sec EUP: 10 sec
Service Level : ’ :
EUP: 1.5 sec, Confidence: 99% Confidence : 99%
Range: 50 nmi Range: 100 nmi
Confidence: 95%
Range: 3 nmi
Accuracy: Accuracy: Accuracy:
o,hp=2.5m At least equivalent to | At least equivalent to
SSR Mode S accuracy SSR Mode S accuracy
0,hv=0,3 m/s
EUP: 5 sec,
Airborne ADS | EUP: 3 sec Confidence: 95% EUP: 12 sec,

Service Level

Confidence: 95%

Range: 10 nmi

Confidence: 95%

. EUP: 7 sec, .
Range: 3 nmi Confidenig: 95% Range: 40 nmi
Range: 20 nmi
Accuracy: Accuracy: Accuracy:
c,hp=2.5m For ATSAW applications | For ATSAW
applications
o,hv=0,3 m/s — 0,hp=200 m, o,hv=tbd

- o,vp=10 m, o,vww=0.3 m/s
For spacing applications
— 0,hp=50 m, 0,hv=0.75 m/s

- o,vp=10 m, o,vv=0.3 m/s

— 0,hp=200 m, g,hv=tbd
- o,vp=10 m, o,vv=0.3 m/s

For spacing
applications

— 0,hp=50 m, o,hv=0.75
m/s

- o,vp=10 m, o,vv=0.3 m/s

Notes

= EUP= Effective Update Period of ADS-B reports issued to the user.

= 1090ES reports position, velocity, and FID in separate squitters. It will be
assumed that the 1090 MHz receiver reports each piece of information to the user
applications as soon as he decodes it. For update period calculations, it should be
assumed that a state vector report is completed when new position and velocity

messages have been reported.

= There is also a latency requirement [ref. 4]: Latency is defined as the elapsed time
between the ADS system input and the corresponding ADS system output at
“data provision level.” The latency of the system shall be 0.4 sec in 95% on a
per-report basis.

1090-WP-12-05
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2.10 Analysis Methods

The objective of the analysis is to assess 1090ES performance in the environment
described by the CE2010 scenario, assuming that 1090ES is used as the baseline link
(e.g., all ADS-B-equipped aircraft broadcast on 1090ES all the required ADS-B
information). It has to be determined whether 1090ES can meet the performance
requirements specified in Section. 2.9 under the conditions specified in the CE2010
scenario. The latter specifies both air-to-ground and air-to-air requirements. It does
not contain specific ground-to-air performance requirements (which would be needed
to assess TIS-B or cross-link uplink performance). It is clear, however, that air-to-air
requirements are more restrictive than air-to-ground or ground-to-air, because one can
modulate the number of ground stations and adjust the configuration (TX power,
sectorised antennas) to achieve the required air-to-ground or ground-to-air link
margin. Analysis, therefore, will focus on air-to-air performance.

Some significant issues affecting performance analysis include:

= Uplink hot spots. This issue is addressed in Appendix C.

= Simulation model validation. This issue is addressed through the use of four
independently developed models, namely the CIR model from EUROCONTROL,
the Volpe/APL model, the Lincoln Labs 1090 MHz model, and an analytical 1090
MHz model developed by Mitre. The FAA William J. Hughes Technical Center
(WJHTC) performed testbench validation tests on the enhanced decoder model.

= 1090 MHz environment. The postulated 1090 MHz interference environment is
critical for 1090ES performance estimation. Estimates of interference depend on
the assumptions for traffic growth, ACAS and Mode S equipage, and the
evolution of the European ground interrogator infrastructure. Measurements of
fruit levels in Europe have been collected in the context of the Frankfurt May
2000 trials, primarily in the area around Frankfurt. These measurements were used
to tune the 1090 MHz fruit predictions of the available models so that their
estimates match the measured fruit rates in a specially developed Frankfurt
scenario (see Section. 2.10.1). However, it should be noted that there are
uncertainties about total traffic size during the time of the measurements, as well
as the ground interrogators that were actually active at the time. It is also not
known whether the measured Frankfurt fruit rates represent a peak over the area
or indeed over time. In any case, they are the highest 1090 MHz fruit rates
observed.

= Military I/Rs. Military ground I/Rs constitute more than 50% of the European I/R
infrastructure and most of them are older technology radars (ATCRBS).
Consequently, they can produce a major part of the 1090 MHz A/C fruit.
However, most of these I/Rs are not active continuously. Therefore, it was
decided to consider three cases—one with no military I/R active, one with all
military I/R active, and one with 50% of the military I/R active. In the case of the
Frankfurt trial, it has been estimated, based on analysis of recorded data, that
about 50% of the military I/R in Germany were active.

= Interference to other Mode S systems._1090 MHz fruit in Core Europe is
expected to increase over time due to the growth of aircraft density, ACAS
equipage growth, and the introduction of 1090ES broadcasts. If 1090 MHz fruit
grows to the point where it degrades the performance of TCAS and Ground I/Rs,
then Europe might be forced to upgrade or rationalize its radar infrastructure.
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Growth of Mode A/C fruit might be controlled through upgrades to Mode S, but
Mode S fruit would still increase. The sensitivity of ES performance to A/C and
Mode S fruit levels has been explored with the ES models mentioned above.

= 1090ES receiver MOPS compliance. The ongoing RTCA/EUROCAE revision
of 1090ES MOPS is expected to mandate the use of enhanced decoding
techniques. These techniques are designed to improve 1090ES decoding
performance against garbling, notably from Mode A/C fruit. Analysis has been
done assuming both a MOPS-compliant decoder and a non-MOPS-compliant
decoder (the UPS-AT LDPU) and their results are compared. Unlike the LDPU,
the MOPS-compliant decoder models were based on analytical/simulation results
and not testbench measurements of a complete physical implementation of a
1090ES receiver. Specifically, the digital signal-processing portion of the 1090ES
receiver was implemented in a non-real time process. Consequently, there is a
risk that physical implementation constraints have not been fully accounted for,
and performance results for the enhanced decoder may be optimistic.

ADS-B performance was measured in terms of the effective track update period
(EUP). Two options were considered for determining a track update:

» Track update is complete when a position and a velocity squitter have been
decoded successfully and reported (not necessarily at the same time). This
conforms to the EUROCONTROL requirement.

= Track update occurs whenever a new position or velocity squitter is decoded
successfully and reported. This approach complies with the RTCA/EUROCAE
1090 MHz ADS-B MOPS approach for state vector report generation in support
of the RTCA ADS-B MASPS requirements.

Appendix B presents a comparison of the performance of the above alternative
approaches for generating a state vector update contributed by Lincoln Labs. It
should be noted that the 1090ES system inherently requires a surveillance tracker in
order to produce a complete state vector report, since the position and velocity
information are split into separate messages (i.e., separate extended squitters). The
1090ES MOPS defines a simple tracker within the 1090ES ADS-B system itself, but
does not preclude the use of a surveillance tracker in an external system associated
with the ADS-B user applications. The EUROCONTROL ADS Programme
functional architecture for the airborne side envisages indeed an SDPD function
processing the outputs of the ADS-B radios as well as other airborne surveillance
information sources (TCAS, TIS-B, etc.).

EUP is calculated per target as the 95th percentile of all the observed EUP values for
that target. Targets are grouped in distance bins (typically 5 nmi wide). The overall
EUP is then calculated separately for each distance bin as the 95th percentile of the
95% EUPs that have been calculated for each target in the bin.

2.10.1 Frankfurt Scenario for fruit model tuning

In May 2000, a Mode S trial was organised in Frankfurt by DFS, FAA and
EUROCONTROL. During this trial, 1090 MHz fruit measurements were collected
onboard an aircraft flying in the airspace around Frankfurt. In order to use the
Frankfurt measurements for CIR fruit model tuning, it is necessary to specify the
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applicable aircraft distribution which should cover an area comparable to the Core
Europe one (e.g., a circular area of 300 nmi radius) but centred around Frankfurt.

The air traffic at the time of the Frankfurt trial was measured using radar by the DFS
and is documented in the Frankfurt report. Indeed, 488 distinct aircraft were identified
from these logs. Unfortunately, the coverage of these radars is not extensive enough
to cover the 300-nmi radius area around Frankfurt, as a result of having recorded data
only from German SSRs; and it would miss also low-flying traffic that was below the
altitude floor of the SSRs.

According to the EUROCONTROL traffic density model (see Section. 2.5), the traffic
density in Core Europe in the year 2000 was of the order of 1,200 aircraft. However,
since Frankfurt is located ~170 nmi from the Core Europe centre, the Frankfurt
scenario has also to include aircraft from outside Core Europe.

A composite traffic distribution was produced, including all aircraft in CE2000, which
are within 300 nmi of Frankfurt, and those of the 488 aircraft identified through the
German radars that were within 300 nmi of Frankfurt but outside CE2000. Figure 5
depicts the resulting aircraft distribution on a latitude/longitude plot.
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3. ANALYSIS METHODS

Estimating the air-to-air performance of 1090 MHz Extended Squitter involved
applying modeling and simulation tools developed by a number of different
organizations. The Core Europe 2010 scenarios described in Section 2 above were
used by each of these modeling and simulation efforts. These scenarios accounted for
both the number and distribution of the participating aircraft and the ground SSR
interrogator environment. FEach analysis tool also incorporated a model for the
behavior of a 1090ES airborne receiver in the presence of co-channel interference.

3.1 Interference Environment

The current major users of the 1090 MHz channel include aircraft responding to
interrogations (i.e., Mode A/C and Mode S on 1030 MHz.) from ground SSRs and
from ACAS. Also, each Mode S-equipped aircraft transmits short squitters once per
second that are used to support ACAS target acquisition. Additional users of the 1090
MHz channel will be ADS-B and TIS-B. A basic 1090ES ADS-B airborne installation
would transmit extended squitters at a rate of 4.2 per second.

It is assumed that ground stations will transmit TIS-B messages providing state vector
information applicable to those aircraft that are not equipped with 1090ES. A
1090ES-equipped aircraft would use TIS-B messages to supplement ADS-B messages
received directly air to air from other 1090ES aircraft in order to provide a more
complete picture of the overall operational air traffic environment. Since TIS-B
would use the same 1090 MHz channel as used for 1090ES, an analysis was
necessary to understand if the transmissions from the TIS-B ground stations would
present a significant source of interference for the air-to-air 1090ES reception by
creating “hot spots” in the immediate vicinity of the TIS-B ground stations. Appendix
C describes this analysis.

For the Core Europe 2010 assessment, an extended squitter transmission rate of 5.5
squitters per second was assumed for every aircraft, including those not actually
transmitting ADS-B. This increased rate was used to take into account that, by 2010,
some of the most sophisticated 1090ES-equipped aircraft may be broadcasting intent
information, and the increased broadcast is also intended to account for additional
Mode S channel loading from the use of enhanced Mode S services and Traffic
Information Service-Broadcast (i.e., used in lieu of actually modeling enhanced Mode
S services and TIS-B channel loading).

3.2 Validation of the 1090ES Analysis Tools

The performance of 1090ES is dependent on the co-channel interference environment
in which it is used. Therefore, it was important to validate the ability to model the
interference environment. In 2000 the FAA, EUROCONTROL, and the German DFS
participated in a cooperative activity to evaluate the performance of 1090ES in the
current German airspace near Frankfurt. The FAA’s support for this activity included
using its flight test aircraft to collect r.f. environmental data that included both 1030
MHz and 1090 MHz information.

During the Frankfurt trials, the DFS collected data on the German air traffic and r.f.
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environment simultaneously with the FAA data collection. These data were used with
the Frankfurt interrogation and fruit measurements in each of the models utilized in
the present work for configuring/tuning their fruit estimators, and also for comparison
with Core Europe fruit rate predictions. Details of the Frankfurt data use are provided
in Appendix A separately for each simulation tool. This approach was followed
because there are many uncertainties concerning the characteristics of the air traffic
and RF environment in Europe, and the Frankfurt trial provided the most recent fruit
measurements relevant to Core Europe.

3.3 1090 MHz Extended Squitter Receiver Characteristics

The RTCA/EUROCAE Minimum Operational Performance Standards for the 1090ES
receiver defines enhanced reception techniques (i.e., enhanced decoder) intended to
provide better reception performance in a high interference environment, as compared
to a baseline receiver required by ACAS. An overview of the enhanced 1090ES
decoder is provided in Appendix D. A more detailed specification can be found in
Appendix I to the draft updated version of the RTCA 1090 MHz ADS-B MOPS (DO-
260A). The previous TLAT assessments for 1090ES used the UPSAT LDPU as the
baseline 1090ES receiver, as this unit was believed to incorporate the enhanced
reception techniques. However, it has since been determined that certain of the
enhanced reception techniques were not fully implemented in the LDPU. The LDPU
provided lower performance, especially in a high r.f. interference environment, as
compared to a MOPS-compliant enhanced receiver. Therefore, is was necessary to
model the performance of a MOPS-compliant 1090ES receiver and to incorporate this
receiver model into the overall analysis tools. Modeling of the enhanced receiver
(i.e., enhanced decoder) was independently performed by MIT Lincoln Laboratory,
via pulse-level simulations, and by the FAA William J. Hughes Technical Center via
bench testing. At the time of this report, the Lincoln Laboratory simulations were
predicting somewhat lower performance for the enhanced decoder as compared to the
FAA bench test results. The less capable performance predicted from the pulse-level
simulations were also used by Johns Hopkins University/Applied Physics Laboratory
(JHU/APL) for its simulation efforts. The Mitre/CAASD modeling of the 1090ES
receiver was based on the FAA’s testing of the enhanced decoder using Frankfurt
1090 MHz recorded data.

3.4 State Vector Update Criteria

The 1090ES system uses separate broadcast messages to convey aircraft position and
aircraft velocity information. ADS-B reports produced by the 1090ES receiver for
use by ADS-B applications include the full state vector information. The
RTCA/EUROCAE MOPS for the 1090 MHz Extended Squitter receiver defines a
report generation function that incorporates a surveillance tracker that supports the
generation of a new state vector report upon the reception of either a position or a
velocity message (i.e., squitter). The reported target velocity is only updated if a
velocity message has been received, while the reported position is updated if either a
position or a velocity message has been received.

As stated in Section 2, the current EUROCONTROL ADS-B requirements regarding
track updates ask for both position and velocity updates within the specified update
periods. Appendix B to this report, in conjunction with Appendix K to the 1090 MHz
ADS-B MOPS, provides the rational justifying why a 95 percentile probability for

1090-WP-12-05 Page 23 of 128



1090 MHz Extended Squitter Assessment Report June 2002

reception of either a position or a velocity message within the required report update
interval is considered by RTCA SC186 sufficient to satisfy the overall state vector
update rate requirements of the RTCA ADS-B MASPS, DO-242. Currently, it is not
known whether the output of the 1090ES MOPS tracking function would meet the
ADS-B performance requirements of EUROCONTROL. For this reason, 1090ES
performance has been estimated separately for the two track update cases: (a) position
or Velocity updates and (b) position and velocity.

3.5 Form of the Results

In general, each of the modeling/simulation tools has produced data that can be used
to estimate the effective aircraft-to-aircraft range of the 1090ES system as a function
of the 1090 MHz. r.f. interference levels (i.e., fruit levels) in which the system is
operating. Presenting the modeling results in this manner allows for the assessment of
effect that variations in the 1090 MHz r.f. environment would have on the 1090ES
air-to-air performance. This allows for future assessments of the effects of changes to
the postulated ground SSR infrastructure (i.e., numbers and types of ground
interrogators) and effects from the introduction of ACAS hybrid surveillance.
Further, it allows the predicted 1090ES performance results produced by the different
modeling methods to be compared at a common level of r.f. interference. Information
is also provided on the current 1090 MHz fruit rates in Core Europe and on the factors
expected to influence the 1090 MHz r.f. interference levels for Core Europe in 2010.

As stated in Section 3.4, results are reported when feasible separately for the two track
update cases: (a) position or Velocity updates and (b) position and velocity. The
intent of the existing 1090 MHz ADS-B MOPS is to require only the receipt of either
a position message or a velocity message within the required report update interval,
but the current EUROCONTROL requirement is for reception of both position and
velocity within the track update interval.

3.6 Overview of the Analysis Efforts

A summary of the analysis efforts undertaken by each participating organization is
presented in the following subsections. A more detailed description of each of these
efforts is provided in Appendix A.

3.6.1 John Hopkins University/Applied Physics Laboratory

John Hopkins University/Applied Physics Laboratory (JHU/APL) performed a
simulation of the 1090ES performance when operated in the Core Europe 2010
scenario defined in Section 2 of this report. JHU/APL employed an update of the
modeling tools previously used for the TLAT assessment [ref. 2] of 1090ES
performance. These updates included the use of the core Europe SSR and traffic
scenarios (i.e., from Section 2 of this report) and a new model for a RTCA MOPS
compliant enhanced 1090ES receiver. The enhanced 1090ES receiver model was
developed based on results reported by MIT Lincoln Laboratory from their pulse-
level simulations for the enhanced reception techniques. There were two focus areas
for the work performed by JHU/APL for this study. First the model was calibrated by
comparison with measurements made in Frankfurt in 2000. Second the performance
predictions were made for the 1090 Extended Squitter ADS-B system in the Core
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Europe 2010 scenario. The results of the JHU/APL simulations are reported in
Appendix Al.

3.6.2 EUROCONTROL

EUROCONTROL used the Constant Interrogation Rate (CIR) model originally
developed by Helios Technology and later further enhanced by the EEC. The CIR
model assumes a constant interrogation versus altitude profile that is applicable to all
aircraft in the scenario. The profile was selected so that CIR estimated fruit in the
Frankfurt 2000 scenario matched the Frankfurt trial measurements. A log of 1090
MHz transmissions was generated on the basis of this profile for each aircraft, taking
into account its TX power, cable losses, and antenna gain (based on the TLAT
antenna gain model). The JHU/APL 1090ES LDPU decoder model was used to
calculate the reception probability of each transmitted extended squitter. Monte Carlo
techniques were then used to determine the effective tack update period distribution
per target and per distance from the victim receiver. Furthermore, multiple simulation
runs were done to determine the sensitivity of the track update estimates to the input
fruit level settings

3.6.3 Mitre/CAASD

Analytic assessment of the expected capability of 1090MHz ES in future operational
environments involves cascaded use of a series of different models developed over a
number of years. Received signal levels reflect the effects of both free space path loss
and variations due to air-to-air aircraft antenna gain differences associated with
relative aircraft orientation. The desired ES message competes with co-channel
interference defined by the air traffic distribution surrounding the victim receiver and
co-channel transmit rates of these aircraft. The 1090 MHz co-channel interference
model is an extension of an earlier model initially developed as part of an ATCRBS
interference environment evaluation effort and later used to support the initial
definition of the Mode S secondary radar system. Parametric fits to available bench
data provide the decoder and receiver sensitivity models. Overall link performance is
represented by the variation in probability of correct ES message decode as a function
of separation range for specified percentages of the user population.

Evaluating the potential for ES support of future operational applications in stressful
environments requires two steps: First, the model must be validated in current
environments based on flight tests and bench measurements, and then model
parameters are adjusted to represent expected future conditions. The capability to
support a future application is determined by comparing the modeled probability of
correct decode at the desired separation range with the minimum acceptable value
required to support the application needs.

3.6.4 Massachusetts Institute of Technology/Lincoln Laboratory

The Lincoln Laboratory ES performance results for the Core Europe 2010 scenario
were produced by two simulation tools that had been developed previously. The first
tool is a pulse-level simulation, whose output gives the probability of correct
reception of an ES signal as a function of signal power. The second tool is a track-
level simulation, whose input is the per-squitter reception probability from the pulse-
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level simulation, and whose output gives the performance over a time period such as
12 seconds. When applied to long-range air-to-air surveillance, this simulation can
determine the maximum range at which 95 percent or more of the targets are being
received sufficiently reliably to be in track and being updated regularly as required by
the ADS-B MASPS [ref. 1].

3.6.5 FAA William J. Hughes Technical Center

A combination of existing test tools and specially developed test tools were utilized to
validate model results for the assessment of ES performance in Core Europe 2010.
The combined capabilities enabled assessment of each model’s enhanced decoder
performance against the expected performance of an ES receiver implementing the
enhanced decoding techniques that are stipulated in the draft DO-260A MOPS. This
enabled collection and analysis of data from bench measurements to assess enhanced
decoder implementations of the individual models.

The instrumentation for the bench measurements consists of several elements. The
RF Measurement Facility (RMF), a test device that samples analog receiver video and
digitizes and records continuously to allow post processing of live and/or simulated
1090 MHz RF input from a prototype 1090 ES receiver. The bench setup configured
at the Technical Center typically includes an LDPU receiver developed by UPSAT.
The LDPU receiver was also used as the basis for the receiver performance model
used for the modeling activities in support of 1090ES performance assessment in
support of TLAT. In the bench configuration, the internal decoding algorithms of the
LDPU are not utilized as the analog receiver video signal from the LDPU is input to
RMF for recording. The enhanced decoding algorithms are implemented in a post-
software procedure that reads and processes the recorded digitized data. This post
processor was originally developed to support ES performance evaluation in the
Frankfurt trials and subsequently to support RTCA DO-260A development. Since
the algorithms are software based, the capability has been useful to evaluate
alternative designs of enhanced decoding techniques. Note that actual 1090ES
operational receivers would implement the enhanced decoder algorithms within a
signal processor in order to achieve the necessary real-time decoding performance.
Bench-simulated inputs were generated by test tools that produced both desired signal
ES messages and ATCRBS replies that simulated the environmental interference
source. The Data Link Test and Analysis System (DATAS) was used to generate the
RF ES-desired signals under test with controllable amplitudes, frequency, and
message contents. An ATCRBS Interference Generator System was specially
developed to produce the simulated RF ATCRBS interference environment to subject
the desired signal to controllable levels and rates of ATCRBS replies expected in
future high-density environments such as Core Europe 2010. The generator consists
of eight independent RF sources with separately software-controllable amplitude, rate,
and timing distributions. Each source was programmed to produce the Poisson timing
distribution and desired amplitude distribution for the simulation runs. Data was
collected and analyzed to produce percent detection of ES as a function of desired
signal amplitude.
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4. FINDINGS

1090ES performance was analyzed for the Core Europe 2010 (CE2010) scenario as
specified by EUROCONTROL and the equipage configurations described in Section.
2. The CE2010 scenario is centered on Brussels with a radius of 300 nmi. CE2010
includes both air-to-air and air-to-ground applications. Analysis focused on air-to-air
performance, since this was considered to be the more demanding case. Ground ADS-
B reception can always be improved through the use of sector antennas and multiple
receivers.

The CE2010 scenario specifies traffic densities estimated on the basis of the median
traffic growth prediction of EUROCONTROL, resulting in an aircraft population of
~1750 aircraft (e.g., a 50% increase over Core Europe traffic in 2000). This traffic
estimate may well exaggerate the peak instantaneous count of traffic in Core Europe
by 2010. Since aircraft traffic size is critical for 1090ES performance estimation,
analysis results should be considered as conservative estimates of 1090ES
performance in CE2010.

Calculating the 1090 MHz RF interference environment is critical for determining ES
performance. Predicting the 1090 MHz RF environment by 2010 is highly dependent
not only on traffic growth, but also on the assumptions made about the evolution of
the ground radar infrastructure, ACAS equipage, and TIS-B. The assumptions made
concerning ground radars and ACAS are listed in Section 2 and were aligned with
inputs received from the relevant EUROCONTROL projects. The levels of 1090 MHz
RF interference might be expected to increase proportionally to the increases in
aircraft traffic levels. However, it should be noted that the results reported in this
study and perhaps subsequent studies may contribute to the development of plans to
mitigate the projected increases in 1090 MHz interference levels over time, since such
increased interference levels could also adversely affect the performance of ACAS
and air-ground ATC SSR surveillance performance.

Given the uncertainty about the levels of ADS-B equipage by 2010, and also in order
to facilitate the simulation effort, it was decided to replace TIS-B uplinks by assuming
100% ES equipage. Analysis presented in Appendix C shows that this assumption
should produce conservative ES performance estimates. TIS-B could also produce
“hot spots” (e.g., areas close to the ground stations where aircraft ADS-B reception
would be degraded by interference from strong ground uplink signals). Appendix C
shows that this degradation is not a major factor, since appropriate spacing of ground
stations and service volumes can minimize degradation due to the hot spots.

Performance analysis was done with the four independently developed simulation
models described in Section 3 and in more detail in Appendix A. Fruit estimators
were calibrated to reproduce the Frankfurt 2000 trial measurements under the traffic
conditions encountered in Frankfurt, since these are the more recent fruit
measurements available for Core Europe, and they are also thought to represent a very
heavily loaded 1090 MHz environment.

1090ES decoding on reception was modeled assuming MOPS (revision A)-compliant
[ref. 1] enhanced decoding techniques and an existing receiver (LDPU) model. (The
LDPU was used as the basis for the TLAT results [ref. 2] and it is included for
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comparison.) The LDPU model has been produced on the basis of test-bench
measurements with a physical implementation but is not 1090ES MOPS compliant.
There are no physical, real-time implementations of the enhanced decoder yet, so the
performance of the enhanced decoder was evaluated using non-real-time (algorithmic
or analytical) representations. The enhanced decoder algorithms have yet to be tested
with very high ATCRBS fruit rates (greater than 60,000), but the decoder should
perform better than the LDPU decoder under high interference levels.

In all cases, 1090ES performance was evaluated in terms of ES reception probabilities
and effective track update period updates applying the methodology described in
Section 3. Predicted 1090ES air-to-air performance was compared with the ADS-B
MASPS requirements [ref. 3] and also requirements provided by EUROCONTROL
(see Section 2) concerning ADS-B applications currently under consideration for
operational implementation in Europe in the period to 2010 (“Application Package 1”
[ref. 4] ). It is currently considered that “Application Package 1” would require an
ADS-B link with a range of up to 40 nmi.

The results obtained by each model are summarized in the Figures 1 and 2 (detailed
results are presented separately for each model in Appendix A). Figure 1 plots the
range estimates produced by each model versus the estimated ATCRBS fruit rate for
the case where a track update would require reception of both a position and a
velocity squitter (which is consistent with the current EUROCONTROL requirement).
The results indicate that 1090ES could exceed the 40-nmi minimum range
requirement with ATCRBS fruit rates up to approximately 30,000 (LDPU) or 40,000
(MOPS compliant enhanced decoder).

Figure 2 also plots range estimates produced by the various models versus the
estimated ATCRBS fruit rate, but this time assumes that a track update requires either
a position or a velocity squitter. This is a less stringent interpretation of the track
update requirement, but conforms with the interpretation made in the
RTCA/EUROCAE 1090ES MOPS [ref. 5]. Appendix B shows that the tracking
function postulated in the 1090ES MOPS Appendix K would achieve target
separation estimates that would be equivalent to those resulting from periodic
reception of position and velocity tracks at the maximum allowed period. Figure 2
shows that the LDPU would exceed in this case the 40-nmi minimum range
requirement with an ATCRBS fruit rate of approximately 40,000, while a MOPS-
compliant enhanced decoder could do the same with an ATCRBS fruit rate of
approximately 60,000.

The above results should be considered, taking into account the following
observations:

= There are differences among the model results that are due to the different ways
the models were developed. Some of the runs described in the appendicies used a
model for aircraft antenna gain different from the TLAT model. Section 3.1 of
Appendix A.3 shows how different antenna model assumptions can effect
performance estimates. Nevertheless, the trends for each model are consistent and
allow for conclusions to be drawn. Further tuning of the models for more
consistency is feasible; however, the overall results would not significantly
change.

=  The measured peak ATCRBS fruit rate in Frankfurt was 30,000.
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= ATCRBS fruit rate growth in the future would be constrained by ground radar
upgrades to monopulse and Mode S as well as the effect of Mode S transponder
mandate and the transition to the ACAS/TCAS Change 7 logic.

» The calibrated Volpe/APL model estimated ATCRBS fruit rates for CE2010 in
the order of 35,000 to 60,000, depending on the number of active military
interrogators.  (Military interrogators constitute more than 50% of the total
database of 590 radars.)

= Short Mode S fruit is expected to increase in the future with the upgrades to
ACAS/TCAS II and Mode S. The four models took into account short Mode S
fruit, assuming rates approximately 300% higher than the Frankfurt measurements
(peak rate was 1,000).

» The analysis included an extended squitter rate of 2,000 messages/second.

The scenario for this study is different than the scenarios considered in the TLAT
assessment. The Core Europe 2010 scenario was assumed; this scenario includes a
subset of the ADS-B applications considered in the March 2001 TLAT report, which
considered a 2015 scenario.

1090-WP-12-05 Page 30 of 128



1090 MHz Extended Squitter Assessment Report June 2002

Core Europe Air-Air Range at 95% Probability vs. Mode A/C Fruit Rates
(Position and Velocity Required for State Vector Update)

60

50 |
i
140
§ — X APL (ERM)
“g’> \g\\*\x & CAASD (EFM)
g ¥ h ¢ (LDPU)
CEC (LDPU
= G\
< OAPL (LDPU)
=
‘f 20 A
10 4
0 . . y . . . .
0 10,000 Tzo,oooT 3o,ﬁoo 40,000 50,000 60,000 70,000 80,000 90,000 100,000
Year 2000: London Paris  Frankfurt ... Mode A/C Fruit Rates ---
Figure 1
Notes:

= The JHU/ Applied Physics Laboratory simulation employed an Enhanced
Receiver Model (ERM) to represent the expected performance of the enhanced
reception techniques as defined by the 1090 MHz ADS-B MOPS — revision A.

= JHU/Applied Physics Laboratory performed separate simulations that used a
model for an UPSAT LDPU receiver that only partially implements the enhanced
reception techniques.

= EUROCONTROL performed separate simulations that used a model for an
UPSAT LDPU receiver that only partially implements the enhanced reception
techniques.

= Mitre/CAASD assessments included an Empirical Fit Model (EFM) that partially
modeled the enhanced reception techniques.

» The Mode A/C fruit levels measured in May 2000 from an airborne platform in
the vicinity of London, Paris and Frankfurt as indicated. More details are
provided in Appendix A, Part 5.
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Core Europe Air-Air Range at 95% Probability vs. Mode A/C Fruit
(Position or Velocity Required for State Vector Update)
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Figure 2
Notes:

= The JHU/Applied Physics Laboratory and MIT/Lincoln Laboratory simulations
employed an Enhanced Receiver Model (ERM) intended to represent the expected
performance of the enhanced reception techniques as defined by the 1090 MHz
ADS-B MOPS — revision A.

= JHU/Applied Physics Laboratory performed separate simulations that used a
model for an UPSAT LDPU receiver that only partially implements the enhanced
reception techniques.

= EUROCONTROL performed separate simulations that used a model for an
UPSAT LDPU receiver that only partially implements the enhanced reception
techniques.

=  Mitre/CAASD assessments included an Empirical Fit Model (EFM) that partially
modeled the enhanced reception techniques.

=  The Mode A/C fruit levels measured in May 2000 from an airborne platform in
the vicinity of London, Paris, and Frankfurt as indicated. More details are
provided in Appendix A, Part 5.
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APPENDIX A.1
JHU/APL ANALYSIS OF 1090MHZ SIMULATION
RESULTS FOR CORE EUROPE 2010

1. Background

There are two focus areas to the work performed at JHU/APL for this study evaluating
the ADS-B performance of 1090 MHz Extended Squitter in the European environment:

= (alibration of the 1090 MHz RF environment prediction model by comparison with
measurements made in Frankfurt in 2000; and

= Performance predictions for the 1090 Extended Squitter ADS-B system in the Core
Europe 2010 scenario as defined by Eurocontrol and described in Section 2 of this
report.

2. Frankfurt RF Environment

The APL simulation chain is dependent on the Volpe/TASC model for prediction of the
time-dependent 1090 MHz RF environment. This model takes as input the locations and
transmission characteristics of both the aircraft scenario (around 1000 aircraft) and the
radar information (around 600 radars) provided by Eurocontrol, which were intended to
characterize the situation during the measurement period in 2000. Then the model
attempts to reproduce all of the individual radar interrogations and responses by each
aircraft, and it provides as output the time-ordered arrival at the chosen receiver of all of
the 1090 MHz signals.

In order to make the comparison with the measurements taken in 2000, it would be
necessary to understand which of the interrogators in the radar database were operating at
that time. Unfortunately, there is no way of knowing this, so several different cases were
run, in order to provide results that could be considered bounds to the results. The three
cases that were used were:

=  Only civil radars (excluding all military radars)

= All radars
= Civil radars + 50% military radars

The results for these runs are shown in the table below, which shows the number of
ATCRBS receptions at the receiver with signal levels greater than or equal to —84 dBm.
These numbers should be compared to values of 25000-30000 measured over Frankfurt
in 2000.

Only civil radars 36000-37000
All radars 57000-58000
Civil radars + 50% military radars | 44000-45000
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Clearly, the numbers in the table are larger than those measured in Frankfurt in 2000.
Leaving aside any possible discrepancies between the actual conditions and those
modeled, in examining the simulation results, it appeared as if aircraft in the simulation
were responding to interrogators that were farther away than might be expected to
produce a reply.

This problem of high fruit rates was addressed by imposing a range limitation on the
interrogators, corresponding to the effective ranges given in the Eurocontrol database.
The results for running the simulation with this limitation (radar range suppression) are
shown in the table below. Again, the numbers are to be compared to 25000-30000.

Only civil radars 24000-25000
All radars 34000-35000
Civil radars + 50% military radars | 30000-31000

These results are much more in line with the measurements. The terrain and diffraction
models in the simulation are not sensitive to the many local blockages at each of the radar
sites, so some adjustment of the interrogator-responder interaction is justified to account
for this. This technique is akin to that used by all of the other fruit prediction models,
which adjust parameters to achieve agreement with measured levels. Therefore, the radar
range limitation case, with some fraction at or above 50% of military radars included,
may be seen to provide agreement with ATCRBS fruit levels measured in Frankfurt in
2000.

3. Core Europe 2010 Analysis

Eurocontrol provided an air traffic scenario (1744 aircraft) for the year 2010, as well as
an interrogator database (nearly 600 radars) for that year. There were a number of
accompanying assumptions, which were also incorporated into the simulation chain:

= All aircraft are ADS-B equipped.

= The transmit power of each aircraft is determined from the same distribution; i.e.,
there are no low-category aircraft with lower powers as there were in the TLAT
report.

= All aircraft have diversity transmission and reception, a result of eliminating the low
category aircraft.

= Only state vector updates were considered. No analysis of performance of reception
of intent information or of track initiation was done.

= All results presented use the technique of combining the probabilities of reception on
top and bottom antennas (true receive diversity for independent receptions). This
assumption gives results that are practically indistinguishable from those seen by
looking at the best of the two receivers.
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= Two different receiver performance models were used: the LDPU measured
performance model, and the Lincoln Lab version of the enhanced decoder, resulting
from Lincoln’s simulation of the expected performance.

= The results shown are from simulations that were run assuming all aircraft transmit
5.5 extended squitters per second.

= The analysis was done assuming that an aircraft state vector update is made any time
either a position or velocity squitter is received. Test cases were also run to
determine the effect of requiring an update to occur only upon reception of both a
position and a velocity squitter.

= Both radar range suppression (as described above) and non-suppression cases were
run to examine the difference in fruit levels, as well as to provide information on
performance at differing levels of interference.

The numbers of ATCRBS fruit per second at levels greater than or equal to -84 dBm are
shown in the table below for the three radar scenarios considered: civil radars only, civil
radars plus half the military radars, and all radars. These results are somewhat larger than
those for Frankfurt shown above, under the same circumstances. They are not
unexpectedly large, however, given that the total number of aircraft increased by 75%.

Radars No Suppression Radar Range Suppression
Only civil radars 47K (top) — 53K (bottom) 30K (top) — 36K (bottom)
All radars 86K (top) — 97K (bottom) 52K (top) — 63K (bottom)

Civil radars + 50%

military radars 66K (top) — 75K (bottom) 40K (top) — 48K (bottom)

The results of the Volpe RF environment model were used as input to the APL 1090
ADS-B system performance model and then analyzed to determine the range limit of the
1090 system as compared to the ADS-B MASPS requirements. Each of the conditions
was run a number of times in order to get an idea of the statistical uncertainty associated
with the results. The table below summarizes the results of these runs, which were made
for 5.5 squitters/second for each aircraft, assuming either a position or velocity squitter
results in an update, and no radar range suppression.

Radars LDPU Enhanced Decoder
Civil only 32-37NM 46-55 NM
Civil + 50% military 29-35 NM 36-48 NM
All 25-32 NM 34-46 NM
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The cases above were subjected to very high ATCRBS fruit rates. Applying the radar
range suppression discussed above to some of these cases gives the results shown in the
table below:

Radars LDPU Enhanced Decoder
Civil only - --
Civil + 50% military -- 42-55 NM
All 31-38 NM 45-53 NM

The radar range suppression case for “all” radars in the table above produces an
ATCRBS fruit rate which is comparable to that for the non-suppression “civil only” case.
The enhanced decoder performance is essentially identical for the two cases, which is to
be expected.

Cases were also run for the requirement of reception of both a position and velocity
squitter, in order to produce a state vector update. This was done for the non-suppression
case, and results are shown in the table below:

Radars LDPU Enhanced Decoder
Civil only 25-31 NM 35-43 NM
Civil + 50% military 10-25 NM 29-36 NM
All 15-19 NM 26-36 NM

This analysis is very cursory and falls into the category of preliminary results. It is
difficult to draw any firm conclusions from these data without a thorough examination of
the results and behavior of the simulations. There are a few caveats on these results that
should be noted before attempting to interpret them:

= These results are highly dependent on the accuracy of the enhanced decoder receiver
performance model used in the simulation. The model was developed in haste, and it
was adjusted to be compatible with the small amount of simulated data available.
Extrapolation had to be done to estimate performance in the high interference
environment, and the model predictions should be carefully compared with the
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measurements of this environment made at the FAATC in order to confirm the
performance predicted by the model.

* These results may not be compared to those done for the TLAT report, since the
scenarios, requirements, and assumptions are very different from those assumed by
the TLAT.

= In order to be able to apply the enhanced decoder results, the following conditions
must be met:

= The decoder performance corresponding to the enhanced decoder needs to be
incorporated in the MOPS as a minimum requirement.

= Equipment needs to be built and tested to confirm performance predictions.

= The ranges provided in the above tables give an idea of the statistical uncertainty,
which are clearly fairly large. However, there is also a component of uncertainty in
the simulations and assumptions made for the analysis, and this uncertainty has not
been studied.

= The probability levels associated with updating upon reception of either a position or
velocity squitter are very low, and care must be taken in working in these regimes to
thoroughly analyze the results and behavior of the simulations, in order to ensure
consistency, prior to drawing conclusions. Under the current circumstances, this
limitation provides an added uncertainty (which may even be systematic in nature) to
the numbers shown here. Therefore, in interpreting the results, a conservative
approach is warranted.
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APPENDIX A.2
CORE EUROPE 2010 SCENARIO E
EC 1090 ES PERFORMANCE ANALYSIS

PROVIDED BY EUROCONTROL

1. Background

This note presents the results of a series of simulations seeking to evaluate the ADS-B
performance of 1090 MHz Extended Squitter (ES) in the Core Europe scenario for the
period to 2010. The simulations were performed by EEC staff using a Mode S fruit model
originally developed by Helios Technology on behalf of EUROCONTROL [1] and
subsequently further refined at the EEC. This 1090 ES simulator is known as the
Constant Interrogation Rate model or CIR.

2. Assumptions

The following assumptions were made:

The simulation scenario followed the Core Europe scenario definition for 2010 as
specified in Sec. 2. It includes 1746 aircraft located within 300 NM of Brussels.

Aircraft movement effects were not taken into account, e.g., the aircraft remain static
in the duration of the simulation run.

The victim 1090 ES receiver was located at FL300 in the centre of the scenario (e.g.
Brussels) and had an MTL of —84 dBm at the receiver RF input. Figure 6 shows the
cumulative number of targets visible from the victim receiver as a function of
horizontal range (in 5-nmi distance bins).

Two cases have been considered for the ES transmission rate per aircraft: (a) 1090 ES
supports only basic surveillance and (b) 1090 ES also provides extended surveillance
information as specified in the EUROCONTROL requirements in Sec. 2. In the
former case the transmission rate is 4.2 Hz (e.g. two position and two velocity
squitters per second, and a FID squitter every five seconds), and in the second case
5.5Hz (e.g., two position and two velocity squitters per second, a FID squitter every
five seconds, and additional squitter types at a rate of 1.3 Hz). For ADS-B
performance, evaluations only position and velocity were taken into account in the
EUP calculations.

All aircraft were considered equipped with Mode A/C capable transponders, and 80%
of them were assumed to carry Mode S transponders in accordance with the equipage
percentages specified in Sec. 2.

The CE2010 scenario of Sec. 2 envisages that 53% of the aircraft in CE2010 would
be ADS-B equipped and there would be a TIS-B service reporting on non-equipped
targets. In order to simplify the simulation, it was assumed that all aircraft were
equipped with ADS-B out capability and there was no TIS-B service. This should
represent a more demanding situation for ADS-B performance measurements than the
inclusion of TIS-B (except possibly for hot spots, see App. E).
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= The victim receiver was assumed to be equivalent to an LDPU and a 2-dB cable loss
was assumed between the antennas and the receiver input. Two reception antennas
were assumed (top and bottom of the airframe). The LDPU decoder was modelled by
a MATLAB tool developed at JHU/APL on the basis of testbench measurements and
used in the TLAT simulations.

= All target aircraft were assumed to carry two L-Band omni antennas (top and bottom
of the airframe). TX power was randomly set between 51 and 57 dBm at the RF
antenna input separately for each aircraft. Cable loss variations between top and
bottom transmission antennas were not taken into account.

= Victim receiver blanking due to 1030/1090 transmissions was taken into account.

3. CIR Model Operation

The CIR model takes as input preset interrogation rate versus flight altitude profiles for
Mode A/C and Mode S interrogations. These interrogation rates are assumed to be
applicable to all aircraft in the scenario. CIR uses these interrogation rates to calculate
fruit distributions that would be received on the top and bottom antenna of the victim
receiver. CIR also generates a log of transmitted Mode A/C, Short, and Extended
Squitters over the simulation period (which was set to 25 sec).

3.1 Fruit Parameters Tuning

A critical part of CIR operation is the selection of the interrogation profiles for A/C and
Mode S. These are linear profiles (up to some user specified threshold) defined as
follows:

Fruit Rate = (m *Flight Level + ¢)* Reply Probability

An Excel spreadsheet has been developed that estimates the amount of 1090 interference
(“FRUIT”) separately for the top and bottom RX antenna from the specified interrogation
rate versus altitude profiles for A/C and Mode S. The parameters m, ¢, and the Reply
Probability are user-defined inputs in this spreadsheet.

It was decided to set the interrogation profiles so that CIR estimated A/C and Mode S
fruit rate values match Frankfurt 2000 trial [1] fruit measurements, when using the
specially developed "Frankfurt 2000" traffic distribution described in Sec. 3. These
profiles were then applied to the CE2010 scenario to measure ADS-B performance. This
approach implies an assumption that European ground I/R infrastructure would not
change significantly in the period to 2010 and, therefore, fruit growth would be
dependent only on aircraft traffic growth. It also ignores the impact of ACAS upgrades.
For these reasons additional CIR runs on CE2010 were made varying the interrogation
profiles in order to evaluate the sensitivity of CE2010 1090ES performance to A/C and
Mode S fruit levels.

In the case of the Frankfurt 2000 scenario, the victim receiver is placed at the centre of

the scenario, flight level 220. Targets within LoS of this receiver present the cumulative
density distribution shown in Figure 6. In the case of CE2010 the victim receiver is
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located in Brussels at FL 300. Figure 6 also shows the cumulative traffic density within
LosS for this receiver.

3.1.1 Mode A/C Fruit

After some experimentation the following values were selected for the A/C interrogation
profile parameters:

m=0.52, c=14, and Reply Probability = 0.95

These values produce the interrogation profile shown in Figure 7. This profile indicates
an interrogation rate of 120 Hz at FL 220, which may be considered low compared with
the peak interrogation rates observed at Frankfurt (~300Hz). Nevertheless, the CIR rate
applies to all aircraft in the scenario, while the Frankfurt peak was applicable only to a
constrained airspace near Frankfurt

Application of this profile on the Frankfurt 2000 scenario of Sec. 3 produced the A/C
fruit rates shown in Figure 8 for the top RX antenna and Figure 9 for the bottom antenna.
Fruit rates refer to the output of the antenna, e.g., they do not include any cable losses on
the receiving side. These figures also show the measured average and peak A/C fruit rates
observed in the Frankfurt 2000 trial for the corresponding RX antenna. It can be seen that
the CIR estimates are fairly close to the measured values in the Frankfurt trials. The
bottom RX antenna receives more fruit than the top RX antenna, but the same
phenomenon was observed also in the trial measurements.

3.1.2 Mode S Fruit

In the Frankfurt 2000 Mode S scenario Mode S equipage was assumed to be 54% of the
aircraft populations, based on the Frankfurt 2000 trial measurements [1]. The Mode S
interrogation profile parameters, which gave the best fit to measured fruit rates, were:

m=0.001, c=7.6, and Reply Probability = 0.95

In this setting, the Mode S interrogation rate varies very little with altitude, which seems
reasonable since the major contribution to Mode S interrogations should come from
nearby TCAS targets.

The Mode S fruit rates that result from the above profile for the Frankfurt 2000 victim
receiver are shown in Figure 10 for the top RX antenna and Figure 11 for the bottom RX
antenna. Fruit rates refer to the output of the receiving antennas, e.g., they do not include
any cable losses on the receiving side. These figures also show the measured average and
peak Mode S fruit rates observed in the Frankfurt 2000 trial for the corresponding RX
antenna. It can be seen that the CIR estimates are fairly close to the measured values in
the Frankfurt trials. The bottom RX antenna receives more fruit than the top RX antenna,
but the same phenomenon was observed also in the trial measurements.
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3.2 1090 ES Reception Probabilities

CIR uses the transmission log to calculate a reception probability value for each
transmitted extended squitter (separately for the top and bottom RX antenna). CIR
assumes transmissions to have occurred either on a top or on a bottom target antenna
(random choice per transmission in the case of A/C and Mode S, alternate transmissions
in the case of ES). Antenna gain is modeled following the TLAT specification.

The calculation of reception probabilities is done using the APL1090 decoder (LDPU)
model described in Sec. 2. This model calculates the extended squitter decode probability
for any given wanted signal received power and arrival time versus any combination of
interfering signals (expressed also in terms of received power and arrival times) plus
white noise. CIR determines the overlapping transmissions and signal powers from the
transmission log, takes into account receiver blanking due to co-site 1030/1090
transmissions, and applies the APL decoder model to generate the wanted signal
reception probability. Finally, CIR produces a log indicating all transmitted extended
squitters and their decode probability (assumed to be equal to the better of the top and
bottom reception probabilities).
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Figure 6 Cumulative (within LoS) target density versus range from victim
receiver

1090-WP-12-05 Page 42 of 128



1090 MHz Extended Squitter Assessment Report June 2002

240
220

AC Interrogations, Hz
- —_ —_ —_ —_ N
(o] o N N ()] 0] o
o o o o o o o

D
o

N
o

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Flight Level

Figure 7 Mode A/C Interrogation rate versus altitude profile
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Figure 11 Frankfurt 2000 Scenario: Cumulative Mode S Fruit Distribution at
Bottom RX antenna (simulated fruit rate versus measured peak and
average)

3.3 Analysis Method

Performance is evaluated in terms of the Effective State Vector Update Period (EUP),
e.g. the elapsed time between successive SV reports. Track acquisition sand track drop
delays have not been analysed. EUP is measured per target as the 95th percentile of the
observed EUP values for that target. Targets are grouped into distance bins (5-nmi wide),
in terms of their range from the victim receiver. The overall EUP is then calculated per
distance bin as the 95th percentile of the 95% EUPs of the targets in the bin.

A state vector report is considered completed when both position and velocity have been
reported (albeit not necessarily at the same time) in agreement with the
EUROCONTROL definition. The alternative option of considering as a report update
every successful reception of a position or velocity squitter is also analysed for
comparison.

EUP is calculated from the reception probability log, which indicates for each ES
transmission its decode probability. A Monte Carlo technique is applied where the
simulation interval is repeated 1,000 times, and, for each probability, a throw of the dice
determines whether the message was received or not (but taking also into account
potential overlaps). EUP sample values are then determined by the elapsed intervals
between successful receptions.
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4. Simulation Results
4.1 Core Europe 2010 Fruit Rates
4.1.1 Mode A/C Fruit

Figure 12 and Figure 13 show the estimated cumulative Mode A/C fruit rate distributions
at the output of the top and bottom RX antenna, respectively, of the victim receiver
located in Brussels, at FL300, assuming the interrogation profile determined in Sec.
A2.3.1. The rates measured in the Frankfurt trials of 2000 are also shown for comparison.
Fruit rates have been calculated at the output of the receiving antenna, e.g. they do not
account for cable losses on the receiving side.

At —84 dBm, the cumulative A/C fruit rises to 40K and 50K for the top and bottom RX
antenna, respectively. These wvalues represent an increase of ~60% over the
corresponding peak Frankfurt measurements.

4.1.2 Mode S Fruit

Figure 14 and Figure 15 show the estimated cumulative Short Squitter fruit rate
distributions at the output of the top and bottom RX antenna, respectively, of the victim
receiver located in Brussels, at FL300, assuming the interrogation profile determined in
Sec. A2.3.1. The rates measured in the Frankfurt trials of 2000 are also shown for
comparison. Fruit rates have been calculated at the output of the receiving antenna, e.g.,
they do not account for cable losses on the receiving side.

At —84 dBm, the cumulative Mode S fruit rises to 2.7K and 3.6K for the top and bottom
RX antenna, respectively. These values represent an increase of ~300% over the
corresponding peak Frankfurt measurements. It should be noted however that CE2010
envisages Mode S equipage of the order of 80% versus 54% in FR2000.

4.2 1090 ES Decoder performance

Figure 16 plots decode the 1090 ES decode probability values versus the wanted RF
signal level for both the top and bottom RX antenna in the Core Europe 2010 scenario.
Both mean values and mean + or — the standard deviation are plotted to indicate the
spread of the decode probabilities observed. Reception probabilities were calculated
according to the method explained in Sec. A2.3.2.

The top antenna appears to provide somewhat better reception performance than the

bottom antenna. This outcome is due to the antenna gain model and the resulting
differences in the fruit levels received.

4.3 Track Update performance of 1090 ES
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Figure 17 plots the estimated 95th percentile Effective Update Period (EUP) versus range
in CE2010, assuming that all aircraft transmit ES at 4.2 Hz (position, ground speed, and
FID). The 1090 fruit environment has been described in Sec. 4.1, e.g. A/C and Mode S
fruit amount to 50K and 3.6K respectively (bottom RX antenna). Figure 17 also plots the
MASPS/EUROCONTROL requirements for track updates for comparison with the
observed 1090ES performance in order to determine the LDPU range.

Figure 18 plots the estimated 95" percentile EUP versus range in CE2010 assuming that
all aircraft transmit ES at 5.5 Hz (position, ground speed, FID, ad other info). This case
covers EUROCONTROL requirements for broadcasting some additional information on
1090. The 1090 A/C and Mode S fruit environment is the same as in the case of Figure
17. Comparison of Figure 17 and Figure 18 shows that the broadcasting of these extra-
extended squitters causes a drop in LDPU performance.

Given the uncertainty about the 1090 fruit that will actually occur in CE2010, it is
essential to consider the sensitivity of the LDPU range to A/C and Mode S fruit levels.
Figure 19 plots the LDPU range* as a function of the A/C fruit rate measured at the
bottom RX antenna at —84 dBm. Mode S Fruit rate has been kept constant to 3.6K (as in
the results that were previously shown), and ES transmissions have been set to 5.5 ext.
squitters per sec. It can be seen that LDPU range drops below 40 nmi (according to the
EUROCONTROL requirement for track updates) when A/C fruit rate grows above 41K
(36% above the peak A/C fruit rate observed in Frankfurt). In the case of 1090 MOPS-
compliant track updates, LDPU range would exceed 40 nmi for A/C fruit levels up to
56K.

It can be argued that A/C fruit will be controlled in the future by upgrading the ground
I/R base to Mode S as well as through the ACAS upgrade. However, Mode S fruit rates
are still expected to rise. For this reason, CIR simulation runs were made keeping the A/C
fruit constrained to the Frankfurt measured peak (=30K) and trying various levels of
Mode S fruit. (ES transmissions were maintained at 5.5 Hz.) Figure 20 plots the observed
LDPU track update range® versus the Mode S fruit level measured at the bottom RX
antenna [-84 dBm]. LDPU range drops below 40 nmi (according to the
EUROCONTROL requirement for track updates) when Mode S fruit rate grows above
7.5K (1.2K was the peak Mode S rate observed in Frankfurt). In the case of 1090 MOPS
compliant track updates, LDPU range would exceed 40 nmi for Mode S fruit levels
beyond 10K.

* The maximum ranges at which LDPU track update performance meets the MASPS/EUROCONTROL requirements.
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Figure 12 CE2010 Scenario: Mode A/C fruit distribution on the top RX
antenna of the victim receiver (simulated fruit rate versus measured peak
and average)
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Figure 13 CE2010 Scenario: Mode A/C fruit distribution on the bottom RX
antenna of the victim receiver (simulated fruit rate versus measured peak
and average)
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Figure 14 CE2010 Scenario: Mode Mode S fruit distribution on the top RX
antenna of the victim receiver (simulated fruit rate versus measured peak
and average)
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Figure 15 CE2010 Scenario: Mode S fruit distribution on the bottom RX
antenna of the victim receiver (simulated fruit rate versus measured peak
and average)
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Figure 17 CE2010 Scenario, 4.2 ES/sec: 95% EUP versus range for victim
receiver at Brussels, FL300
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APPENDIX A.3
ANALYTIC MODEL FOR 1090MHZ EXTENDED SQUITTER ADS-B
EVALUATION IN ALTERNATIVE FUTURE SCENARIOS

PROVIDED BY MITRE/CAASD
1. Introduction

Analytic assessment of the expected capability of 1090MHz Extended Squitter (ES) in
future operational environments involves cascaded use of a series of different models
developed over a number of years. These models and their use in recent test programs as
well as their application to several future scenarios are described here.

1.1 Model Overview

Received signal levels reflect the effects of both free space path loss and variations due to
air-to-air aircraft antenna gain differences associated with relative aircraft orientation.
The desired ES message competes with co-channel interference defined by the air traffic
distribution surrounding the victim receiver and co-channel transmit rates of these
aircraft. The 1090 MHz co-channel interference model is an extension of an earlier model
initially developed as part of an ATCRBS interference environment evaluation effort and
later used to support the initial definition of the Mode S secondary radar system.
Parametric fits to available bench data provide the decoder and receiver sensitivity
models. Overall link performance is represented by the variation in probability of correct
ES message decode as a function of separation range for specified percentages of the user
population.

1.2 Evaluation Overview

Evaluating the potential for ES support of future operational applications in stressful
environments requires two steps: first, the model must be validated in current
environments based on flight tests and bench measurements, and then model parameters
are adjusted to represent expected future conditions. The capability to support a future
application is determined by comparing the modeled probability of correct decode at the
desired separation range with the minimum acceptable value required to support the
application needs.

1.3 Report Overview

The model is described in section 2. Validation based on the most complete set of
available flight tests and bench data is also discussed in this section. Section 3 presents
expected performance of ES in several possible future scenarios, and conclusions are
found in section 4.
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2. The Model

The model is described by documenting the associated Mathcad computer model.
Representative use of the model in this description reflects its application to the recent
Frankfurt flight tests.

2.1 Traffic Distribution Model

The model assumes the victim receiver is at an altitude, ah, centered in a radial
distribution of other aircraft with a maximum altitude, am, extending out to a maximum
range, Rp. Plan views of traffic distributions around high-activity areas might be
expected to have approximately Gaussian features in orthogonal directions. Thus, the
radial distribution of traffic in the mid-to-outer limits of typical terminal areas is
analytically represented by a Rayleigh distribution. The total traffic within a maximum
range, Rp, is described by a parameter, Ko. The factor, fxx, coupled with Rp, determines
the general width of this distribution.

No azimuth distribution factor is needed since aircraft antenna patterns are nominally
omni-directional in azimuth. No elevation plane distribution is employed since the
elevation plane aspect angle for all but nearby aircraft at different relative altitudes is near
the horizontal plane.

Traffic densities typically increase relative to this pure Rayleigh function closer in to the
center of the terminal area. To accommodate this, the model is adapted in this region by
an R**tq variation where tq and Rlo determine the details of this shape. Further details
are discussed with reference to Figure 2.1-1, the Mathcad traffic distribution program,
with parameters determined by the radar measured traffic distribution given on page 4-73
of the Frankfurt 2000 report (i.e. “Measurements of 1090 MHz Extended Squitter
Performance and the 1030/1090 MHz Environment in Frankfurt, Germany,” May 4,
2001, DOT/FAA/ND-01/1). Functional bounds on the extent of the traffic of potential
interest are established by considering the traffic in view from an aircraft at the maximum
altitude, or by setting ah = am.
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Max altitude of traffic distribution = am.
Probe receiver alt = ah
Total traffic count within Rp = Ko

am := 40000 ah := 40000 Ko := 500 Rp :=400
Traffic distribution piece wise fit parameters: R10 and fxx: Rlo =30 fxx:= 0.24 tq := 0.2
Dm := 1.23-/am Dm = 246 D1 = 1.23~\/ah D1 = 246 Da :=2-D1 Da = 492
D1 D D D
K:=—Ko Rfo := fxxRp- = Rf := Rfo-—a Rl := Rlo-—a
Dm DI Rp Rp
K =500 Rf =118 Rl =37

Piece wise Adaptive-Rayleigh traffic distribution model:

R
2 R ( ta
PLR) := K'[ - 'exp{i'(i\ H Nf(R) := J pt(R)dR  NI(R) := J NIRDR  jp
2 2 \Rf) Rl
Rf 0 .
R
N2(R) = J pt(R) dR + NI1(R1)  Nt(R) := if(R < RI,NI(R), N2(R))
RI
Nt(50) = 60 Nt(100) = 168 Nt(150) = 294 Nt(200) = 397.907  Nt(Rp) = 515

Figure 2.1-1 Mathcad program for the Adaptive-Rayleigh traffic model

As shown in the program, the distribution is normalized to the line-of-sight (LOS) range,
Dm, for the maximum altitude, am = 40000 feet. In general, LOS range for the selected
victim receiver altitude, ah, is D1. The computed factors: K, Rfo, Rf, and R1 establish
limits on the fraction of total traffic in the scenario to approximately that in view from the
victim at altitude, ah. The resulting shape factor approximates the beyond LOS
cumulative distribution limit to only those aircraft within two times the LOS range and
above the LOS. The resulting cumulative number of aircraft in view as a function of
range is Nt(R).

Figure 2.1-2 compares the model with the radar measured traffic distribution for the
Frankfurt 2000 test flight evaluation of the 1030/1090 Mhz environment. Traffic
distribution data available from CFMU data for this time period is also shown on the plot
to illustrate how the LOS effectively limits the traffic in view at longer ranges.
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ah = 40000 D1 =246 Rp =400 Nt(Rp) = 515 Nt(150) =294 Nt(100) = 168
Ro =95 pu =0 ou=3 am = 40000
1500
Nt(R)1 000
Nft
Nn
500

0 100 200 300 400 500
R,Rft,Rn

Figure 2.1-2 Frankfurt 2000 traffic distribution: Average Nick McFarlane/CFMU
data (dashed line), Average Frankfurt Report radar data (dotted line), Adaptive-Rayleigh
model fit to radar (solid line)

2.2 Received Signal Level Model

Although aircraft antenna patterns are nominally omni-directional with a mean gain of 0
dBi in the azimuth plane, fluctuations about this mean level occur due to shadowing and
multipath associated with the structure of the aircraft. Extensive scale model
measurements at MITLL showed these variations to depend on the aircraft type, location
of the antenna on the aircraft, and bank angle [Ref--]. Review of this data for bank
angles within +/- 3 degrees suggests the transmit-receive gain product of this variation for
any arbitrary azimuth orientations of transmitting and receiving aircraft pairs can be
reasonable well approximated by a lognormal, or Gaussian-in-dB, distribution. Received
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signal levels from any aircraft in view therefore depend on separation range, transmitted
ERP, and the antenna gain distribution associated with their relative azimuth orientation.

It is useful to normalize to the mean range, Ro, determined by the aircraft population
average ERP and the victim receiver MTL when this antenna gain variation model is
combined with a traffic distribution of interest. MTL is defined as the signal level at
which 90% of received messages are correctly detected in an interference-free
environment. For example, standard link budget results for the Frankfurt environment
with an average transmitted power level of 54 dBm and an MTL = -84 dBm is Ro = 95
NM. Aircraft-to-aircraft transmit power variations about this mean are combined with the
antenna gain variance (usually selected to represent diversity antenna equipage) to yield a
resulting standard deviation in received signal level of 3 dB for the total scenario
population.

Cumulative distributions of received signal levels, Fu normalized to Ro, are then
determined at any range, R, by the Gaussian in dB function with a 3 dB standard
deviation. This Gaussian distribution at a transmit-receive separation range, R, is
centered on the normalized free space signal level, Uo. Statistical variation about this free
space mean value can now be used as a weighting function on the probability density
function describing the traffic distribution to show how the traffic distribution relates to a
specified received signal level. The result gives the cumulative number of aircraft, Wt, at
range, R, having signal levels of at least a certain level relative to MTL. Figure 2.2-1 is
the Mathcad program for this process. Several measured or future scenario traffic
distributions of interest are also included in this part of the program; their use is discussed
later.
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Normalized MTL range, Ro, for self interference with parameters iy and cu:

Ro:=95 MTL = -84 mu:=0 ou:=3

Log normal signal distribution model parameters Uo and Fu:

Uo(Ro,R) :=pu + 20-10g(%) Fu(Ro,R,U) ::é - é-er{é(%ﬁ{o’mﬂ

Log normal signal distribution model with piece-wise adaptive-Rayleigh traffic distribution model:

rR
tq
WIRoR,U) = | NRDR b Ro.R.U) dR CE 2010 IAC distribution:
Jo Rl 50 ) 152
100 369
R’ 150 767
W2(Ro,R,U) = pt(R)-Fu(Ro,R,U) dR + WI(Ro,R1,U) Rmu:= IAC =
Jri 200 1228
250 1450
Wt(Ro,R,U) == if(R < R1,W1(Ro,R,U), W2(Ro,R, U)) 300 1680

Nick McFarlane CFMU data 24 May 00 average
Franfurt radar tape data with

0 \ 0 \ radar LOS limit on distribution

50 53

100 167 0 ) 0
Rn:=| 200 Nn:=| 528 50 60

300 965 Rft:=| 100 Nft:=| 160

400 1415 160 320

500 1795) 200) 400

Plotrange, Rpp:  Rpp:=D1+ 50 Rpp=263 R:=1,5.Rpp

Figure 2.2-1 Mathcad program for statistical distribution of received signals

General properties of the model applied to the scenario of Figure 2.1-2 are illustrated in
Figure 2.2-2 for a victim aircraft at the Frankfurt test flight altitude, ah = 22,000 feet with
an MTL range, Ro = 95 NM. The circular points in this plot are sample points on the
dotted curve of radar measured traffic in Figure 2.1-2. Note that the model results shown
in the previous Figure 2.1-2 are a close fit to these points for the maximum altitude am =
40,000 feet. As expected, the effect of the shorter LOS range at the lower test flight
altitude is seen by the solid curve here to reduce the number of aircraft in view at longer

ranges.
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ah = 22000 D1 =182 Rp =400 Nt(Rp) =379  Nt(150) =254 Nt(100) = 150
Ro =95 pu =0 ocu=3 am = 40000
400 U

350

300

Nt(R) 250

Wt(Ro, R, 0)

Wt(Ro,R,—3) 200

Wt(Ro,R,—7)

Nft

000 150
100
50

0 50 100 150 200 250
R,R,R,R,Rft

Figure 2.2-2 Traffic distribution with range at altitude, ah, (solid line); scenario IAC at altitude,
am, (circle points); aircraft with signal level at least equal to MTL (lowest dotted line); at least
equal to -3 dB below MTL (middle dotted line); at least equal to -7 dB below MTL (top dotted
line).

The effect of antenna gain variations on the traffic distribution is also demonstrated in
this figure. Without antenna gain variations, the cumulative distribution curve for aircraft
with signal levels at least equal to MTL, due to free space loss alone, would degenerate to
a flat line starting just under Wt = 150 aircraft at Ro = 95 NM. The lowest dotted curve
shows the cumulative number of aircraft with at least this received signal level when the
antenna gain variation model is also included. In this case, some aircraft at ranges less
than Ro are missed due to nulls in the pair-wise antenna pattern orientations. The middle
dashed curve is a similar plot for a signal level at -3 dB below MTL; and the top dashed-
dot curve shows this dependence for signal levels —7 dB relative to MTL. These latter
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two levels are of interest since bench measurements have shown that Mode-A/C replies
within 3 dB of MTL are potential sources of interference for a desired ES message at
MTL, and Mode-S replies within —7 dB are potential interferes.

2.3 Co-Channel Interference Model

In addition to self-interference from other ADS-B users, ES operation shares the 1090
Mhz channel with ATCRBS, and Mode-S fruit replies to ATC SSR, TCAS, and IFF
interrogations. Based on the effective number and characteristics of these basic
interrogation sources, and the distribution and type of responding aircraft, the model
develops the expected distribution of co-channel fruit interference competing with
reception of the desired ES message. A detailed representation of this process requires
simulation of each interrogation and each reply over the whole distribution of potential
interrogators and responding aircraft. In addition to a lack of details regarding aircraft
antenna patterns, practical limits on the utility of this micro level simulation approach
include uncertainty in knowing how many active SSR interrogators are in view (even
though an interrogator data base may be available), and how to realistically represent
TCAS operation. Fortunately, experience has shown that an operationally useful
representation of this process can be defined at the macro level, and that is described in
the following. Modeled characteristics are closely coupled with measured test flight
parameters to facilitate validation of the approach.

In the strict sense, aircraft at different altitudes and locations over the scenario of interest
will see a different field of SSRs within LOS and be exposed to different TCAS
interrogation environments. In general, those aircraft closer to the center and at higher
altitudes see the most intense environment. The approach described here uses an average
example to typify all aircraft. We assume that this aircraft is exposed to M ground SSRs
and, due to typical up-link power budgets, that any SSR in view is an effective
interrogator. Characteristically, the probability of reply to interrogations is very high, so
we equate the reply rate at 1090 Mhz to the 1030 Mhz interrogation rate will little error.

Typical SSR halfpower azimuth beamwiths are about 4 degrees and have scan periods
from 12 seconds for enroute radars to about 5 seconds for terminal area radars. Due to the
higher population of terminal area radars in scenarios of interest, we use an average scan
period of 6 seconds. Sliding window SSRs achieve about 16 ATCRBS replies during the
halfpower beam dell or, due to the link budget margin, about 24 replies at the typical 6
dB beam dwell. Four ATCRBS replies/second/sliding window SSR in view are used in
the model. Monopulse SSRs can operate with one fourth this rate. If a fraction, g, of the
M SSRs are monopulse, the average ATCRBS interrogation rate per aircraft is given by
iag = (4-3*g)*M.

If a fraction, a, of the monopulse interrogators are Mode-S, the number of Mode-S SSRs
in view is M*g*a. All aircraft are at least ATCRBS transponder equipped with some
fraction, fs, designated as Mode-S capable. Provision is made for the “Terra fix” by
defining ENV = 1999. In this case, Mode-S transponders reply to ATCRBS
interrogations from Mode-S SSRs. If ENV = 2000, this feature is not employed and a
term, SA = fs*a, accounts for Mode-S transponders not replying to ATCRBS
interrogations from Mode-S SSRs. The average ATCRBS reply rate per aircraft is then
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given by zag = [4-(3+SA)*g]*M. Although replies to each SSR are clustered during the
dwell of the scanning beam, early flight test data analysis shows the aggregate reply
distribution when in view of a number of SSRs to approach a random arrival rate.

For the surveillance function alone, Mode-S interrogators usually elicit two Mode-S
replies/scan from each Mode-S transponder, or 0.33 replies/second. Provision is made to
reduce or increase this by defining a factor, msi. The composite Mode-S SSR
interrogation rate is then isg = (0.33/msi)*a*g*M, and the average Mode-S reply rate per
aircraft is zsg = isg*fs.

Each Mode-S aircraft also randomly broadcasts ES messages at a rate, sr/second, and a
TCAS acquisition short squitter at a rate, ss/second. If all Mode-S aircraft are not ES
capable, or if distributed sources of TIS-B broadcasts for unequipped users are also
considered, sr can be suitably adjusted.

A fraction, h, of the Mode-S aircraft are also TCAS equipped for a total fraction of TCAS
ft = fs*h. The model assumes that on average, each aircraft is interrogated by all TCAS
within a range, rt. The average number of TCAS interrogators within rt is Ntc(rt) =
ft*d*Nt(rt) where Nt(rt) is given by the traffic distribution, and d is a density dilution
factor that may be applied if the traffic distribution is highly peaked at the center of the
scenario. Since available flight test data indicate that TCAS interrogation/reply rates do
not conform to specified reply rate limiting algorithms, the TCAS model employs
parametric factors that may be determined either by available test data or ideal TCAS
values.

On this basis, we assume ao Mode-C replies/second for an ATCRBS transponder
replying to an interrogating TCAS. Average Mode-C transponder rates to TCAS are
therefore estimated by iat = ao*Ntc(rt), with an aircraft population average reply rate, zat
= (1-fs)*iat, subject to iat < 40 replies/second. Mode-S addressed interrogations/Mode-S
aircraft are estimated by an expression used in TCAS standards: tr =
[1*Ntc(6)+tsr*(Ntc(rt)-Ntc(6))] /Nte(rt), where tsr is a parameter related to how closely
TCAS approaches ideal performance. Each Mode-S aircraft is thus interrogated at an
average rate, ist = tr*ks*Ntc(rt), where ks is an interrogation rate reduction factor
associated with future introduction of the hybrid surveillance concept. The overall
average Mode-S reply rate to TCAS, plus the TCAS acquisition short squitter rate, is then
zst = fs*(ist+ss).

These various contributors to the reply rates are summed to give za, the average
ATCRBS reply rate per aircraft in the scenario and zs, the average Mode-S reply rate per
aircraft in the scenario. The average ES broadcast rate is zsl = sr*fs. These average
transmit rates per aircraft are multiplied by Wt(U), the number of aircraft producing
signal levels of at least U relative to MTL, to produce the desired distribution of fruit
replies with levels at least equal to U. The Mathcad program for co-channel interference
and fruit distribution estimation with parameters representing Frankfurt 2000 test
conditions is given in Figure 2.3-1.
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Interference environment:

Ra:=Ro ya:=3 ys:i=7
sr:=0.01 ss:=1 fs:=0.5 h:=0.8 ft :=fs-h ft=04 ks :=1
M:=40 g:=0.025 a:=1 M-ga=1 msi:=1 0’3?-62 1.98
ENV:=2000 ar:=fs-a SA :=if(ENV<1999,0, ar) SA =0.5 mst
Ground interrogation and reply rates:
. . 0.33 .
iag:=(4-3g)-M zag:=[4—-(3+ SA)-g]-M isg :=——-a-g-M zsg :=1isg-fs
msi
Ground interrogation rates by type:  jag = 157 isg =0.3
Ground reply rate/aircraft by type: zag = 156.5 zsg = 0.2
TCAS interrogation and reply rates: tgr := 0.85 20 :=2 It := 40 d:=1
Nt(rt) = 36 rt =40 d=1 Nte(rt) := ft-d- Nt(rt) Nte(rt) = 14
1-Ntc(6) + tsr-(Nte(rt) — Nte(6
= L0 + 5 (Nelt) = NI6(©) - g6y
Nte(rt)
ist := tr-ks- Ntc(rt) ist=12.4 zst := fs-(ist + ss)
average TCAS Mode S + ss rate: zst = 6.7
average TCAS Mode C reply rate: iat := ao- Ntc(rt) iat = 29
iatt := if(iat > 40,40, iat) iatt = 29 zat :=iatt-(1 — fs) zat = 14.3
total interrogation and reply rates:
ia:=1ag + iatt is 1= 1isg + ist za = zag + zat 7S 1= 7Sg + zst zsl := sr-fs
average interrogation rates: ia= 186 is=12.7 SA =0.5
average reply rate/aircraft: za= 171 7s = 6.8 zsl=0
fza(Ro,R,U) :=za-Wt(Ro,R,U)  fzs(Ro,R,U) :=zs-Wt(Ro,R,U)
fza(Ro,R,U)
fr(Ro,R,U) i= ——— fzsl(Ro,R,U) := zsl- Wt(Ro,R, U
i v fzs(Ro,R,U) ( v ( )
average MTL fruit rates: fza(Ro,Rp, 0) = 25708 fzs(Ro,Rp,0) = 1030

ratio ATCRBS/Mode-S fruit: fr(Ro,Rp,0) = 25

Figure 2.3-1 Mathcad program for co-channel interference and fruit
distribution estimation (parameters represent Frankfurt 2000 test

conditions)
Resulting fruit distributions for ATCRBS, Mode-S, and ES are shown in Figure 2.3-2 as
a function of received signal level at the antenna output for an MTL = -84 dBm.
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Comparison of these average interrogation rates and fruit distribution results with the
Frankfurt Report test results for the sampled time interval on 24 May are remarkably
close. Estimated ATCRBS fruit rate at -84 dBm is 26,000 replies/second; Mode-S fruit
rates at this level are 1,000 replies/second. Similar agreements were obtained when the
model was compared with the LA 1999 test results.

Rp=400 Nt(Rp) =379  ah =22000 Ro =95 pu=0 ou=3
M =40 M-g-a=1 msi= 1 SA =0.5
rt =40 Nte(rt) = 14 fs =0.5 ft=04 tsr =0.85 ao =2 ks =1 ss =1
average interrogation rates: ia =186 is =127 fza(Ro,Rp,0) = 25708
average reply rate/aircraft: za=171 z5=68 zs1=0 fzs(Ro,Rp,0) = 1030
7-10*
6-10*

fZa(RO,Rp,U)4 ‘104

fzs(Ro,Rp, U)

U+MTL

Figure 2.3-2 Fruit distribution with received level in dBm: ATCRBS, fza, (solid line);
Mode-S, fzs, (dotted line); Extended Squitter, fzsl, (dashed line).

2.4 Decoder Model

Poisson arrivals of fruit given in distributions such as the above are used in the model
estimating the probability of correctly decoding a desired ES message at a level, U dB,
relative to MTL. As mentioned above, bench measurement results with controlled
overlaps of ATCRBS replies of various signal-to-interference ratios can be roughly
approximated by a simple decoder step function at a SIR = 3 dB (ya in the Mathcad
program). Similarly, a step function at a SIR = 7 dB (ys in the program) approximates
decoder capability with a Mode-S overlap.
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All Mode-S overlaps of the ES message must be below this -7 dB level in the model of
the enhanced decoder to correctly decode the desired message. Consequently, the
probability of correct decode with Mode-S interference, ps, is based on the Poisson
probability that neither Mode-S replies nor ES self-interference messages overlap the
desired message within this level.

For ATCRBS interference and the enhanced decoder, we first assume a correct decode
can occur even if “n” ATCRBS replies within 3 dB overlap the desired message. Using
cumulative overlap statistics for Poisson arrivals as a function of fruit rates at these or
higher relative levels, parameters were empirically adjusted to match available data as a
function of fruit rate. Since preamble detection must occur before message decode, a
fixed parameter, pf = 0.96 is estimated for this with a single ATCRBS overlap within 3
dB. Synchronization requirements with more than one overlap within 3 dB are assumed
to require that the region of the preamble not be overlapped by replies within 7 dB. This
probability is calculated as pla in the model. With these values, available enhanced
decoder bench measurements were found to be closely reproduced with the computation
of pa, permitting two ATCRBS overlaps within 3 dB.

Since ATCRBS and Mode-S overlaps are independent, the joint probability of correct
decode is p = ps*pa. Figure 2.4-1 is the Mathcad decoder program. The simpler TCAS
receiver decoder model is also given here.

Decoder models: ya=3 vs =7

Tsy + Ta

Tls == 12010” ® Tss = 6410 ¢ Ta = 20310~ Tsy := 810 6 pf =1
TIs + Ta

02 pf=0.96

psy (Ro,R,U) = exp[—(Ta + Tsy)«zao(Wt(Ro,R,U - ys) - Wt(Ro,R,U - ya))]
pla(Ro,R,U) :=(Tls + Ta)-za~Wt(R0,R,U - ya)~pf

1 2
p2a(Ro,R,U) := E~|:(Tls + Ta)«za«Wt(Ro,R,U - ya)«pf] -psy (Ro,R,U)
pa(Ro,R,U) := exp| ~(Tls + Ta)-za-Wt(Ro,R,U - ya)|-(1 + pla(Ro,R,U) + p2a(Ro,R,U))
ps(Ro,R,U) = exp[—(Tls + Tss)~zs~Wt(Ro,R,U - ys)]«exp[—(Tls + Tls)'zsl~Wt(R0,R,U - ys):|
p(Ro,R,U) :=pa(Ro,R,U)-ps(Ro,R,U) Enhanced decoder

pf =0.96 psy (Ro,Rp,0) = 0.637 pa(Ro,Rp,0) = 0.067
ps(Ro,Rp,0) = 0.67 p(Ro,Rp,0) = 0.045

pan(Ro,R,U) :=exp[—(Tls + Ta)-za-Wt(Ro,R,U - 9)]-[ 1 + (Tls + Ta)-za-Wt(Ro,R,U — 9)-pf ]

ptcs (Ro,R,U) := pan(Ro,R,U)-ps(Ro,R,U) pan(Ro,Rp,0) =2.11x 10_3 TCAS RX

Figure 2.4-1 Mathcad decoder model
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Application of the decoder model to Frankfurt 2000 fruit rates shown in the above figure
is represented in Figure 2.4-2 as a function of received signal level. Decode probability
in the Mode-S interference environment alone is shown as the top dashed curve; this
probability for ATCRBS fruit alone is the lower dotted curve. The solid line is the joint
probability converted to the actual desired received level.

ya=3 s =7 fza(Ro,Rp,0) = 25708 fzs(Ro,Rp,0) = 1030
1
0.8
p(Ro,Rp,U)
pa(Ro,Rp,U)
ps(Ro,Rp,U)
0.4
0.2
0 -
95 —90 =85 —80 75 ~70 65 ~60 55 -50

U+MTL

Figure 2.4-2 Probability of correct decode vs received signal level: total (solid curve),
Mode A/C only (dotted curve), Mode S short and extended only (dashed curve)

2.5 Receiver Model

Receiver sensitivity, Pd, is modeled by adapting a basic bit error rate expression for non-
coherent detection, pb, to the 112 bits in an ES message and normalizing the results to the
MTL. A threshold model, Ps, is also included to accommodate TCAS interests but is not
used for ES operation. Figure 2.5-1 is the Mathcad receiver sensitivity model.
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MTL =11 T:=0 st :=0.5 =112 MTL-T=11 Ra:=Ro
So(Ro,R, ) == p + 20-1og(ﬁ\ h=0 oc =2 n =09

R )
2
pS(Ro,R,S,1,6) = ! .ex{i.(w\ }
o271 2 c )
(MTL+S\
1 o 10 4
pb(S) =1—-—exp ————— Pd(S) :=pb(S)
2 2
11 V2 (MTL + S - T)
Ps(S,T) gty Pm(S, T) := Ps(S, T)-Pd(S) S:=-5,-45.1C
st

Figure 2.5-1 Mathcad Receiver model

The normalized receiver sensitivity response is shown as the solid curve in Figure 2.5-2.
This curve is a close fit to available bench measurements on ES receivers when only
signal-to-noise is considered. The probability density function for a signal source with a 2
dB standard deviation and a mean level equal to MTL is also illustrated as the dashed
curve. For completeness, the dotted curve is a reproduction of the decoder joint

probability curve previously shown.
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ah = 22000 Rp=400 fs=0.5 ft =04 ks =1 ss =1
M=40 ga=0.025 pu=0 ou=3 Ro=95 Ra=95 p=0 oc =2
2a=1708 7s=68 zsl=5x 10 >  Pm(0,T) = 0.9

0.8

Pm(S, T) 0.6

p(RO,Rp,S)Pm(S,T)

pS(RO,Ra, S,H,GC) 04

0.2

4 6 8 10

Figure 2.5-2 Receiver sensitivity normalized to MTL (solid curve), probability density of signal at
MTL with mean, , and stdr dev, ¢, (dashed curve), and normalized probability of decode (dotted
curve)

2.6 Predicted Performance Model

Performance in the specified operational environment is represented by the probability of
correct message decode as a function of separation range as the transmitting aircraft
approaches the victim receiver. Possible variations in received signal level for the
equipage class of interest are represented by the probability density function normalized
to the free space path loss signal level, pS. Low level signals are filtered by the receiver
sensitivity response curve, Pm. This distribution is then weighted as a function of
separation range by the decoder response function for the computed interference
conditions. Integration over all signal levels at each range sample point provides the
desired cumulative probability of correct message decode as a function of separation
range. Figure 2.6-1(a) is the Mathcad program for this process. Due to the long
computing times required for this integration, a similar calculation using a summation is
also shown. A multiplier, n, is included in the evaluation to account for lost decodes due
to co-site interference or unavailability of the receiver if it is shared with another service
such as TCAS.
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R
Sm:= 20-10g(70) + 2-:0oc Sm=38 S:=-5,-4..Sm Rdp =100
Rdp = 100
Sm
Pr(Ro,Ra,S,u,G) ::J pS(Ro,Ra,S,u,c)-p(Ro,Rp,S)Pm(S,T)-n ds Ra:=5,10..Rdp
S
Sm
Pr{Ro.Ra,S.1,0):= > pS(Ro,Ra,S,u,0)-p(Ro,Rp.S)-Pm(S, T)
S=-5

Figure 2.6-1(a) Mathcad program for probability of reception calculation

Probabilities that a desired percent of the user equipage class represented will be above a
specified level are obtained by defining appropriate intervals about the mean signal level
as illustrated in Figure 2.6-1(b) for the 95%, 50%, and 5% levels of service. This figure
also illustrates a minimum acceptable mask, Psm, on the computed probabilities. Actual
values in the matrix are determined by the minimum message reception needs of the
supported application. Values in this example support a state vector update by either a
position or velocity message within the required MASPS interval, assuming the tries are
described by independent statistics. Probabilities above the mask meet minimum
requirements for the desired operational capability.

0 ) 22)
3 22
u=0 oc=2  d5:=p-165cc  P5=-33 n =095
20 .10
850 :=p 805:=p + 1.656¢ 805 =33 Reom:=\ | Psm=l
90 06
\ 120 .06)
Psm

Rsm

Figure 2.6-1(b) Mathcad program for minimum acceptable probability of
reception mask
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The final product of the model is illustrated in Figure 2.6-2 for the Frankfurt test flight
program. Comparison of these results with test flight data is subject to limitations in the
data collection and calibration effort, but they generally tend to be optimistic. One
possible reason for this is that the decoder model used here is a little better than the
LDPU used in the test program. The assumption used here that the link budget standard
deviation is 2 dB also seems low based on the greater variance in reported test results.

Ro=95 p=0 oc=2 MTL-T =11 Pm(0,T) =0.9 Nt(50) = 50 ah = 22000
350=0 05=33 dd5=-33 n =0.95
pu =0 ou=3 fza(Ro,Rp,0) = 25708 fzs(Ro,Rp,0) = 1030 va=3 vs =7

0.9

0.8

0.7

Prr(Ro,Ra,— 5,850,0.5)

Prr(Ro,Ra,— 5,395,0.5)

""" 0.5
Prr(Ro,Ra,— 5,305,0.5)

Psm
- 0.4

0.3

0.2

0.1

0 20 40 60 80 100
Ra,Ra,Ra, Rsm

Figure 2.6-2 Probability of correct decode vs range: bottom dotted curve, 95 percentile; middle solid
curve, 50 percentile; top dashed curve, 5 percentile. Segmented line represents minimum
acceptable level.
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3. Expected Performance in CE 2010 Scenario

Two scenarios are examined with the same aircraft traffic distribution and equipage mix.
Both assume the number of ground interrogators in view in Brussels is 90% of the
number in view in Frankfurt. Scenario 1 makes more optimistic assumptions than
scenario 2 regarding the extent of Mode-S ground SSR equipage, and more optimistic
assumptions concerning expected TCAS interference rate limiting operation. Scenario 3
uses the same interference-environment-related assumptions as scenario 1, but reduces
the traffic level to demonstrate performance dependence with this parameter.

3.1 Scenario 1

Traffic distribution provided by Eurocontrol for the CE 2010 Brussels scenario is given
by the set of circular points in Figure 3.1-1. The solid line is the Adaptive-Rayleigh
model fit for an aircraft at an altitude, ah = 30,000 feet. As discussed previously, the
numbers of aircraft with signal levels at different levels relative to a —84 dBm range of
Ro =95 NM are given by the other indicated curves.
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ah = 30000 D1=213 Rp =300 Nt(Rp) = 1758  Nt(150) = 768 Nt(100) = 400
Ro =95 pu =0 ou=3 am = 30000
1600

1400

1200
Nt(R)
— 1000
Wt(Ro, R, 0)
Wt(Ro, R, - 3)

800
Wt(Ro,R,—7)
IAC
000 600

400

200

50 100 150 200 250 300
R,R,R,R,Rmu

Traffic distribution with range at altitude, ah, (solid line); scenario IAC at altitude, am, (circle
points); aircraft with signal level at least equal to MTL (lowest dotted line); at least equal to -3 dB
below MTL (middle dotted line); at least equal to -7 dB below MTL (top dotted line).

Figure 3.1-1 Brussels traffic distribution for CE 2010 Scenario

We assume the number of SSRs in view in Brussels is 10% less than those in view in
Frankfurt, or M = 36. In this example, 20% of the SSRs, or about 7, are Mode-S with 2
addressed interrogations/ Mode-S aircraft/beam dwell. Eighty percent of the aircraft are
Mode-S and broadcast 4.2 ES/sec/aircraft. To approximate TIS-B broadcast of ES
information on unequipped aircraft, this ES rate for equipped aircraft is increased to 5.5
ES/sec/Mode-S aircraft. Seventy five percent of the aircraft are TCAS equipped with
ideal interference control limit operation and hybrid surveillance employed to further
reduce interrogation rates to 20% of that otherwise experienced. Resulting interrogation
rates are summarized at the top of Figure 3.1-2, showing the associated ATCRBS, Mode-
S, and ES fruit rates. ATCRBS fruit rate at -84 dBm is 53,000 replies/second; Mode-S
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reply rate at this signal level is 2,500 replies/second, including the TCAS acquisition
squitters.

Rp =300 Nt(Rp) = 1758 ah = 30000 Ro =95 pu=0 ou=3

M =36 M-g-a=72 msi= 1 SA =0.8

rt = 40 Nte(rt) =74 s =0.8 ft=0.752 tsr=02 ao=2 ks=02 ss=1

average interrogation rates: ia=162 is=6.4 fza(Ro,Rp,0) = 53076

average reply rate/aircraft: za=125 2s=59 zsl=44 fzs(Ro,Rp,0) = 2524
2:10°

1.5-10°

fza(Ro, Rp, U)

fzs(Ro,Rp,U) ,105

fzsl(Ro,Rp, U)

5-10

U+MTL

Fruit distribution with received level in dBm: ATCRBS, fza, (solid line);
Mode-S, fzs, (dotted line); Extended Squitter, fzsl, (dashed line).

Figure 3.1-2 CE 2010 Scenario 1 fruit rates

Enhanced decoder modeled performance in this environment is shown in Figure 3.1-3.
Notice that although loss of decodes due to ATCRBS interference is dominant in this
case, degradation due to Mode-S interference is also significant.
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ya=3 ys =7 fza(Ro,Rp,0) = 53076 fzs(Ro,Rp,0) = 2524
1
0.8
p(Ro,Rp,U)
pa(Ro,Rp,U)
ps(Ro,Rp,U)
0.4
0.2
0
—95 ~90 -85 —80 -75 —70 ~65 ~60 -55 —50

U+MTL

Probability of correct decode vs received signal level: total (solid curve),
Mode A/C only (dotted curve), Mode S short and extended only (dashed curve)

Figure 3.1-3 Decoder performance in CE 2010 Scenario 1

ES performance in this scenario is shown in Figure 3.1-4. The Ninety-five percentile
range is about 30 NM in this case for a minimum acceptable probability of decode of 6

%, or that theoretically required for a state vector update by either a position or a velocity
message.
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Ro=95 p=0 oc=2 MTL-T=11 Pm(0,T) = 0.9 Nt(50) = 133 ah = 30000
550=10 05=3.3 M5=-33 n =0.95
pu =0 ou=3 fza(Ro,Rp,0) = 53076 fzs(Ro,Rp,0) = 2524 ya=3 s =7
0.9
0.8
0.7
Prr(Ro,Ra, - 5,850,0.5) 06
Prr(Ro,Ra, - 5,895,0.5)
""" 0.5
Prr(Ro,Ra, - 5,805,0.5)
Psm
- 0.4
0.3
0.2
0.1
0
0

Ra,Ra,Ra, Rsm

Probability of correct decode vs range: bottom dotted curve, 95 percentile; middle solid curve, 50
percentile; top dashed curve, 5 percentile. Segmented line represents minimum acceptable level.

Figure 3.1-4 ES estimated performance in CE 2010 Scenario 1
Sensitivity of these results to expected future system characteristics may be examined

with reference to the decoder factors shown in Figure 3.1-3 where we notice that the
decoder limitation due to the Mode-S component of interference is fairly significant.
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Would different Mode-S system attributes materially change results? To address this we
first examine sensitivity to the representation of the Mode-S overlap interference
requirement of at least —7 dB for correct message decode by moving the decoder step
function to —5 dB. Figure 3.1-5 shows this lower SIR requirement has a relatively minor
overall affect on the joint probability of correct decode, and Figure 3.1-6 shows only a
slight improvement in expected coverage.

va=3 ys =5 fza(Ro,Rp,0) = 53076 fzs(Ro,Rp,0) = 2524
1
0.8
p(Ro,Rp,U)
pa(Ro,Rp,U)
ps(Ro,Rp,U)
0.4
0.2
o .
—95 —90 -85 —80 —75 70 —65 ~60 -55 —50

U+MTL

Probability of correct decode vs received signal level: total (solid curve),
Mode A/C only (dotted curve), Mode S short and extended only (dashed curve)

Figure 3.1-5 Decoder performance with required Mode-S overlap of -5
dB
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Ro=95 pu=0 oc=2 MTL-T =11 Pm(0,T) =0.9 Nt(50) = 133 ah = 30000
850=0 05=33 dM5=-33 n =0.95
pu =0 ou=3 fza(Ro,Rp,0) = 53076 fzs(Ro,Rp,0) = 2524 va=3 vs =5
0.9
0.8
0.7
Prr(Ro,Ra, - 5,850,0.5) 0.6
Prr(Ro,Ra,— 5,395,0.5)
""" 0.5
Prr(Ro,Ra,— 5,305,0.5)
Psm
- 0.4
0.3
0.2
0.1
0 TNt - oo
0 10 20 30 40 50

Ra,Ra,Ra,Rsm

Probability of correct decode vs range: bottom dotted curve, 95 percentile; middle solid curve, 50
percentile; top dashed curve, 5 percentile. Segmented line represents minimum acceptable level.

Figure 3.1-6 Coverage with Mode-S overlap required SIR of -5 dB

Since Mode-S replies to TCAS interrogations are the principal source of Mode-S
interference in this scenario, would different assumptions regarding expected TCAS
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behavior affect results? This question is examined by assuming interference rate limiting
in this environment limits the TCAS interrogation range to 15 NM rather than the 40 NM
previously used. Other than this change, Scenario 1 parameters are used (including
Mode-S SIR of 7 dB).

The following two figures show this impact on performance. Although this change
reduces the resulting Mode-S fruit rate to fzs = 1817 Mode-S replies/second at -84 dBm
as shown in the top of Figure 3.1-7, the affect on decoder performance is negligible. This
result is not too surprising when we remember that TCAS interrogation rates are already
low in the baseline case. Figure 3.1-8 shows this change has no effect on coverage.

va=3 vs =7 fza(Ro,Rp,0) = 53076 fzs(Ro,Rp,0) = 1817
1
0.8
0.6
p(Ro,Rp,U)
pa(Ro,Rp.,U)
ps(Ro,Rp ., U)
0.4
0.2
0 _
—95 —90 -85 —80 =75 =70 ~65 —60 —55 =50

U+MTL

Probability of correct decode vs received signal level: total (solid curve),
Mode A/C only (dotted curve), Mode S short and extended only (dashed curve)

Figure 3.1-7 Decoder performance with lower Mode-S fruit rate due to
reduced TCAS range
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Ro=95 p=0 oc=2 MTL-T =11 Pm(0,T) =0.9 Nt(50) = 133 ah = 30000
050=0 N5=33 M5=-33 n =0.95
pu =0 ou=3 fza(Ro,Rp,0) = 53076 fzs(Ro,Rp,0) = 1817 vya=3 ys =7
0.9
0.8
0.7
Prr(Ro,Ra,— 5,850,0.5) 06
Prr(Ro,Ra, - 5,895,0.5)
""" 0.5
Prr(Ro,Ra,— 5,305,0.5)
Psm
- 0.4
0.3
0.2
0.1
0
0

Ra,Ra,Ra,Rsm

Probability of correct decode vs range: bottom dotted curve, 95 percentile; middle solid curve, 50
percentile; top dashed curve, 5 percentile. Segmented line represents minimum acceptable level.

Figure 3.1-8 Coverage associated with reduced TCAS interrogation
range

1090-WP-12-05 Page 78 of 128



1090 MHz Extended Squitter Assessment Report June 2002

As a final example of how sensitive model results are to assumed system characteristics,
Scenario 1 was rerun for the same initial parameters, except the mean of the product of
transmit and receive antenna gains was assumed to be 2 dBi rather than the 0 dBi in the
CE 2010 baseline case. This increase in gain extends the -84 dBm MTL range to Ro =
115 NM with the result that the overall performance is the same as Figure 3.1-4, but the
fruit rates at -84 dBm are fza = 71100 and fzs = 3381 rather than the lower values
previously obtained for the shorter MTL range.

Physically, this is explained by the fact that although the MTL level fruit is higher, the
associated range is longer, and we get to move further down on the resulting fruit
distribution curve to estimate performance at some shorter range of interest. Since the
same rerun of the Frankfurt 2000 baseline case resulted in higher than measured fruit
rates, 0 dBi is used for the other cases that follow.

3.2 CE 2010 Scenario 2

This scenario is intended to give some idea of the consequences of not taking appropriate
measures to control the 1090 Mhz interference environment. The same scenario 1 traffic
and ground interrogator distributions are assumed. In this case, however, operational
assumptions are not as optimistic. Four of the 36 SSRs (11%) are now assumed to be
Mode-S, and TCAS interference rate limit operation (although better than currently
measured) is not as effective as before in the scenario 1 baseline. Most significantly
perhaps is the assumption that hybrid surveillance is not implemented. The resulting
interference environment is represented in Figure3.2-1. Notice in particular that although
the ATCRBS fruit rate has not changed appreciably (58,000 replies/second verses 53,000
before), the Mode-S rate is now about 14,500 replies/second due to different assumed
TCAS operation.
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Rp =300 Nt(Rp) = 1758 ah = 30000 Ro =95 pu=0 ou=3

M =36 M-g-a =3.96 msi =1 SA =0.8

rt =40 Nte(rt) =74 s =0.8 ft=0.752 tsr=0.5 ao=2 ks =1 ss =1

average interrogation rates: ia=172 is=41.6 fza(Ro,Rp,0) = 58319

average reply rate/aircraft: za=137 zs =34.1 zsl=44 fzs(Ro,Rp,0) = 14529
2.5-10°

2-10

5
fza(Ro, Rp, U) 1310

fzs(Ro, Rp, U)

fzsl(Ro,Rp, U) 5
1-10

5-10

Fruit distribution with received level in dBm: ATCRBS, fza, (solid line);
Mode-S, fzs, (dotted line); Extended Squitter, fzsl, (dashed line).

Figure 3.2-1 Interference environment for CE2010 Scenario 2

Decoder performance in this case is given in Figure 3.2-2. Here, we see that Mode-S
interference has the more limiting effect on performance.
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ya=3 ys =7 fza(Ro,Rp,0) = 58319 fzs(Ro,Rp,0) = 14529
1 BT
0.8
p(Ro,Rp,U)
pa(Ro,Rp,U)
ps(Ro,Rp,U)
0.4
0.2
0
—95 —90 —85 -50

U+MTL

Probability of correct decode vs received signal level: total (solid curve),
Mode A/C only (dotted curve), Mode S short and extended only (dashed curve)

Figure 3.2-2 Decoder performance in Scenario 2

Modeled performance of ES in Scenario 2 is shown in Figure 3.2-3. In this case, the
computed 95-percentile range has been reduced to about 20 NM, primarily due to the
major increase in Mode-S interference associated with the less capable TCAS rate limit
operation assumed.
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Ro=95 p=0 oc=2 MTL -T =11 Pm(0,T) =0.9 Nt(50) = 133 ah = 30000
850=0 05=33 dM5=-33 n =0.95
pu =0 ou=3 fza(Ro,Rp,0) = 58319 fzs(Ro,Rp,0) = 14529 ya=3 s =7
0.9
0.8

0.7

Prr(Ro,Ra, - 5,850,0.5) 06

Prr(Ro,Ra, - 5,895,0.5)

""" 0.5
Prr(Ro,Ra, - 5,805,0.5)
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- 0.4

0.3
0.2

0.1

Ra,Ra,Ra, Rsm

Probability of correct decode vs range: bottom dotted curve, 95 percentile; middle solid curve, 50
percentile; top dashed curve, 5 percentile. Segmented line represents minimum acceptable level.

Figure 3.2-3 Expected ES Performance in Scenario 2
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3.3 CE 2010 Scenario 3

In this scenario, interference-related assumptions for ground SSRs and TCAS operation
are the same as for scenario 1, except the level of traffic is reduced to two- thirds of that
given by Eurocontrol for CE 2010. The reduced traffic load is shown in Figure 3.3-1.
Resulting fruit is given in Figure 3.3-2, and decoder performance is found in Figure 3.3-
3. This 67% reduction in CE 2010 air traffic, coupled with possibly optimistic
interference-related assumptions, produces the desired 40 NM coverage for 95% of the
equipage class, as illustrated in Figure 3.3-4.
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ah = 30000 D1=213 Rp =300 Nt(Rp) = 1172 Nt(150) = 512 Nt(100) = 267
Ro =95 pu =0 ou=3 am = 30000
1600
(0]
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Nt(R)
- 1000
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Wt(Ro, R, - 3)
800
Wt(Ro,R,— 7)
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Traffic distribution with range at altitude, ah, (solid line); scenario IAC at altitude, am, (circle
points); aircraft with signal level at least equal to MTL (lowest dotted line); at least equal to -3 dB
below MTL (middle dotted line); at least equal to -7 dB below MTL (top dotted line).

Figure 3.3-1 CE 2010 reduced traffic level Scenario 3
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Rp=300 Nt(Rp)=1172 ah = 30000 Ro=95 =0 ou=3

M =36 M-g-a=72 msi= 1 SA =0.8

rt =40 Nte(rt) =49 s =0.8 ft=0.752 tsr=0.2 ao=2 ks=02 ss=1

average interrogation rates: ia=162 is=5.1 fza(Ro,Rp,0) = 35384

average reply rate/aircraft: za=125 zs=49 zsl=44 fzs(Ro,Rp,0) = 1377
1.4-10°

12-10°

fza(Ro,Rp,U) 8104

fzs(Ro, Rp, U)

U+MTL

Fruit distribution with received level in dBm: ATCRBS, fza, (solid line);
Mode-S, fzs, (dotted line); Extended Squitter, fzsl, (dashed line).

Figure 3.3-2 Interference environment for Scenario 3
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ya=3 vs =7 fza(Ro,Rp,0) = 35384 fzs(Ro,Rp,0) = 1377
1
0.8
p(Ro,Rp,U)
pa(Ro,Rp,U)
ps(Ro,Rp,U)
0.4
0.2
—95 ~90 =50

U+MTL

Probability of correct decode vs received signal level: total (solid curve),
Mode A/C only (dotted curve), Mode S short and extended only (dashed curve)

Figure 3.3-3 Decoder performance in Scenario 3
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Ro=95 p=0 oc=2 MTL-T=11 Pm(0,T) = 0.9 Nt(50) = 89 ah = 30000
550=10 05=3.3 M5=-33 n =0.95
pu =0 ou=3 fza(Ro,Rp,0) = 35384 fzs(Ro,Rp,0) = 1377 ya=3 s =7
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Probability of correct decode vs range: bottom dotted curve, 95 percentile; middle solid curve, 50
percentile; top dashed curve, 5 percentile. Segmented line represents minimum acceptable level.

Figure 3.3-4 Evaluated ES Performance for Reduced Traffic Scenario 3
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4. Conclusions

An analytic model of the 1090 Mhz interference environment and expected ES capability
in that environment has been described and illustrated by applying it to the recent
Frankfurt flight test results. Agreement with measured data is shown.

ES capability in the CE 2010 expected operational environment was then examined for
several sets of scenario assumptions. Ranges of 30 miles in the forecast traffic levels are
obtained according to this analysis. In general, the desired 40 NM 95% coverage is
obtained only with a traffic level about two-thirds that in the Eurocontrol forecast.
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APPENDIX A. 4
PERFORMANCE ANALYSIS USING LINCOLN LABORATORY SIMULATION

Lincoln Laboratory collaborated with Eurocontrol in assessing the performance of
Extended Squitter in Europe for current and future conditions. This assessment was done
independently of the other participants in this study, making use of two simulation tools
that had been developed previously. The first tool is a pulse-level simulation, whose
output gives the probability of correct reception of an Extended Squitter signal as a
function of signal power. The second tool is a track-level simulation, whose input is the
per-squitter reception probability from the pulse-level simulation, and whose output gives
the performance over a time period such as 12 seconds. When applied to long-range air-
to-air surveillance, this simulation can determine the maximum range at which 95 percent
or more of the targets are being received sufficiently reliably to be in track and being
updated regularly as required by the ADS-B MASPS (RTCA DO-242, Feb. 19, 1998).

4.1 Pulse-Level Simulation

The pulse-level simulation generates a received Extended Squitter signal in the presence
of interference consisting of Mode A,C replies and Mode S replies and squitters, in both
long and short formats. When used to assess performance in Europe, this simulation
generates the interfering receptions having random timing, and random power levels,
whose distributions have been made to agree with the European environment. The power
distribution is described below in the section Interference Power Distribution.

This simulation was originally developed for the purpose of inventing enhanced reception
techniques for Extended Squitter. The simulation represents signals and interference as
1090 MHz radio frequency waveforms having amplitude and phase, so that destructive
and constructive summation is represented. Each transponder is assigned a specific
carrier frequency, which need not be exactly 1090 MHz. The frequency offsets were
random, uniformly distributed over +/-1 MHz in this study. Minor pulsewidth deviations
were also incorporated in this study. All pulses have risetimes and falltimes that
correspond to the effects of both transmitter and receiver. The simulation can be run
using different values of receiver bandwidth. Bandwidth was set equal to 8 MHz in this
study. In addition to the received interference, the simulation also includes receiver
noise, whose power was -100.7 dBm referred to the antenna in this study.

The received waveform, which is a sum of the Extended Squitter signal and all
overlapping interference plus noise is then converted to a log video waveform, which is
sampled at a steady rate. These steps are illustrated in Figure 1. The simulation can be
run at a sampling rate of 8 samples per microsecond or 10 seconds per microsecond. The
former rate was used in the European evaluation. The log video samples are then
processed using the enhanced reception techniques. These techniques include an
improved form of preamble detection, an improved method of declaring the 112 bits and
associated confidence bits, and an improved error detection/correction technique called
"Brute Force, n=5".
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Receiver noise (power = -100.7 dBm referred to the antenna, typ.)

Figure 1. Overview of the Pulse-Level Simulation

To generate reception probability as a function of received power level, the process is as
follows. The user assigns a total number of aircraft (1,000 aircraft for example) and
provides a range distribution. The simulation generates the ranges of these aircraft using a
pseudo-random process, following the given range distribution. Then, for each aircraft,
the nominal value of received power level is calculated using the following formula.

Nom. Received power (dBm at antenna) = -83.5 - 20 log10(range/100 nmi)

The next step is to apply a random power deviation to account for both transmitter power
differences from aircraft to aircraft and antenna gain effects. The user also assigns
transmission rate for three types of signals. For the main European simulation runs, these
rates were 130 Mode A,C replies per second, 8 short Mode S replies and squitters per
second, and 5 long Mode S replies and squitters per second. The simulation is run for a
fixed time period set by the user, typically 10 seconds. For each transmitting aircraft, the
total number of transmissions are made random in time, uniformly distributed over the
run time. Therefore, the reception times are essentially a Poisson process, having a
constant average reception rate for each of the three types of signals.

As each Extended Squitter is received, it is processed to determine whether the 112- bit
message is correctly received, including the effects of error detection/correction. All
such receptions, whether correct or not, are saved in bins according to the received power
level. Five-dB bins were used in this study. After the full run, which includes several
thousand reception opportunities in each of the major bins of interest, the number of
correct receptions in compared with the total number of opportunities. The probability of
correct reception is computed as the ratio:

Probability of correct reception = (no. of correct receptions)/(no. of opportunities)
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4.2 Interference Power Distribution

In running the pulse-level simulation for the European environments, it was necessary to
specify the power distribution of the interfering signals. This was done by examining the
range distribution of aircraft as measured in Frankfurt in May 2000, and also by
considering the range distribution of the Core Europe 2010 model. The two range
distributions are plotted in Figure 2 and Figure 3. For Frankfurt, the range distribution
used here is the maximum of the values given on page 4-73 of the Frankfurt report [ref.
XX]. For Core Europe, the range distribution used here was taken from the TLAT report,
pages H-1 and H-2. In both of these figures, the range distribution is compared against
the two simple mathematical models often used: uniform-in-area and uniform-in-range.
It is evident in both cases that the actual distribution is between these two simple models.
In other words, in both cases, the data exhibits some degree of concentration of aircraft
near the center point, but not as much concentration as a uniform-in-range model. As a
result, Lincoln proposed a 1.5-power model as a simple model to follow the trends
evident in both of these distributions. Figure 4 shows the 1.5-power model together with
both the Frankfurt measurements and the CE2015 model.

500 r————A——++t+t+t+t+tt++t+++t+—t+—t+—Tt+++

400

300

- Uniform-in-range model

200 7

Uniform-in-area model

100

RANGE (nmi)

Figure 2. Range Distribution of Aircraft Measured in Frankfurt
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Figure 3. Range Distribution of Aircraft in the CE2015 model

The Core Europe model for 2010, which is the maximum condition being considered in
this study, has the same range distribution as CD2015, but is lower in density.
Specifically, it is lower by a factor of 0.84. Given that the CE2015 model is greater than
the Frankfurt measurement by a factor of 2.20, it follows that the CE2010 model is
greater than the Frankfurt measurement by a factor of 1.83.

In summary, the Lincoln assessment of performance in Europe is based on a 1.5-power
model describing the range distribution of aircraft. This agrees well both with the
measurements of aircraft density in Frankfurt and with the range distribution relative to
Brussels in the CE2010 model. The two cases differ by a scale factor of 1.83. In
assessing performance for future conditions, Lincoln Laboratory made use of the CE2010
model, which was defined by EUROCONTROL.
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Figure 4. 1.5-Power Model for Both Frankfurt and CE2015
4.3 Fruit Modeling

In past work, the pulse-level simulation modeled the fruit rate and power distribution by
simply assigning a fixed transmission rate for each aircraft. Then the range distribution
of the aircraft determined the power distribution of the received fruit. To see whether this
same process could be used for the European environment, we made use of the airborne
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fruit measurements in Frankfurt [ref. XX]. Using the range distribution of aircraft for
Frankfurt 2000, and after trying several values, we adopted a value of 130 Mode A,C
transmissions/second, and generated the results shown in Figure 5. This shows the
cumulative distribution of received Mode A,C fruit, both for the Frankfurt measurements
and the results from the pulse-level simulation. This process gives reasonable agreement
between the measured fruit rate and distribution and the simulated rate and distribution,
so this was the process used in the European study.

6 10* ———— 1 -t i A A
A ]
5104 _A. ]
Calculated fruit rate T
i A‘// using 1380/sec. transm.
410* X

N :

210" -
L X / MeIEsured (12:16) .

easured (11:16)

110%

-90 -85 -80 -75 -70 -65 -60

RECEIVED POWER (dBm)

Figure 5. Mode A,C Fruit Comparison

Transmission rates are also assigned for Mode S signals in the pulse-level simulation.
For the European evaluation, the rates are 8 per second short Mode S signals, including
both replies to the ground and TCAS as well as short squitters, and 5 long Mode S
signals, including Extended Squitters (4.2/sec.) and long replies to ground based radars
(0.8/sec.).
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For modeling future conditions, for which we are considering increases in aircraft
density, we made simulation runs in two families. In one case, the total Mode A,C fruit
was held constant as aircraft density increases; and in the other case, the per aircraft fruit
was held constant, so that the total Mode A,C fruit increase in proportion to aircraft
density. The family of constant total fruit applies to a situation in which steps are being
taken to avoid increasing fruit in the event that aircraft density were actually to increase
significantly. It seems reasonable that if aircraft traffic were to actually grow by such a
large amount, and if Mode A,C fruit were to also grow by the same large factor, that
problems may develop for radar systems using 1090 MHz and for TCAS. Therefore,
incentives would increase for taking steps to reduce overinterrogation. Means that can be
employed include installation of Mode S and monopulse radars, lower interrogation rate
assignments, and more rigorous control of redundant radar installations.

4.4 Pulse-Level Simulation Results

The pulse-level simulation was run for three values of aircraft density and for each of the
two families (constant total fruit and increasing total fruit). The three values of aircraft
density are designated:

Aircraft density = 100% (which agrees with the meas. in Frankfurt)
Aircraft density = 150% (increased density)
Aircraft density = 183% (which agrees with the CE2010 model)

The results showing reception probability as a function of received power are given in
Table I. These results are shown graphically in Figure 6.

Table I. Results From the Pulse-Level Simulation

Received signal power Constant total fruit Increasing total fruit
(dBm at antenna) 100% 150% 183% 100% 150% 183%
-85 to -80 0.03 0.01 0.01 0.03 0 0
-80to -75 0.29 0.18 0.12 0.29 0.09 0.04
-75t0 -70 0.66 0.56 0.51 0.66 0.5 0.36
-70 to -65 0.83 0.78 0.76 0.83 0.73 0.65
-65 to -60 0.92 0.98 0.97 0.92 0.95 0.94
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Figure 6. Reception Probability Versus Received Power

4.5 Track-Level Simulation

The track-level simulation uses a Monte Carlo technique in which one run represents one
pair of aircraft at a given air-to-air range. In each run, pseudo random variables are used
to generate the antenna gain values and the transmitter power for that particular
transmitting aircraft. The TLAT model was used for the statistical variation of aircraft
antenna gains. After being generated at random, these values are held constant for that
particular pair of aircraft. Transmitter power is modeled as uniformly distributed over +/-
3 dB relative to the nominal value, 54 dBm referred to the antenna. This makes it
possible to calculate the four values of received power (top-top, top-bottom, bottom-top,
and bottom-bottom). To represent receiving antenna diversity, the stronger reception is
selected, and the weaker reception is not used. At this point in the calculation, there are
two values of received power, which correspond to the two transmitting antennas.
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Given these two values of received power, the simulation then makes use of the results
from the pulse-level simulation (Figure 6) to calculate the two corresponding values of
reception probability. To reflect the fact that transmissions are equally divided between
top and bottom, the simulation calculates the average of the two values of reception
probability.

This average reception probability (p) is then used to calculate the Effective Update
Period (EUP) for this pair of aircraft, using the formula:

EUP = 0.25 * In(0.05)/In(1 - p)

This formula is based on the criterion that a position or velocity message be received in a
period T. When the value of T is selected such that the reception probability is 0.95, then
EUP=T.

Having made this calculation for one pair of aircraft, the same process is used repeatedly
for other pairs, all at the same air-to-air range. For the European assessment, the
simulation was run for 1,000 aircraft pairs, at each value of range. Then the set of 1,000
EUP values were sorted to determine the 95% value (the value that exceeds 95 percent of
the 1,000 values). This process is repeated for several values of range, so that the result
shows the 95% value of EUP as a function of range. Simulation results in this form are
shown in Figure 7.

From these results, a comparison is made between the calculated performance and the
MASPS requirements, which are plotted in Figure 7. The range is determined within
which the MASPS requirements are met. The system range that results from this process
is a function of the aircraft traffic and interference conditions that were used. Combining
results of this type for several traffic densities, the results indicate the manner in which
system performance is affected by aircraft density and interference density.

Results of this kind are then considered to be a function of the aircraft density. When
plotted as a function of aircraft density, the final results are as shown in Figure 8.
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Figure 7. Surveillance Update Performance as a Function of Range
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APPENDIX A.5
BENCH TEST AND FLIGHT TEST MEASUREMENTS

PROVIDED FAA WILLIAM J. HUGHES TECHNICAL CENTER

5.1 Current Core Europe Rate Measurements

To determine overall 1090 interference rates for the Core Europe 2010 environment, it
can be helpful to examine details of the current environment to help predict future rates.
To gain insight into the geographic areas that may be expected to contribute to the Core
Europe environment, measurements taken En Route from Dublin, Ireland, to Frankfurt,
Germany, on May 16, 2000, were examined. The flight path taken is shown in Figure
A.5.1.1. The plot represented by label “A4AA47,” the ICAO address of the FAA
aircraft, is the data-collection flight path. The other plots are ICAO addresses of
Extended Squitter targets of opportunity received during the flight. As shown, the flight
path taken came close to the London terminal area and the Paris terminal area. Along
with the measurements in Frankfurt, current measurements from three of the high-density
terminal areas of Core Europe are defined by the measurements from the Frankfurt trials.
The data measured En Route to Frankfurt is shown in Figures A.5.1.2 through A.5.1.4.
The 1030 MHz interrogation rates can be compared to Frankfurt measurements to assess
the relative contributions of each of the high-density areas to the overall current Core
Europe airspace. Also examining the rates outside of the terminal areas reveals that
interrogation rates are relatively low outside the terminal areas.

Flight Paths All ADS-E Aircraft - May 16, 2000
10:45 to 12:42 GMT
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Figure A.5.1.1 Flight Path En Route Dublin to Frankfurt
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Figure A.5.1.2 ATCRBS Interrogation Rates Dublin to Frankfurt

Mode 2 & Mode S INTERROGATIONS - Dublin to Wiesbaden
May 16, 2000
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Figure A.5.1.3 Mode 2 and Mode S Interrogation Rates Dublin to Frankfurt
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Figure A.5.1.4 TCAS Interrogation Rates Dublin to Frankfurt

Figures A.5.1.5 and A.5.1.6 show the ATCRBS fruit reply rates near London. The data is
shown as cumulative amplitude distributions for both the top and bottom antenna for
several samples near London. The rate at —-84dbm varied from about 10K to 12K on the

top antenna while in the London area. On the bottom antenna, the rate was slightly
higher, 14K to 16K.
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Figure A.5.1.5 London ATCRBS Fruit Rates —Top Antenna

Amplitude Distribution - RMF Bot (ATCRBS)
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Figure A.5.1.6 London ATCRBS Fruit Rates — Bottom Antenna

The ATCRBS 1090 MHz fruit rates for several samples near Paris are shown in Figures
A.5.1.7 and A.5.1.8. The ATCRBS fruit rates near Paris are slightly higher than in
London. On the top antenna, the rate varied from 13K to 18K per second at —84 dBm.
On the bottom antenna, the rate varied from 18k to 23k at -84 dBm.
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Amplitude Distribution - RMF Top (ATCRBS)
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Figure A.5.1.7 Paris ATCRBS Fruit Rates — Top Antenna
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Figure A.5.1.8 Paris ATCRBS Fruit Rates — Bottom Antenna

5.2 Model Validation Analysis

Data was collected from bench measurements to provide validation of model
performance of the enhanced decoding techniques. The decoder models as previously
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described represent different methods of characterizing enhanced decoder performance.
The FAA bench model, as described in section 3.6.5, represents a post software
processing implementation of the enhanced decoder utilizing the analog video signal
from a fully MOPS compliant prototype receiver. Utilizing a bench setup that subjected
a known amplitude Extended Squitter desired signal level to a simulated ATCRBS
interference environment, probability of detection versus signal amplitude results were
compiled. A limitation of the bench equipment was that the interference environment
produced was solely ATCRBS replies. Comparisons to the models had to account for the
expected contribution of Mode S replies and Extended Squitter self interference.

The ATCRBS Interference Generator was specifically designed to support the model
validation efforts to substantiate model implementations. There was not sufficient time
to complete the appropriate ATCRBS environments that were desired for comparison to
the individual models. The ATCRBS rates initially targeted were the Frankfurt 2000
measurements of around 30,000 fruit per second at -84 dBm and above. The two rates
that runs were achieved with the generator were 19,000 fruit per second and 36,000 fruit
per second at —84 dBm and above.

The results are depicted in Figure A.5.2.1. The chart shows probability of detection of
receiving Extended Squitter as a function of amplitude. The baseline no interference
condition is depicted along with the 19,000 fruit per second and 36,000 fruit per second
from the bench measurements. Two different variations of the enhanced decoder are
shown for the 19,000 fruit per second case to show the performance difference of two
MOPS compliance implementations of the enhanced decoder. The results show similar
results for both cases. The results of the MIT/Lincoln Laboratory’s model are also
plotted as a comparison to the bench results. The 100% case representing the Frankfurt
2000 rates is depicted. The model results include the effects from Mode S interference
and self-interference, so a direct comparison cannot be made. However, considering the
expected effects of the Mode S and self-interference, the model results indicate a
conservative estimate of Extended Squitter performance. Previous bench comparisons
between the FAA bench testing performance and MIT/LL pulse-level simulation has
shown better performance with the FAA-enhanced decoder implementation, so this is
consistent with previous data.
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Figure A.5.2.1 Percent Detection in Bench ATCRBS Interference
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APPENDIX B
CRITERIA FOR STATE VECTOR UPDATE RATE

PROVIDED BY MIT/LINCOLN LABORATORY
1. Purpose

An initial evaluation of Extended Squitter performance in Europe used a criterion in
which it was assumed that the surveillance update rate would be unsatisfactory unless the
probability of receiving both position and velocity in a 12-second period is at least 95
percent. When it was found that the system performance calculated in this initial analysis
was very poor, attention was then given to several conservative assumptions that were
used in the analysis.

Appendix K of the Extended Squitter MOPS (DO-160) focuses on the update-rate
characteristics of Extended Squitter and compares this system to the baseline
performance defined in the ADS-B MASPS (DO-242). In Extended Squitter, receptions
times are random rather than being periodic, and position and velocity are received
separately. It is shown in the appendix that these differences in timing characteristics
should be considered when evaluating the surveillance update-rate performance. More
specifically, it is shown that a requirement for receiving both a position and a velocity in
a nominal surveillance period would yield significantly better update performance than
the baseline system. Therefore, a requirement for receiving both position and velocity
would not be appropriate for system evaluation.

The analysis in Appendix K applies to short ranges for which the nominal update period
is 3 seconds. The purpose of this appendix is to extend the analysis to the long- range
regime in which the nominal update period is 12 seconds.

2. Formulation

This study is formulated as an encounter between two aircraft, in which air-to-air
surveillance is occurring by means of Extended Squitter transmissions from one aircraft
that are being received by the other aircraft. The scenario represents en route flight, and
the encounter begins when the air-to-air range is 40 nmi, for which the nominal update
period is 12 seconds. One aircraft makes a 20-degree turn as illustrated in Figure 1. The
projected horizontal separation becomes less than 5 nmi after the turn, whereas the
aircraft would have been safely separated if the aircraft had not turned. The speeds of
both aircraft are 500 knots, and the turn rate is one degree per second. As the turn occurs,
surveillance information is received at the other aircraft, and eventually the received
information indicates that a conflict is occurring. Limitations in the surveillance update
rate have the effect of delaying the detection of the conflict.

To assess performance both of Extended Squitter and the baseline ADS-B system, a
Monte Carlo simulation was used. To represent Extended Squitter receptions, each
transmission is characterized by a constant reception probability. Therefore, the delay in
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receiving information about the change in separation is randomized according to the
actual reception times, which are random. To represent the baseline ADS-B system, the
phasing of the 12-second nominal update periods is random relative to the beginning and
ending of the turn.
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Figure 1. Scenario for Assessing Update Rates

In assessing performance, the simulation of the avionics on the receiving aircraft uses the
received information to estimate the projected horizontal separation, which is called the
miss distance. Figure 1 shows that true value of the instantaneous projected miss
distance, against which the simulation results can be compared.

3. Resuults

Simulation results for a typical encounter are shown in Figure 2. Because of the random
conditions, the behavior will change from run to run, but some significant differences can
be seen in just one run, as shown here. Note that during a 12-second period, the projected
miss distance changes considerably. Therefore, for the baseline system, the 12-second
spacing of updates will typically cause a significant delay in the time when the receiving
aircraft becomes aware of the change in separation. The amount of this delay depends on
the timing of the ADS-B transmissions relative to the turn timing. In this example (the
upper plot), the delay is about 5 seconds. This delay can be more or less, depending on
the timing of the surveillance.
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Figure 2. Simulation Results in Typical Cases
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The random timing of Extended Squitter is seen, in the lower plot, to provide typically
much more frequent information about the change in miss distance. For this run, the per-
squitter reception probability was set equal to 0.14, which is the value that would provide
0.95 probability of receiving both position and velocity in 12 seconds. That is,

P=[1-(1-p)"24]"2
For P = 0.95, the solution is p = 0.14.

Looking closely, one can see that every velocity reception provides nearly as much
information as if it had included position along with velocity. One can also appreciate in
this scenario that position inaccuracies and delays have a very small effect relative to
velocity inaccuracies and delays.

Statistical results from multiple runs have been generated and are presented below, but
even the Figure 2 results from a single run provide the answer to the main question.
Seeing that a single velocity reception is essentially as informative as a position and
velocity together, it follows that a criterion requiring both position and velocity reception
in 12 seconds would be overly conservative.

The following point of view may be helpful in providing insight along with the results in
Figure 2. Consider a particular 12-second period, and consider the moderately unlikely
event that no position information was received during this time. According to the
conservative criterion, any receptions during this time are of no value, but, in reality,
some velocity information may have been received. In fact, the average number of
velocity receptions during these 12 seconds is

Average number = 24 * (0.14) = 3.4 velocity receptions

Note that the randomness of velocity reception and position reception are independent, so
that even during this unlucky period, it is nevertheless likely that multiple velocity
receptions occur. Therefore, even during this low-probability event, surveillance is
typically updated accurately.

Running the simulation multiple times makes it possible to observe the behavior,
including rare events. Figure 3 shows the 95-percentile miss distance error together with
typical single runs for comparison.
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Figure 3. Results for 95-Percentile Worst Case
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These results show explicitly that the surveillance update performance is made
significantly better by the random timing characteristics of Extended Squitter. This is the
same principle identified in MOPS Appendix K, except shown here is for long-range
surveillance where the nominal update period is 12 seconds.

4. Two Turns

It is also interesting to consider a scenario in which the transmitting aircraft makes two
turns instead of one. This scenario introduces the possibility that the receiving aircraft
may detect the end of the first turn, and be less able to detect the second turn when the
horizontal separation actually becomes insufficient. A specific two-turn scenario is
considered, for which the results are illustrated in Figure 4. The transmitting aircraft
makes two 20-degree turns, separated by a 10-second straight section.

The results are similar to the behavior seen above. Depending on the phasing between
the 12-second periodic reports in the baseline system, an error develops simply because
time has passed while the geometry is changing. Given that the error can vary depending
on phasing, there is a substantial uncertainty in the actual projected miss distance.

Specifically, the results show that by the end of the 10-second straight section, the error
has become small, but that has little effect on the ability to detect the worsening
separation. As soon as the second turn begins, the behavior is essentially the same as in
the simpler case described above. In summary, given the ADS-B performance of the
baseline system in this long-range, 12-second regime, received information indicates that
some turning has happened but does not indicate more specifically that a turn has begun
and ended. This update-rate standard in the MASPS is based on the long-range
conditions and the fact that there is a substantial amount of time in which the situation
can be resolved.

1090-WP-12-05 Page 112 of 128



1090 MHz Extended Squitter Assessment Report June 2002

Projected Horizontal Separation
T =12 sec.
A Typical Case

20 +
=—first turn—= <—second turn—
—o—|
rg 15 T AXXXXXXXX
£
Ll
o / "
=2 XXXXXX XXX
< 10 - .
[ instantaneous
L projected miss
8 diStanCe XXX XK XXXX
2] 5 4 .
E 4
0 f ' ' '
0 20 40 60
TIME (sec.)
Miss Distance Error
° I
r L 95% worst case
g 4 [ typical case /
o . A o |
o 3 B Y 4 # | ': |
o N [ VIR Y i L}
o - ' 4 x 1 by |
L - /] B . L/ 'Y
1] 2L L4 . ) 5 kxxx®
I3 C /'] ¥ LY LA 3] .
> C I X Y LK o |}
< C ’ £ .| 4 i 1
= 1 ’ X LYBEd ¥ .
7 n ¢ 5 12 5 Y
-~ x X X
a [ P -F : .
¢ . y ] H .
[7)] 0 " & XXXXXXXXYXY x ‘
= C ~—first turn— ‘«—second turn—
1 C .
0
20 40 60
TIME (sec.)

Figure 4. Behavior for Two Small Turns

Seeing that a position-and-velocity criterion would be inappropriate, similar
calculations have been made for lower values of reception probability, p. Two other
values were considered:
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Position-and-velocity in 12 sec. =>p =0.14
Velocity in 12 sec. =>p=0.117
Position-or-velocity in 12 sec. =>p =0.061

The third criteria considered here is a natural choice because the report-generation
function of an Extended Squitter receiver generates a state vector report upon the
reception of each reception, whether position or velocity. The results are summarized in
Figure 5, which shows the average error in projected miss distance, averaged over 32
seconds, consisting of the 20-second turn and an additional 12 seconds. The results
indicate that the intermediate value, p = 0.117, is also inappropriate in the sense that
performance is much better than the baseline. The position-or-velocity criterion, p =
0.061, yields Extended Squitter performance nearly the same as the baseline.

& &
»° <
A s A &
QS O &
7 N Q”\oc’ 7
N N
£ s : |
P | | |
o [ | l
S | | |
c 9§ | | |
& o o | 1.99 MASPS baseline, 1.9 nmi
w o :
(/)] S
a 3 | | |
g : ]
o g : 8‘70/,,8 |:'.| 1.205 :
3 2 1. | ” |\|lIJ 0.985
r < [ [
o | | |
Z [ [ '
o [ [ '
o [ [ '
: : .
o 1 1 1
w O ' ' ' ' ) ' ' ) ' ' ' v
0 0.05 0.10 0.15

MESSAGE RECEPTION PROBABILITY

Figure 5. The Effect of Reception Probability
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5. Conclusion

The simulation and analysis of long-range surveillance for which the nominal
surveillance update period is 12 seconds shows the same principle as was previously
found for short-range surveillance. In evaluating Extended Squitter, a criterion requiring
both position and velocity to be received in 12 seconds would not be appropriate because
of the random timing characteristics of Extended Squitter, which have a beneficial effect
on the updating of surveillance information.
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APPENDIX C
TIS-B CROSSLINK ANALYSIS

PROVIDED BY MIT/LINCOLN LABORATORY
1. Introduction
1.1 Purpose

The purpose of this analysis of TIS-B on 1090 MHz is to estimate the interference effects
resulting from TIS-B operation in Core Europe 2010. Two effects are of interest:

= The worst-case total transmission rates. The analysis of Extended Squitter
performance presented in the body of this document accounts for TIS-B
transmissions by making the assumption that all aircraft in the scenario are Extended
Squitter equipped and emit 5.5 Extended Squitter transmissions per second. For
Extended Squitter-equipped aircraft in the scenario, these transmissions represent
actual ADS-B messages. For aircraft that are not equipped with Extended Squitter,
the 5.5 transmissions per second represent the TIS-B messages generated by the
ground for that aircraft. One purpose of this analysis is to validate the assumption that
the worst case for 1090 MHz transmissions is when all aircraft are Extended Squitter
equipped.

= The worst-case local interference effects. Aircraft operating near a TIS-B ground
transmitter will reliably receive TIS-B transmissions because of the strong signal
resulting from the short range to the transmitter. However, these strong signals also
have the possibility of blocking ADS-B receptions from distant aircraft. A second
purpose of this analysis is to estimate the impact on an ADS-B receiver when it is
subject to this “hot spot” effect.

The approach followed is to exhibit a 1090 MHz TIS-B ground architecture that is based
on a cellular concept and use it as the basis for estimating both total and local worst-case
transmission rates.

1.2 Overview

The analysis begins with a definition of the 1090 MHz TIS-B formats. This is followed
by a definition of the ground architecture, including the number of cells modeled for Core
Europe. Next, the surveillance sources that will be used as the basis for TIS-B are
defined, together with a specification of the number and equipage of aircraft in the 2010
scenario. TIS-B transmission rates are calculated per aircraft and then used to estimate
total TIS-B transmission rates. A comparison is then made to the 100% Extended
Squitter-equipped case. Finally, the hot spot effects are analyzed. The analysis concludes
with a summary of the major findings.
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2. 1090 MHz TIS-B Formats

Two types of formats are defined for TIS-B on 1090 MHz:

* Fine Formats. The fine TIS-B formats are similar to those used for Extended Squitter
ADS-B operation. These formats are intended for use with surveillance data that is
the same quality as that used for ADS-B. Examples of such data quality are
surveillance inputs obtained by monitoring other ADS-B links, or a ground-based
multilateration system.

The following fine TIS-B format types are defined:

— Airborne Position

— Airborne Velocity

— Surface Position

— Identification and Category

= Coarse Format. The coarse format combines both position and velocity data into a
single message. It is intended for use with surveillance data sources that are not
accurate enough to warrant the use of the fine formats. The principal example is
surveillance data derived from a scanning beam ground radar.

3. Ground Architecture
3.1 Overview

The TIS-B service area is composed of a number of hexagonal cells. Each cell defines
the area of service for the TIS-B transmitter located in the center of that cell. Overlap (or
a buffer zone) at cell boundaries only needs to be large enough to ensure continuity of
service across the cell boundary. A minimum service overlap between adjacent cells is
desirable in order to eliminate unnecessary duplicate TIS-B transmissions. Since TIS-B
aircraft position reports are expected to be reasonably accurate in order to provide useful
service, a buffer zone of 2 NM is assumed at cell boundaries.

3.2 Cell-Size Considerations

The cell size has an important role in determining TIS-B operating characteristics. A
smaller cell size is desirable for the following reasons:

= A reduced maximum transmission range increases the probability of squitter
reception.

= A smaller cell contains fewer aircraft. This lowers the cell transmission rate and thus
reduces the hot spot effect.

= Due to earth curvature effects, a shorter operating range results in better low-altitude
coverage.
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The area defined for the Core Europe scenario is a circle of radius 300 NM. The number
of hexagonal cells required to cover this area as a function of cell size is presented in
Table 1. The table shows the cell area for each range, together with the area of the cell as
increased by the buffer zone. The “Traffic Multiplier” column represents the amount of
increased transmission rate due to duplicate coverage in the buffer zones.

Table 1. Core Europe Cell Size Versus Number of Cells

Cell Size (nm) No. Cells Cell Area Area+Buffer Traffic Multiplier
25 174 1624 1756 1.08
30 121 2338 2496 1.07
35 89 3182 3367 1.06
40 68 4156 4367 1.05

A cell size of 30 NM appears to provide a good tradeoff off of maximum cell range and
number of cells required. The 30 NM cell size will be used as the basis for this
interference analysis.The analysis is based on the assumption that all cells are the same
size. In practice, the option exists to use smaller cell sizes in highest density airspace and
larger cells in lower densities.

A description of a typical TIS-B cell used in this analysis is presented in Figure 1.
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BUFFER ZONE

Figure 1. TIS-B Cell Characteristics

4. TIS-B Surveillance Sources

Three ADS-B equipage classes are included in the Core Europe 2010 scenario. The
equipage classes and the TIS-B surveillance source and characteristics for each class are
as follows:

VDL-4. VDL-4 transmissions are used as the basis for TIS-B for VDL-4-equipped
aircraft. This application of TIS-B is sometimes referred to a “crosslink™ service,
since it provides compatible operation between aircraft using different ADS-B
technologies. VDL-4 ADS-B transmissions are assumed to be broadcast with a 5-
second update rate. The high-quality surveillance date provided by VDL-4 will
require the use of the fine TIS-B formats.

Non-ADS-B. ATC ground surveillance radar is used as the basis for aircraft that are
not equipped with ADS-B. A 6-second radar scan time is assumed. The quality of
surveillance data provided by ground radars can be supported using the coarse TIS-B
format.

Extended Squitter. No TIS-B surveillance source is necessary for Extended Squitter
aircraft, since TIS-B transmissions on 1090 MHz are only used for aircraft that are
not equipped with Extended Squitter.
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5. Core Europe 2010 Traffic Model

The traffic model used in this analysis is the Core Europe 2010 traffic model defined by
Eurocontrol. It includes a total of 1,744 aircraft within a 300-NM radius circle. AD-B
equipage for these aircraft is as follows:

= 60% (1,046 aircraft) are VDL-4 equipped
= 10% (174 aircraft) are Extended Squitter equipped
= 30% (524 aircraft) are non-equipped

6. Transmission Rate Per TIS-B Aircraft

The TIS-B transmission rate for a given aircraft depends upon the input data source for
that aircraft (VDL-4 or ATC radar). It also depends upon whether an update is defined to
include a position message or a velocity message, or whether the condition for an update
requires both a position message and a velocity message.

Table 2 presents the TIS-B transmission rate per aircraft and the required single-squitter
reception probability to provide a 95% probability of an update in 5 seconds (VDL-4) or
6 seconds (ATC radar for unequipped aircraft). Results are presented for both
position/velocity requirement cases.

Table 2. TIS-B Transmission Rate per Aircraft

Position or Velocity Position and Velocity
Fine Format Coarse Format Fine Format Coarse Format
Source Update Message | Sqg/Sec P Sqg/Sec P Sq/Sec P Sqg/Sec P
(Sec) Type
Pos 1 25
VDL-4 5 Vel 1 - - 25
ID 0.1 0.3
Total 21 0.25 5.3 0.25
ATC Radar 6 - - 2 0.22 - - 2 0.22

Figure 2 shows the 95th percentile Extended Squitter reception probability versus range
in NM for the Core Europe 2010 traffic scenario with a Mode A/C fruit rate of
45,000/second referred to —84 dBm. The reception probability at 30 NM is seen to be
greater than the target value of 0.25 used in the transmission rates presented in Table 2.
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Figure 2. 95th Percentile Extended Squitter Reception Probability Versus
Range in NM

7. Total TIS-B Transmission Rates

Table 3 presents the total TIS-B transmission rates for the Core Europe 2010 traffic
scenario. The total number of TIS-B, plus actual Extended Squitter transmissions per
second, is seen to be 4,429 for the position or velocity case, while it is 8010 for the
position and velocity case.

Table 3 also presents the total transmission rate for the case where all aircraft are
Extended Squitter equipped and broadcasting 5.5 squitters per second (the assumption
made for the performance analysis in the body of the document). This rate is seen to be
9,592 transmissions per second, which is greater than the total rates for the equipage of
the 2010 scenario. This result validates the assumption made in the body of this report
that assumed 100% equipage of Extended Squitter would account for the transmissions
generated in support of TIS-B on 1090 MHz.
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Table 3. Total TIS-B and Extended Squitter Transmissions for Core Europe

2010
Position or Velocity Position and Velocity
Equipage No AC Sq/AC/Sec Sq/Sec Sq/AC/Sec Sqg/Sec
VDL-4 1046 2.1 2197 5.3 5544
Unequipped 524 2 1048 2 1048
Total TIS-B 1570 3245 6592
Total TIS-B
w/Buffer Effect 3472 7053
(1.07)
ES 174 5.5 957 5.5 957
Total TIS-B 1744 4429 8010
Plus ES
100% ES 1744 5.5 9592 5.5 9592

8. Hot Spot Effects

The hot spot effect relates to the effect on the performance of a 1090-equipped aircraft
that is located in close proximity to a cell TIS-B transmitter. The TIS-B transmissions
will likely be of higher power than air-air Extended Squitter transmissions. This would
have the effect of blocking reception of these air-air transmissions if they are overlapped
by a TIS-B transmission.
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Figure 3 presents the probability that a TIS-B transmission will not overlap a received
Extended Squitter as a function of the cell TIS-B transmission rate.
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Figure 3. Probability That a TIS-B Transmission Will Not Overlap a
Received Extended Squitter

Table 4 presents the effect on air-air extended squitter reception performance for an
aircraft flying near a cell transmitter. A worst-case cell transmission rate is seen to be
118 TIS-B transmissions per second, which corresponds to the case where both position
and velocity are required for a track update. From Figure 3, this is seen to represent a
reception reduction factor of 0.97, which is considered to be a minor effect.
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Position or Velocity

Position and Velocity

Total TIS-B Transmissions/sec 3472 7053
Average Transmissions/sec per Cell 29 59
(120 Cells)
Peak Transmissions/sec per Cell 58 118
(Estimated factor of two)
Squitter Reception Reduction Factor 0.98 0.97

due to Collision with TIS-B Transmission

Table 4. Effect on Performance of Aircraft Flying Near a Cell TIS-B
Transmitter

9. Conclusions

The principal findings of this analysis are:

= Total Transmissions. The total Extended Squitter plus TIS-B transmission rate is
less than the transmission rate modeled for the 100% Extended Squitter case. This
validates the assumption made in the main performance analysis in the body of this

document.

= Hot Spot Effect. TIS-B transmissions have a minor effect on reception performance
for aircraft operating near a cell transmitter. The net effect is to lower the Extended
Squitter reply probability by a factor of 0.97.
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APPENDIX D
ENHANCED PROCESSING OVERVIEW

PROVIDED BY MIT/LINCOLN LABORATORY
1. Background

Extended Squitter reception includes the detection of the Mode S 1090 MHz waveform
preamble, declaration of the bit and confidence values, error detection, and (if necessary)
error correction. The original techniques for squitter reception were based upon
techniques developed for use in Mode S narrow-beam interrogators and for ACAS. In
both of these applications, the rate of Mode A/C fruit that is stronger than the Mode S
waveform is relatively low, nominally less than 4,000 fruit per second.

The initial applications investigated for Extended Squitter included long-range air-ground
surveillance, surface surveillance, and support for ACAS. Of these three applications, the
only one with the potential for operating in significantly higher fruit environments was
the air-ground application. For this application, it was possible to use sectorized antennas
(6 to 12 sectors) to limit the amount of fruit detected by any receiver.

Extended squitter applications were then extended to long-range air-air surveillance (up
to 90 nmi) in support of self-separation applications. For these applications, sectorized
antennas are not an option. In high-density environments, it is possible to operate with
fruit rates of 40,000 fruit per second and higher.

The operation of Extended Squitter in very high Mode A/C fruit environments has led to
the need to develop enhanced processing techniques to be able to cope with the much
higher level of Mode A/C fruit. This work was initiated by the FAA in 1996. Elements
of these processing techniques have been incorporated into prototype 1090 ADS-B
receivers and ACAS equipment. The complete set of these techniques will be
incorporated into the revised MOPS for 1090 MHz ADS-B (see 4. of this appendix).

2. Enhanced Squitter Reception Technique Overview

Enhanced squitter reception techniques have been developed that provide the ability to
operate in high Mode A/C fruit environments. Such enhanced reception techniques are
composed of the following elements:

= Improved preamble detection to reduce the probability of a false alarm caused by
detection of an apparent Mode S preamble synthesized by overlapped Mode A/C fruit
replies.

* Improved bit and confidence declaration based on the use of amplitude to aid in the
interpretation of the squitter data block.

= More capable error correction techniques that are optimized to the characteristics of
the bit and confidence process.
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Each of these techniques is described briefly in the following paragraphs.

2.1 Improved Preamble Detection

The preamble to the Mode S waveform was designed to be difficult to synthesize from
overlapping Mode A/C fruit. While this was true for the low Mode A/C fruit levels
encountered in the original Mode S applications, it is no longer the case for the very high
fruit levels associated with long-range air-air applications. Preamble false alarms caused
by overlapping Mode A/C fruit can result in lost Extended Squitter receptions if the
receiver is busy processing a false alarm when an actual Extended Squitter is received.

The actual Mode S preamble contains four pulses. The improved preamble detection
technique requires the presence of the actual four-pulse preamble, plus the detection of
energy in the first five data pulse positions. This improved technique has been shown to
significantly reduce preamble false alarms caused by Mode A/C fruit.

2.2 Improved Bit and Confidence Declaration

Each data bit in a Mode S squitter is represented by a pair of pulses (known as chips) that
define the value of the data pulse by a technique called pulse position modulation. A chip
in the first half of the data pulse position represents a binary “ONE.” A chip in the
second half of the data pulse position represents a binary “ZERO.” A second bit
characteristic known as bit confidence is also determined. Bit confidence attempts to
identify bits that are likely to have been overlapped by interference and thus may be
candidates for bit reversal by error correction. The presence of energy in both chip
positions is one indication of overlapping interference.

The original techniques only compared the relative value of the two chips to determine
the bit value. The stronger of the two chips determined the declared binary value. This
process is vulnerable to bit errors if the stronger chip is actually due to the presence of a
stronger overlapping Mode A/C fruit pulse.

The enhanced techniques use the absolute pulse amplitudes (rather than just the relative
values) to make bit and confidence declarations. A reference level formed from the
amplitudes of the preamble pulses is used to judge whether or not a given chip is part of
the extended squitter reply (if it is near the same amplitude as the reference level) or is
likely to be the result of an overlapping Mode A/C fruit pulse (if the amplitude is
different from the reference level). This improved technique has been shown to
significantly improve the accuracy of bit declaration. It also leads to a small number of
low-confidence declarations, an important consideration for error correction.

2.3 More Capable Error Correction Techniques

The original error correction technique is not suitable for operation in very high fruit
environments due to a high undetected error rate when operating with multiple
overlapping Mode A/C fruit. The more capable error correction techniques are designed

1090-WP-12-05 Page 127 of 128



1090 MHz Extended Squitter Assessment Report June 2002

to take advantage of the small number of low-confidence declarations produced by the
improved bit and confidence-generation techniques. These new error correction
techniques provide good error correction performance and a very low undetected error
rate.

3. Performance Benefit

The original reception techniques were only able to reliably tolerate the effects of one
overlapping Mode A/C reply that was of higher amplitude than the received Extended
Squitter. The enhanced techniques are able to provide useful probability of reception for
an Extended Squitter that has five or more overlapping Mode A/C replies.

4. Reference Material

A detailed description of the enhanced techniques is presented in Appendix I to the 1090
MHz ADS-B MOPS, RTCA DO-260A. A copy of this document can be obtained as
follows:

= Access http://adsb.tc.faa.gov/ADS-B/186-subf.htm

= Select “WG#3 1090 MHz”

= Scroll to the bottom of the page and select “Appendix 16.”

DO-260A is a revision to the initial version of the 1090 MHz ADS-B MOPS that was
published in September 2000. The principal changes in the revised MOPS are (1) the
addition of requirements for enhanced processing techniques, and (2) formats and
processing requirements for TIS-B on 1090 MHz. Performance equivalent to the
enhanced techniques will be required by the MOPS for Extended Squitter equipment
intended for use with long-range air-air applications (Class A2 and A3). DO-260A is
scheduled for completion in January 2003.
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