5. RFENVIRONMENT SUMMARY

51 Overview

The airspace surrounding Frankfurt, Germany, has been shown to have one of the
highest fruit rates measured anywhere in the world, due to a combination of high traffic
density and very high numbers of ground interrogators (largely military ATCRBS
interrogators) that operate at high interrogation repetition frequencies (IRFs). The
German CAA, Deutsche Flugsicherung GmbH (DFS) and the U.S. Department of
Transportation / Federa Aviation Administration (FAA, with their subcontractor MIT
Lincoln Laboratory) agreed to collaborate on a measurement activity. A primary purpose
of this activity was to improve the current understanding of the RF environment in the
Frankfurt area.

The main research questions that were to be addressed through this measurement
activity with respect to RF load were:

1. What are peak/average 1090 MHz reply and suppression rates and the 1030 MHz
interrogation rates in Frankfurt in May 20007?

2. Doesthel090 MHz reply rate vary with time, location, and if so, how?

3. Can traffic count, interrogator count, and interrogator repetition frequency (IRF)
explain measured fruit rates?

4. Aretransponders that reply to Mode S All/Call interrogations while on the surface
at Frankfurt airport a significant source of fruit?

5. What contribution to the interrogation rate (and hence the corresponding 1090
MHz reply rate) is associated with civil and military radar installations?

6. How do measured interrogation rates, reply rates, and suppression rates compare
with the measurements made in 1995 in the Frankfurt area?

Some of the above questions were not answered to the full extent in this report
due to the limited time available which was not sufficient to analyze al of the datain the
appropriate detail.

Sections 4.3.1. and 4.3.2. present the available measurement results to the
appropriate detail and are separated by the SSR reply (1090 MHz) and interrogation
(1030 MH2z) channels, while 4.3.3 details the aircraft distribution during the common
May 2000 measurement program. Various equipment was on board the aircraft to
measure similar or complementary data. Since the different anal yses sources that were
used, agreed in general with each other, high confidence can be given to the results. The
following paragraphs summarize these results to give an overall picture on the
environment during the trials period. If not stated otherwise, the results are obtained at
flight level 220. In addition, open issues will be identified for future analysis either with
the data already available or for further examination in future trials.
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Note: The lines showing in the following figures (5.2.-1. through 5.3.4.)
connecting the data points are provided only to allow the reader to
clearly differentiate the data points and are not intended to depict any
trend in the data

5.2 1030 MHz Interrogation Environment

The interference environment depends on the number of active interrogators
(ground based or airborne), while the reply channel load a so depends on the number of
aircraft. While the 1030 MHz receptions were contributed by many individual radars and
TCAS, some consideration was given to identification of individual radar stations. It is
possible, although difficult and time consuming to identify ATCRBS interrogators based
on their characteristics such as rotation time, interrogation frequency and stagger pattern.
Mode S ground interrogators can, in principle, be identified by their Interrogator
Identifier (11) Code, TCASII aircraft can be identified due to their 1030 MHz broadcast.
Therefore, Mode Sinterrogators in general can be identified. However, only one Mode S
ground interrogator was operating in the trialsarea. The following discussion will focus
on asummary of ground based and airborne interrogations.

The measured interrogation rates were found to vary with aircraft altitude and
location. On two occasions during the trials a 10 minute Military Radar Shut Down
(MRSD) was coordinated for 24 May and another MRSD for 25 May. Note that only
military radars located in Germany were requested to be shut down. Therefore, at |east
military radars beyond German borders were still having an effect during MRSD periods.
It turned out that those periods could not be identified as clearly as expected. Thereis
evidence that some military radars were active in thistime period (see below). Also,
specific knowledge is missing about the actual time or about the duration each single
radar was switched off. It may well be that some were turned off alittle bit later when
others were aready switched on again.

In the Figure 5.2-1, MRSD (1) represents the data measured in the agreed 10
minute period, while MRSD represents a 30 minute period from 11:00 to 11:30 UTC,
including MRSD (1). Results achieved more than 15 minutes after the MRSD period are
described as“normal”. The front part of the figures covers measurements in the
Frankfurt (FFM) area, while at the end results were measured near Munich (MUC) and
in the southern region (south).

The highest Mode A interrogation rates were measured on 19 and 25 May (mean
and max values) and 24 May (mean only). In southern Germany the interrogation rates
reach about 50 % of the Frankfurt rates measured at the same altitude. During the MRSD
period on 24 May the interrogation rates decreased between 20 % and 30 %. Very
similar values were measured on Saturday, 20 May. On 25 May, the MRSD (1) period is
not significantly different from the MRSD or from “normal”, but generally on a higher
level. Since 25 May was declared as the backup day, the participation might not have
been as significant.
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Figure5.2-1. Mode A Interrogation Rates

(MRSD = Military Radar Shut Down)
Note: Peak values due to radar malfunction are not taken into account in
thisfigure

As shown in Figure 5.2-2, the same result appears to apply to Mode C
interrogation rates, but at alower level in general. The maximum valueon 19 May is
lower than 24 and 25 May. Again asignificant drop during MRSD on 24 May (more
than 25 %), which this time has no correspondence in the mean values. On 25 May,
interrogation rates stay at a high level.



int/sec

600

550
500 max A mean

450

400

350

300

250

200 o

150 TN e

100 & — A~ & A A A A
50 B A A A

19May 20May 24May 24May 24May 25May 25May 25May 22May 25May 22May 25May
FL220 MRSD MRSD MRSD MRSD FFM MucC MucC south south
() ()

Figure5.2-2. Mode C Interrogation Rates

(MRSD = Military Radar Shut Down)

The average ATCRBS interrogation rate when in the Frankfurt area was 264
interrogations per second. The rate varied from the lowest of 240 interrogations per
second on May 20 (Saturday) to 294 interrogations per second on May 24 (Wednesday).

The two trips to Munich produced interrogation rates of 156 and 160
interrogations per second. Theratio of Mode A to Mode C near Frankfurt was 1.24:1.
On the round trip to Munich, the ratio was 1.43:1. Thisis probably the result of more
"long range” radar sites on the Munich trip as many of those use 2:1 interlace. By
comparison the measurements made in Los Angeles [Ref 10] indicate that the ratio was
nearly 1:1 in that airspace.

Thetotal Mode A and Mode C peak interrogation rate was 673 interrogations per
second on May 24 (Wednesday) when making the Frankfurt orbits. This was comprised
of 412 Mode A interrogations and 262 Mode C. The peak rates on the Munich trip were
much lower. Thetotal peak rate in the Munich areawas 253 on May 22 and 329 on May
25. While most of the DFS interrogators use a Mode ACAC interlace Mode A
interrogations rates were all the time significantly higher than Mode C rates.

The peak rates are the result of two different phenomena. One is apparently
radar(s) with side lobe suppression (SLS) characteristics out of specified limits. This
appeared at least on two days and causes interrogations that should be suppressed to
appear unsuppressed, thereby causing extra replies from transponders. The second cause
of excessive peaks was seen only in Mode A. There are apparently interrogators with
directional antenna capability that interrogate for several seconds at arate of 300 to 350
interrogations per second. Thus asingle radar with either characteristic can cause the
peak rate to increase dramatically.
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The number of measured suppression rates give another picture of interrogator
activities on the ground and in the air. Figure 5.2-3 summarizes the measured data from
19 to 25 May. The maximum rate that appears on the 24 May data show by far the
highest values, while the drops seem to correspond with the MRSD periods, thistime also
on 25 May. The drop in suppression rates due to the military radar shut downisin
proportion to the interrogation rates: Even with different values for the different cases for
mean and max the difference between with and without military radarsis about 15%. In
addition Figure 4.3.2-6 indicates that during that time period, military radars were still
operating (ongoing Mode 2 activity during the MRSD period). The question remainsiif
those radars were inside or outside German borders. An analysis based on the power
level of received Mode 2 interrogations would give a hint but no definite answer. The
bottom curve represents the maximum suppression rate generated by airborne
interrogations.
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Figure 5.2-3. Summary of Suppression Rates

(MRSD = Military Radar Shut Down)

In Figure 5.2-4 the upper curve shows the maximum total suppressions, while the
other curves represent mean and maximum value of suppressions generated by ground
based interrogators. All values exclude suppressions generated due to Mode S
interrogations. On two days, Monday 22 May afternoon and Thursday 25 May early
afternoon N40 was En-route towards Munich, covering some of the South German
airspace. Figures5.2-3 and 5.2.-4 also give the impression of lower suppression ratesin
Munich and the whole southern German area. While the rates appear to be dightly
higher in Munich than in the surrounding area, the values are 40% bel ow those measured
in the Frankfurt area.
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Figure 5.2-4. Summary of Ground-Based Suppression Rates

(MRSD = Military Radar Shut Down)

Figure 5.2-5 details the altitude dependence of interrogation and suppression
rates. A significant decrease in maximum Mode A interrogation rates below FL 150 is
apparent. The decreasein Mode C is nearly constant above FL 100. Some dependency
can be seen comparing Mode S interrogation rates and suppressions, in particular at FL
100 and below.
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Figure 5.2-5. Altitude Dependence of Measured Interrogation Rates
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5.3 TCASII Activitiesin German Airspace

Due to the European mandate, the number of TCAS Il equipped aircraft has
increased significantly. The measurements reveal that for the Frankfurt area 80% of all
Mode S equipped aircraft are al'so equipped with TCASII. Figure5.3.-1 aso
incorporates the four (mean) and eight (max) identified TCAS |1 equipped aircraft
operating 1995 in the Frankfurt area (30 nmi) at the same time. 24 May shows the highest
maximum values, but lowest mean values at the sametime. The “max”-values for 24
May are higher than 50 aircraft.
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Figure5.3-1. Number of TCASII Equipped Aircraft

(MRSD = Military Radar Shut Down)

The number of TCAS I equipped aircraft islower in the southern part of
Germany. While the percentage for Munich varies between 50 % and 60 %, the rates
drop to 30 % for the rest.

TCAS I interrogates aircraft in the vicinity either with ATCRBS-only (Mode C-
only) interrogations using a specified Whisper-Shout sequence or with Mode S
interrogations. Figure 5.3-2 summarizes the number of ATCRBS-only interrogations
measured in the Frankfurt area. From the interrogation rates it becomes evident that
TCASisamajor contributor to the environmental load. However, contrary to ground
interrogators there is neither high interrogation power nor a high gain antenna. This
limits interference contribution, as well asthe surveillance range. TCAS interference
limiting algorithms will further reduce the surveillance coverage in areas where thereisa
concentration of TCAS equipped aircraft. Asindicated in4.3.1 nearly all of the Mode S
and ATCRBS-only activity is caused by TCAS Il equipment, since there was only one
Mode Sradar inthe area. The ground Mode S radar generated |less than 5 % of the
Mode S and ATCRBS-only fruit.
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The “mean” values seem to be rather constant in Frankfurt, more variation
appears for the “max”-values. The resultsindicate that TCAS II Mode C-only
interrogations add between 25 % and 40 % (30 to 70 interrogations / sec) to the ground
Mode C interrogations.

Figure 5.3-3 shows that the mean Mode S interrogation rate stays rather constant
between 250 and 300 interrogations around Frankfurt, with adrop on Saturday, 20 May.
The generally lower rates on 25 May also correspond to the lower number of TCASII
equipped aircraft on that day.
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Figure 5.3-3. Distribution of Mode S Interrogation Rates

(MRSD = Military Radar Shut Down)

A dlight increase in the mean Mode S interrogations can also be noticed during
the MRSD phase on 24 May. This may be related to alower interrogation rate, which
reduces the fruit levels on the reply channel, thus allowing TCAS 11 to detect and
interrogate more squittering aircraft in the vicinity. The number of TCAS Il equipped
aircraft isdisplayedin Figure 5.3-1.

Figure 5.3-4 presents ATCRBS-only interrogations. For both ATCRBS-only and
Mode S interrogations the values measured around Munich and the southern part of
Germany reflect the aircraft count and are about 50 % below the Frankfurt rates. While
most of these interrogations result in a suppression, the bottom line indicates the
maximum rate of interrogations requiring areply from ATCRBS transponders.
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54 Aircraft Distribution and 1090 M Hz Fruit Environment

Fruit rates depend on both the interrogation rates seen by each aircraft and the
distribution of aircraft within reception range of the affected receiver. Thereforeit was
an essential part of the Frankfurt trials that detailed measurements be made of the number
and distribution of all aircraft that could be a source of interference to the ADS-B
receiverslocated in the Frankfurt area. An estimate of at least 520 aircraft in view of a
sensitive receiver on N40 was obtained as follows.

Datawas (wereis correct, thisisinserted with apologies to our British colleagues)
collected from the DFS radar surveillance system to determine the number of
transponder-equipped aircraft within German airspace (approximately a 200 nmi radius
surrounding Frankfurt). Because multiple radars contributed to this data set it is expected
that almost all transponder-equipped aircraft are accounted for within it. From these data
(summarized in Figure 4.3.3.-1) we estimate that on average about 400 aircraft were aloft
within 200 nmi of Frankfurt throughout the trials period.

It was important to characterize the aircraft distribution by transponder type
(Mode Svs. ATCRBS). The DFS surveillance data, because it was based on the
aggregate outputs of ATCRBS interrogators, could not be used for this. Instead, the
experimental Mode S sensor at Goetzenhain was configured to measure ATCRBS and
subsequently Mode S aircraft counts for a 100 nmi radius surrounding Frankfurt. From
these data it is estimated that the Mode S proportion of the overall traffic count varies
between 50-70% throughout the airspace surrounding Frankfurt.
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Recognizing that a sensitive receiver will be affected by interference from aircraft
beyond 200 nmi, an estimate was made of the number of such aircraft. A count was
made of the TCAS acquisition squitters visible to the RMF on N40 to the limits of the
RMF sensitivity. An average of 430 distinct Mode S addresses were identified during a2
minute averaging interval. Although Mode S addresses could be obtained by decoding
Mode S replies and acquisitions, no range information was available solely through
processing of the RMF data. Instead, this number was multiplied by a conservative factor
accounting for the Mode S equipage ratio to obtain an estimate that at least 520 aircraft
were visible to a sensitive receiver on N40. Moreover, it was possible to use the DFS
multiradar data as a cross check. Inthis case, it was estimated that 200 of the 430 distinct
Mode S addresses were within the overall aircraft count based on radar data (applying the
estimate of 50% Mode S equipage as a portion of all transponder-equipped aircraft). This
left 230 Mode S aircraft that likely were located beyond the 200 nmi radar limit. Again
applying the 50% Mode S equipage ratio, this yields an estimate of 440 total aircraft
beyond 200 nmi, or atotal of 840 transponder-equipped aircraft within view of a
sensitive receiver located on N40. The more conservative estimate of 520 aircraft was
chosen as the average estimate of aircraft count.

Analysis of multiple ground radar recordings reveal that altitudes between zero
and 10,000 feet were the most common. Higher altitude aircraft are approximately
uniformly distributed between 10,000 and 40,000 ft. Above 30,000 ft, the distribution is
seen to be concentrated at the odd thousands, which is consistent with the understanding
of the air traffic control practicesin Europe. The median dtitude is seen in Frankfurt to
be about 11,000 ft on work days. At weekend this value decreases to some extent.
However, thisis still significantly higher than the altitude distribution in Los Angeles,
where the median altitude was measured to be about 4000 ft. Beside that the fruit rates
do not vary with altitude as much as interrogation rates.

Thetrias results exhibit considerable variation in aircraft density from day to day
and as afunction of time on asingleday. The results indicate that 24 May experienced
the maximum overall density of aircraft, among the three test day cases analyzed,
increasing from the beginning of the trials towards the end.. The results also indicate that
Saturday was different from the weekdays, in the sense that the median atitude was
significantly lower. This suggests the presence of more aircraft flying at low altitudes
and/or fewer aircraft at high altitudes on Saturday. While the maximum number of
aircraft within 200 nmi appeared in September with 209 aircraft, the maximum value in
May was about 5% lower (200 aircraft). The maximum during the trials period was with
184 aircraft another 7.5% lower.

Looking at the shapes of the atitude distributions, several conclusions come to
light: (1) Comparing Saturday with the other two test days, Saturday had a greater
number of low altitude aircraft (below 10,000 feet) and a smaller number of high atitude
aircraft. (2) On al three test days, the aircraft above 10,000 feet were approximately
uniformly distributed up to 40,000 feet, with essentially no aircraft higher. They were
uniformly distributed in the sense that there were approximately the same number of
aircraft within each 10,000 foot band (10 to 20K, 20 to 30K, and 30 to 40K). (3)
Between 29,000 and 39,000 feet, the aircraft flew mostly at odd thousands, which was
evident on every day. (4) When the yearly maximum occurred, there were an especially
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large number of low-altitude aircraft; whereas the number of aircraft above 10,000 feet
was not especially large.

54.1. ATCRBSFruit

The fruit rates measured at the bottom antenna each day were analyzed for
similarities and differencesin rates. Figure 5.4.-1. shows the rates for each day at the
three levels presented in the "Fruit Rates as afunction of Time" data. All rates represent
an average of the samples for the particular day. All samples were selected for time
periods when the aircraft was on a straight leg of an orbit and level flight. This data
includes only the samples when the aircraft was above 20,000 ft (usually 22,000). The
trips to Munich were at 23,000 ft and 24,000 ft depending on the direction of travel. The
fruit rate for the Frankfurt area was separated from that collected when the aircraft was en
route to Munich.

Orbits were done on May 19, May 20, May 24 and May 25. The time of the day,
however, was not the same each day. The highest average fruit rate at -84dbm was
measured on May 19, Friday at 25.1k. The next highest was May 24, Wednesday at
23.1k. The samplesfrom the orbits of May 25, Thursday, produced 18.5k. The orbits of
May 20, Saturday, produced the lowest fruit rate at 16k. The sample from May 22,
Monday, was not from an orbit like the others. 1t was taken when the aircraft was en
route to Munich. The sample was taken when the aircraft was directly south of Frankfurt.
The fruit rate was 17.5k.

The samples of datataken on May 22 (Monday) and May 25 (Thursday) when the
aircraft was en route to Munich produced fruit rates of 13.4k and 11.2k respectively at a
level of -84dbm or greater.

Thefruit rate at alevel of -74dbm is almost the same (at 3.9k) on May 19 and
May 24 on the bottom antenna. It isthe lowest on May 20, at 3.0k.

5-13



ATCRBS Fruit Rates - Bottom Antenna
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Figure5.4.-1. ATCRBSFruit Rates at 22kft To 24kft - Bottom Antenna

The highest average fruit rate at -84dbm on the top antenna was a so measured on
May 19, Friday at 21.5k. The next highest was May 24, Wednesday at 20.6k. The
samples from the orbits of May 25, Thursday, produced 15.3k. The orbits of May 20,
Saturday, produced the lowest fruit rate at 15.6k. The sample from May 22, Monday,
(taken when the aircraft was en route to Munich) produced a fruit rate of 17.7k.

The samples of datataken on May 22 (Monday) and May 25 (Thursday) when the
aircraft was en route to Munich produced fruit rates of 12.6k and 8.4k respectively at a
level of -84dbm or greater.

The rates at the other levels can be read from the figure directly. The fruit rate at
alevel of -74dbm is almost the same on May 19 (3.7k) and May 24 (3.9k) on the bottom
antenna. It isthelowest on May 20,when the rate was 3.1k.
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ATCRBS Fruit Rates - Top Antenna
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Figure5.4.-2. ATCRBSFruit Rates at 22kft to 24kft - Top Antenna

In generadl, fruit rates do not vary with altitude as much as interrogation rates. In
particular, lower variation was experienced on Saturday, 20 May.

54.2. Mode S Fruit

Figure 5.4.-3. shows the Mode S fruit rates at the bottom antenna for each day at
the three levels presented in the "Fruit Rates as a function of Time" data. All rates
represent an average of the samplesfor the particular day (same as ATCRBS rates).
While the curves shape in general is quite different than ATCRBS fruit, Mode S fruit
rates decreased on Saturday due to lower fruit levels as well as due to the lower number
of aircraft in general and TCAS equipped aircraft in particular.

The highest average fruit rate at -84dbm was measured on May 24 (Wednesday),
at 1036 replies/sec. Next highest was May 19 (Friday), at 911. The samplesfrom the
orbits of May 25 (Thursday), produced a rate of 834 replies/sec. The fruit rate on May 20
(Saturday), was 766 replies/sec. The orbits of May 22 (Monday), produced the lowest
fruit rate at 671 replies/sec.

The Mode Sfruit rate on May 22 (Monday) at -74dbm is significantly lower (93
replies/sec.) than the other days. It must be remembered that this flight path was not
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same as the other days. The other days, the aircraft was orbiting near Frankfurt. On this
day, the aircraft was south of Frankfurt and headed away. Thisisalso the only sample

that has a higher fruit rate on the top antenna at -74dbm than on the bottom.

MODE S Fruit Rates - Bottom Antenna
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Figure5.4.-3. Mode SFruit Rates at 22kft to 24kft - Bottom Antenna

Figure 5.4.-4. shows the Mode S fruit rates for each day at the three levels for the
top antenna. The highest rate at -84dbm was al so produced on Wednesday, May 24, with
afruit rate of 863 replies/sec. The lowest occurred on Monday, May 22, at 662
replies/sec.

The Mode S fruit rates are highly dependent on where the aircraft islocated. If
the aircraft is near the airport (i.e., Frankfurt orbits), the fruit rate on the bottom antenna
is much higher than on the top at the high signal levels (i.e. -74dbm). The ratio of bottom
to top antenna fruit rate, for only the orbits, is 1.9 at -74dbm and 1.2 at -84dbm. Theratio
of bottom to top antennafruit rates for all the datais 1.5 at -74dbm and 1.16 at -84dbm.

5-16



Rep./Sec.

MODE S Fruit Rates - Top Antenna
mPk. -84
Avg. -84
1200 BAvg. 54|
OPk.-79
1000 OAvg. -79 ||
mPk. -74
800 - WAVY. 74 |—
600 |
400 A
200 |
0 4
Fri. Sat. Mon. Wed. Thu. Mon. Thu.
19 20 22(FF) 24 25(FF) 22 (Mun) 25(Mun)
mPk -84 827 753 691 984 811 589 605
@Avg. -84 771 682 662 863 636 527 433
OPk -79 398 431 326 560 431 323 245
OAvg. -79 351 372 275 411 312 251 152
@Pk -74 212 256 130 321 230 183 75
mAVg. -74 158 208 110 208 156 122 62
Day

Figure5.4.-4. Mode SFruit Rates at 22kft to 24kft - Top Antenna
54.3. General

At the bottom antenna, the measured fruit rates were independent of the flight
level while the fruit rates measured at the top antennaincreased at lower atitude and
during approach in particular.

During MRSD (when interrogation rates dropped by 25 % to 30 %) fruit rates at
the bottom antenna decreased by about 50 % while those measured at the top antenna
stayed rather stable. These effects are more pronounced on 24 May than on 25 May.

While the highest fruit rates on the top antenna were measured in the Frankfurt
areaon 22 May, measured rates on the bottom antenna were quite “normal” or even
lower at the sametime. But in general, higher fruit rates were detected at the bottom
antennamost of the time.

Fruit rates measured on Saturday 20 May were about 50 % lower than on the day
before. On Monday 22 May, 30 % less fruit was measured than on Friday 19 May. In
the southern part of Germany the decrease in fruit values vary between 20 % and 50 %
compared with the Frankfurt environment.

The Mode Sfruit rate is about 10 % of the ATCRBS fruit rate or even less. Since
there was only one Mode S ground interrogator, more than 75 % of the reply channel
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Mode Sload is generated through TCAS 11 activity. The Mode S fruit environment for
all daysis summarized in Figure 5.4-5. Therates stay rather constant. It turns out that
the reply rates are higher after the MRSD, when the interrogation rates increased as well.

800
700 ~
600 -
500 ~ 020 May
400 7 @24 May
300 ~ MRSD
B 24 May
200 ~
O25 May
100 + MRSD
0 H 25 May

max mean

Figure 5.4.-5. Mode SFruit Rate Summary in the Frankfurt Area

(MRSD = Military Radar Shut Down)

55 Comparison with Earlier M easurements

55.1 Frankfurt 1995

1995 measurements were conducted at FL 100 (Frankfurt and southern Germany),
FL 150 (Frankfurt) and FL 170 (southern Germany). Comparable data were collected
during 19 May 2000, when N40 was flying at FL 100 and FL 150 around Frankfurt.
Figure 5.5-1 showsthe different values measured at various altitudes. The suppression
rates in the Frankfurt area stayed rather constant in the mean values, while there are no
comparable data for the maximum values.
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Figure 5.5-1. Comparison of Suppression Rates in the Frankfurt Area (1995 / 2000)

There were about 800 suppressions per second measured in southern Germany in
1995, the rate measured in 2000 is about half that value. But the limited available
measured interrogation rates do not indicate any decrease in main-beam interrogations
compared with 1995.

Figure 5.5-2 summarizes the interrogation rate results. As described in 4.3 there
is an atitude dependence of the measured rates. Usually, interrogation rates measured at
the bottom antennaincrease with atitude. The Mode C and Mode A rates are of the same
order in 1995 and 2000. In 1995, both, Mode C and Mode C-only interrogations were
counted as Mode C. In 2000, Mode C-only interrogations were counted separately. This
explains, why there was no ATCRBS-only count in 1995. In 2000, ATCRBS-only
interrogations are similar in number to Mode S. In general, the number of Mode S
interrogations has more than doubled since 1995 for both Frankfurt and southern
Germany.
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Figure 5.5-2. Comparison of Interrogation Ratesin the Frankfurt area (1995 / 2000)

55.2 Comparison of Frankfurt and Los Angeles

The airborne fruit measurements made in Frankfurt can be compared against
similar measurements made in the Los Angeles Basin in 1999 [Ref 10]. Figure 5.5-3
shows a fruit-rate comparison, using the maximum rate observed in the five days of
testing in Frankfurt. For comparison, the maximum fruit rate measured in the four days
of testingin LA isalso shown. Only top-antenna data is shown here because the
available data for maximum fruit in LA was limited to top-antenna receptions.

The comparison indicates that Frankfurt has a consistently higher fruit
environment than LA. There isalso adifference in the fruit power distributions. When
compared for fruit rates at -74 dBm and stronger, which is applicableto TCAS
receptions, thereis only a small difference between Frankfurt and LA, about 1.5 dB. But
when compared including weaker fruit receptions, down to -84 dBm, as would be
applicable for long-range ADS-B, the Frankfurt fruit environment exceeds the LA
environment by a substantially greater amount, about 3 dB.

This difference in fruit distributions appears to be consistent with an observed
difference in aircraft distributions. Asshownin 4.3.3, Los Angeles exhibits avery high
density of aircraft at short range, near the city, with much lower density at long range
from LA. Frankfurt on the other hand does not exhibit such a high aircraft density near
Frankfurt, but the density is maintained at a high level away from the city. This
differencein the air traffic distributions would be expected to cause the fruit distributions
to differ, qualitatively, in the manner seen in Figure 5.5-3.
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Figure 5.5-3. Comparison Between Frankfurt and Los Angeles (Top Antenna).
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5.6 Evolution of the SSR and Surveillance Environment in Ger many

During 1995 the DFS REMP (Radar Renewal and Modernization Program) was
in progress, but still most of the German radars were operating with sliding window
techniques. Sincethen, nearly al civil radars have been converted to monopulse which
use lower interrogation rates. In parallel to the radar modernization, DFSis aso
operating the new ATM system (Air Traffic Management) P1 including a modern multi
radar tracker. Taken together, REMP and P1 have improved the ATM capabilities.
However, due to RF congestion and Mode A code shortage, DFS had to move forward to
install Mode S radar sensors and adapt ATM systems to cope with Mode Sdata. A P1
revision isin preparation to allow Mode S data processing. In addition, a program was
set up together with the Netherlands and Switzerland to install modern Mode S radars.
While these new radars will cover the airspace above FL 100 and the mgjor TMAS
(Berlin, Duesseldorf, Frankfurt and Munich) in afirst step, some conventional monopulse
SSRswill stay operational for some time. Depending on theincrease in air traffic and the
enhancements achieved during Mode S implementation (sensor and ATM systems) DFS
may decide on further improvements.

To achieve the necessary benefits with the ground infrastructure to fulfill user
requirements (code availability) and cope with the increasing air traffic in a safe manner
(reduce RF load) Germany, like other states in core Europe, mandated Mode S equipage
for IFR traffic from 2003 onwards and for VFR traffic from 2005. Therefore, itis
assumed that most of the aircraft flying in Germany will be Mode S equipped. At the
same time about half the DFS radar sensors will operatein Mode S. Thiswill reduce the
fruit load under the same traffic density conditions.

The use of aircraft derived datafor surveillance and traffic management will
improve the overall system. ADS-B is an opportunity for improvements with additional
chalenges. Any surveillance technique that is intended as a future replacement for the
current secondary surveillance radar system in support of ATC activities must provide at
least the same level of performance as the existing system. In addition, a safe
implementation of new techniques is required.

The performance of a surveillance system necessary for itsusein agiven areais
to be defined by the responsible authorities. Their decisions will be based on operational
requirements and the type of airspace to be covered by this system. In general there are
three types of airspace: (1) remote areas, (2) transition areas, and (3) high traffic density
airspace.

Most of the German airspace belongs to the third category, high traffic density
airspace. Some smaller areas in the northern part might be considered as transition areas.
An ADS-B system might be used in Germany at some stage to supplement existing radar
structure. Of course, replacement of existing surveillance structure will require at least
the same system performance as radar service. A pre-requisite for such a system
performance are fallbacks for surveillance applications. An implementation of a new
system like ADS-B would be a specia challenge to cope with the increasing traffic
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density while allowing a safe implementation. Any installation will be application and
benefit driven.

The highest potential is expected for terminal and ground movement areas, where
applications like precision runway monitoring or advanced surface guidance and control
systems may be considered. Regional airports not equipped with aterminal radar or any
other surveillance means may sufficiently benefit from asingle ADS-B receiver station
(covering one or more sectors), supplementing the existing surveillance infrastructure.
Major TMAs as mentioned above are equipped with two terminal radars in addition to
en-route radars covering the same airspace. Any ADS-B system substituting for one
terminal radar and supplementing the other will require a multi sensor configuration.
Depending on the geographical environment it is assumed that at least four sensors would
be required to cover an airport or terminal area. In asimilar way it is assumed that ADS-
B en route applications in Germany would be based on a multi-sensor system, even in the
northern part, which might be considered as transition airspace. Any requirement for a
specific surveillance application would have to be considered under several conditions
including the assumption of an appropriate sensor configuration.
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6. COMPARISON WITH ADS-B PERFORMANCE REQUIREMENTS
6.1 ADS-B PERFORMANCE REQUIREMENTS

6.1.1 Sour ces of Requirements

Three sources for the ADS-B performance requirements have been considered for
thisstudy. Currently the most comprehensive source for ADS-B performance
requirementsisthe RTCA Minimum Aviation System Performance Standards for
Automatic Dependent Surveillance Broadcast (ADS-B), DO-242 [Ref.6]. The second
source of ADS-B requirements considered was the ICAO Manual of Air Traffic Services
Data Link Applications, ICAO Doc 9694 [Ref. 18], and the third source of requirements
considered were preliminary European requirements for ADS-B provided by the
Eurocontrol ADS Programme.

Although the RTCA DO-242 standard was coordinated with EUROCAE they
represents only the U.S. requirements for ADS-B. RTCA hasinitiated an activity to
update DO-242 and new and/or revised requirements may emerge from this on-going
activity. ICAO Doc 9694, Chapter 9 defines the operational requirements for ADS-B in
support of aircraft-to-ground surveillance needed to support air traffic services.

The Eurocontrol input represents an informal consensus position on those areas in
which the required ADS-B performance may potentially be different in Europe as
compared to the U.S. requirements expressed in RTCA DO-242. The requirements
currently proposed by Eurocontrol will need European harmonization.

It should be noted that the specific 1090 MHz Extended Squitter requirements are
contained in Minimum Operational Performance Standards (MOPS) that are ajoint
RTCA and EUROCAE document that represent the consensus U.S. and European
position. RTCA [Ref. 16] and EUROCAE [Ref. 19] have published the first version of
the Extended Squitter MOPS. A second edition of the extended MOPS is currently under
development by RTCA.

6.1.2 Scope of ADS-B Performance Requirements

ADS-B performance requirements have been documented for the following
aircraft, surface vehicle and ADS-B ground station cases.

1. En Route and Terminal Airspace
a) Airborne aircraft-to-airborne aircraft (also applies to oceanic/remote airspace)
b) Airborne aircraft-to-ADS-B ground station



2. Airport
a) Surface aircraft or vehicle-to-surface aircraft or vehicle
b) Surface aircraft or vehicle-to-ADS-B ground station
c) Aircraft on approach-to-aircraft on approach
d) Aircraft on approach-to-ADS-B ground station

Eurocontrol requirements address ground-based separation responsibility
applications (such as Enhanced Surveillance) and selected delegated separation
responsibility applications (such as Station Keeping, Simultaneous A pproaches etc.)
Eurocontrol assumesthat ADS-B will co-exist with at |east one additional Surveillance
Data Source (e.g. SSR in Managed Airspace/Low-Density Airspace, SSR Mode Sin
Managed Airspace/High-Density Airspace etc.), as proposed in the Eurocontrol ADS
Concept document.

The ADS-B performance requirements for each of the above general cases are
driven by the specific set of operational applications for which the ADS-B information is
being used. The above cited sources (6.1.1) for the ADS-B performance requirements
have considered a broad set of candidate ADS-B applications. Note there are certain
related ground station-to-aircraft broadcast applications that may use the same radio
frequency spectrum as the ADS-B service but are outside the scope of the above-cited
ADS-B performance standards. One such example is atraffic information service
broadcast (T1S-B) capability.

The focus of the ADS-B evaluations described in this report was on the terminal
and to alesser extent the en route, surveillance services listed under item 1. above. The
ADS-B ground stations used for the evaluation were representative of the type envisioned
for providing ATC surveillance services in high traffic density terminal and en route
environments. Furthermore, the flight paths of the project aircraft were selected to collect
datain the existing terminal and en route environments. However, the two ground station
antenna locations were more representative of aterminal ground station configuration
and were not intended to support the validation of the maximum en route range
requirements. However, the results of these studies may contribute to a better
understanding of the ability of the 1090 MHz Extended Squitter technology to satisfy
certain of the other requirements for which the test configuration was not optimal.

6.1.3 Air-to-Air ADS-B Requirements

The ADS-B MASPS, RTCA DO-242 [Ref. 6] definesthe air-to-air performance
requirements for ADS-B for a specific set of ADS-B applications. Also DO-242 defines
five classes of ADS-B aircraft equipage. The flight tests and evaluation results reported
herein focused on the longer-range air-air performance. Table 6.1-1 summarizesthe
ADS-B air-to-air performance requirements for the applications where the results of this
study would be most applicable. For example, short-range encounters applicable to the
conflict and collision avoidance application were not included in the evaluation and
therefore this application is not listed in Table 6.1-1. The requirements presented in
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Table 6.1-1 are extracted from the more detailed requirements defined in DO-242. The
requirementsin Table 6.1-1 apply to the most demanding longer range air-to-air
applications that are applicable to the most capable classes of aircraft equipage. Note that
DO-242 defines the flight path deconfliction application as applicable to "cooperative
separation in oceanic/low density en route airspace.” Since the airspace in which the
flight evaluations were conducted was high-density terminal and en route airspace, the
most demanding air-to-air range requirements of the deconfliction application do not
directly apply. However, one desired result of the evaluation is a determination of the
range to which such an application could be supported in the high traffic density and high

RF interference environment around Frankfurt as this represents a worst case

environment for air-to-air 1090 MHz Extended Squitter reception.

Eurocontrol ADS-B requirements foresee the following air-to-air applications:

1. Conflict Detection and Resolution
2. Enhanced Visua Acquisition
3. Station Keeping
4. Simultaneous Approaches
5. Free-Flight (including flight path deconfliction)
Table6.1-1. Summary of Air-Air ADS-B Performance Requirements
ADSB Required Air-Air | Required State Required Intent | Required Air-Air
Application Tracking Range | Vector Update Update Period Acquisition
Period (95" (95" Percentile) Range
Percentile)
Separation 20 nmi 7 seconds 14 seconds 40 nmi
Assurance &
Sequencing 40 nmi 12 seconds 24 seconds
Flight Path 90 nmi (120 nmi 12 seconds 24 seconds 90 nmi
Deconfliction desired)
(see note 3) * see Notes 1, 2
& 3

Note 1:

Note 2:

The stated range requirement from DO-242 (i.e., 90 nmi required, 120
nmi desired) applies only in the forward direction. DO-242 further

requires for the flight path deconfliction application a range of 45 nmi
to the port and starboard and 30 nmi to the aft.

Eurocontrol proposed air-to-air ADS-B requirements are similar with
a possible extension of flight path deconfliction range to 150 nmi in
the forward direction reduced to 75 nmi in the aft. It isalso thought
that intent may include up to four Transition Change points (TCPs),
which should be received within 24 sec with 95% confidence.




Note3:  DO-242 limits the applicability of the Flight Path Deconfliction
application to oceanic and low-density en route airspace. Eurocontrol
proposed extensions (see Note 2 above) are primarily for A3/A2 class
aircraft. They are foreseen for supporting the future delegation of
separation assurance tqthe aircraft particularly in the domain of
"strategic cooperation™ Such operations in higher density airspace
are not excluded.

Target acquisition requires reception of position and velocity information as
necessary to establish atarget track, the reception of intent information and the reception
of flight ID. Onceinitial acquisition has been accomplished the update period of state
vector information and intent updates must be sufficient to allow avalid track to be
maintained on the target. A key performance measure is the range at which full target
acquisition can be considered to have been successfully completed and within which the
ADS-B system is capable to maintaining atrack on the target, and will have knowledge
of the target's intent.

6.1.4 Air-to-Ground ADS-B Requirements

RTCA DO-242, ICAO Doc 9694 and Eurocontrol have each defined the air-to-
ground performance requirements for ADS-B for a specific set of ATC surveillance
applications. RTCA DO-242 has stopped short of explicitly stating air-to-ground
performance requirements. Rather performance values are presented as a"summary of
ATS provider surveillance and conflict management current capabilities." Table 6.1-2
summarizes the ADS-B air-to-ground performance requirements based on the three
sources of requirements described above. Table 6.1-2 presents the requirements
associated with only the most demanding air-to-ground applications. Note that although
the airport surface operational domain is addressed by the ADS-B MASPS and ICAO
Doc 9694 it was not included in the evaluation nor isit included in Table 6.1-2. Also
note that very little data was collected that would be applicable to a parallel runway
conformance monitoring application as the evaluation of this aspect of the system
performance was not an object of the evaluation.

Eurocontrol ADS-B requirements foresee the following air/ground applications:

1. ATS Surveillance and ATS Surveillance plus Intent
2. ATS Enhanced Surveillance and ATS Enhanced Surveillance plus Intent
3. Surface Movement Guidance and Control System (SMGCS)

Note: These requirements are not presented in Table 6.1-2 since the test
configuration was not intended to provide surface coverage.

! Strategic cooperation: To help the pilot manage his own route with agreement of other aircraft and ATC
possibly over along time horizon. Autonomous aircraft under free flight conditionsis one such case.
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Table6.1-2. Summary of Air-to-Ground ADS-B Perfor mance Requirements

ADSB Required ICAO and RTCA Eurocontrol
Application Operational Required State Required State
Radius Vector Update Vector Update
(see note 1) Period (98" Period
Percentile)
En Route ATC 200 nmi 12 seconds 10 seconds
Surveillance (ICAO/RTCA) (98th percentile
150 nmi for classic ATS
(Eurocontrol, and 99"
single ground percentile. for
station) enhanced ATYS)
Terminal ATC 60 nmi 5 seconds 5sec
Surveillance (98th percentile
for classic ATS
and 99"
percentile. for
enhanced ATS)
Parallel Runway 10 nmi 1 second for 1.5 sec (95%) &
Conformance 1000 ft runway 3 sec (99%) for
Monitoring separation 1000 ft runway
separation
3 sec (95%) & 7
sec (99%) for
2500 ft runway
separation
Note1l:  Neither the RTCA nor ICAO standards preclude the use of a ground

configuration employing multiple ADS-B ground stations as a mean of
satisfying the operational coverage area requirements and/or update
rate requirements. Eurocontrol requirements refer to a single ground
station.

Note2:  Eurocontrol proposed air-ground requirements also include:

a. Reception of up to four TCPs within 24 seconds to a range of 150 nmi
with 95% confidence with both classic and enhanced ATS. Thisintent
information will serve for future MTCD applications as well as flight
plan conformance checking. The downlink of up to four TCPs should

be mandatory for A2/A3 class aircraft. One option for the downlink of
the above intent information is broadcast of a separate squitter for



each TCP with period 1.7 seconds (an alternativeisto use the
addressed Mode S datalink)

b. Reception of both position and velocity squitters for report updates in
enhanced ATS. (To improve tracking quality)

c. Reception of heading, airspeed and selected altitude for enhanced
surveillance within a 5-second period at 98% confidence. This
information will be supplied to the Controller Display (CAP
parameters). The 1090 System Description in the TLAT report
recommends that the downlink of such additional information should
be done via the addressed Mode Sdatalink and not through
broadcasting

6.1.5 ADS-B Perfor mance Requirements within the Context of 1090 MHz
Extended Squitter

The above discussion on ADS-B requirements has been in the context of an
ADS-B service independent of the characteristics of any specific ADS-B technol ogy.
This study is focused exclusively on the performance measured for one specific ADS-B
technology (1090 MHz Extended Squitter). Therefore, the above-described ADS-B
performance requirements must be applied to the specific 1090 MHz Extended Squitter
mechanisms. However the limitations of the test configurations and tests scenarios must
also be considered.

1090 MHz Extended Squitter transmits separate squitters for position, velocity,
flight ID, and intent information. The Table 6.1-3 shows the minimum set of squitters
that must be received in order to achieve theinitial acquisition and for target tracking for
the air-to-air case. The specific characteristics of the 1090 MHz Extended Squitter
avionics, as defined by the associated RTCA/EUROCAE Minimum Operational
Performance Standards (MOPS), have been accounted for. The existing MOPS defines
that tracks will be coasted for 24 seconds, therefore unless a position or velocity squitter
isreceived within less than 25 seconds the track may be dropped and the initial
acquisition process initiated with the reception of the next position squitter. Note that a
change/correction to the MOPS is pending (within RTCA/SC-186/WG3) that will allow
for amore rapid re-acquisition of atrack, following a gap in state vector reception of
greater than 24 seconds and no longer than 120 seconds. The MOPS defines a state vector
tracker function that will produce avalid track update based on the reception of any
combination of position squitters and/or velocity squitters within the update interval.
Thus the reception of a single position or asingle velocity squitter is sufficient to
successfully provide atrack update. For this study the reception of either a position or
velocity sguitter is assumed as the minimum requirement for track updates. Thisis
considered the baseline requirement for air-air surveillance.

However, it is recognized that certain applications that use ADS-B reports may
require, or desire, to have both a position and a vel ocity squitter received in order to
produce atrack update. One such application specifically identified by DO-242 isthe
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Conflict Avoidance and Collision Avoidance application. Thisis a short-range
application operating at air-to-air ranges out to 20 nmi and was not directly studied in this
evaluation. However, the consequence of such arequirement for reception of both
position and vel ocity squitters within the specified update interval has been considered in
the analysis presented in 6.1.5.1.

Table6.1-3. Squitter Types Required for Initial Acquisition and for Target

Tracking
Squitter Type Initial Acquisition Target Track Intent Update
Update

Position one"even" and one | one position or one | not applicable
"odd" received velocity squitter
within a 10 second received
interval

Velocity one received to fully | one position or one | not applicable
establish track velocity squitter

received

Flight ID one received not defined not defined

Intent Intent (TCP and not applicable one of each
TCP+1) received required type

(see note)
Note: DO-242 requires TCP and TCP+1. EUROCONTROL hasidentified

a potential requirement for up to 4 TCPs to be required for /Intent
Update. The TLAT 1090 System Description suggests that the two
additional TCPs might be broadcast as separate squitter messages.
The associated application and operational requirements are still
being developed. Future updatesto DO-242 or other standards
documents may reflect such additional requirements.

The air-to-ground case is not as fully defined for 1090 MHz Extended Squitter
because the specific ground station requirements are not addressed by the MOPS or the
ICAO manual The avionics are defined by the MOPS to include a state vector tracker
that will produce avalid track update based on the reception of any combination of
position squitter(s) and/or a velocity squitter(s). Ground station designs could implement
adifferent approach for the state vector tracker where in the most extreme case both
position and velocity squitters would be needed to produce atrack update. The initial air-
ground applications will most likely use ADS-B to provide an ATC surveillance
capability equivalent to a secondary surveillance radar. Therefore, for the purpose of this
study it was assumed, as a baseline requirement for the air-to-ground case, that a target
track update will be provided based on the reception of at least one position squitter.



6.1.6 Required Squitter Reception Performance

6.1.6.1 Updates

It is possible to calculate the required probability of reception of individual
squitters based on the required update period, the type(s) of squitters that must be
received within that update interval and of rate at which each of these squitter type(s) are
transmitted.

For example, the ADS-B MASPS requires that to support the air-to-air application
of Separation Assurance and Sequencing (Table 6.1-1), ADS-B isrequired to
communicate intent information in the form of a TCP. Furthermore, if intent changes
ADS-B isrequired to deliver the updated information within 24 seconds, for atarget at
the maximum range of 40 nmi, with 95% probability. If the single-squitter reception
probability is denoted as p, then:

095=[1-(1-p"]

For the TCP Extended Squitter, thisis: N =24 sec./ 1.7 sec. = 14 transmissions

Where N is the number of transmissions of intent in a 24 second period and the
value 1.7 sec. isthe period for transmitting each of the two TCP messages.

Using N=14 in the above formula produces the result of: p =0.192

For the above example there must be at least a 19.2% probability of successful
squitter reception in order to support the MASPS requirement for detection of achangein
intent for atarget at arange of 40 nmi (the maximum range of this application).

It is noted however that certain other ADS-B applications will require the
reception of additional squittersin order to have more complete knowledge of the target
aircraft'sintent. For example the flight path deconfliction application, as defined in the
DO-242 requires receipt of both TCP and TCP+1 squitters. Considering the potential for
an application that requires the reception of both the TCP and the TCP+1 squitters within
a 24-second interval the formula must be modified to:

N 2
095=[1-(1-p)]
The solution to the above calculation yields: p = 0.229



Note: As noted above, Eurocontrol hasidentified a potential requirement for
up to four TCPsto be required for Intent Update. The associated
application and operational requirements are still being developed. .
The TLAT 1090 System Description suggests that the four TCPs could
be broadcast as separate Extended Squitters, each with a period of 1.7
sec. Consequently the minimum Extended Squitter probability that
would be able to satisfy the requirement for a four TCP update within
24 sec at 95% confidence is 26.8%.

Continuing with the Separation Assurance and Sequencing application, as
indicated in Table 6.1-1, a state vector update is also required with an update period of 12
seconds, at the 95™ percentile, for atarget at up to 40 nmi. The 1090 MHz Extended
Squitter avionics are defined by the MOPS to include atracker that will produce a state
vector update based on the reception of either a position or avelocity squitter. This means
that there would be a nominal 48 transmissions (24 position and 24 velocity) within the
required 12-second update period. Thus:

N = 12 sec/ 0.25 sec. = 48 transmissions

Continuing the calculation for the required probability of position/velocity
squitter reception yields the results that: p = 0.06

Thus a 6% probability of squitter reception will satisfy the requirement for
updates to the state vector at the required 95% probability level.

DO-242 also specifies state vector update requirements at the 99% probability
level. For the above example of the Separation Assurance and Sequencing application
the required update interval increases from 12 seconds to 24 seconds as the update
probability increases from 95% to 99%. For this latter case:

N =24 sec/ 0.25 sec = 96 transmissions

The corresponding calculation for the required probability of individual
position/velocity squitter reception yields the resultsthat: p = 0.047. Inthiscasethe
more demanding requirement is for 12-second state vector updates at 95% probability
since this requires a higher probability of individual squitter reception.

Therefore, where considering the requirements for both state vector and intent
updates for the Separation Assurance and Sequencing application the dominant
requirement is that for reception of intent information which requires a 22.9% probability
of squitter reception. With this 22.9% probability of squitter reception the state vector
update performance will well exceed the minimum baseline requirements for surveillance
track updates.

One might argue that the improved performance of the tracker could be achieved
if both a position and a velocity squitter were received within the update period. For this
study the baseline air-to-air surveillance requirement is considered to be the reception of
either a position or velocity squitter within the update period. However, as noted above
the Conflict Avoidance and Collision Avoidance application, and potentially other future
applications, may require, or desire, the reception of both a position and avelocity
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squitter within the update interval. In this case the required probability of per squitter
reception, for the position and velocity squitters, would increase. For the specific case of
the Conflict Avoidance and Collision Avoidance application a state vector update rate of
7 seconds at 95% probability is required at the maximum application range of 20 nmi. In
this case the parameter N would be: N =7 sec. / 0.5 sec = 14 transmissions and the
second version of the above formulawould be used to calcul ate the required probability
for individual squitter reception as. p =0.231. Since this specific application operates at
ranges out to only 20 nmi thisis aless demanding requirement that identified above for
TCP and TCP+1 reception at 40 nmi, which requires avery similar probability of
individual squitter reception but at along range.

Table 6.1-4 summarizes the required individual squitter reception probability
accounting for support of the tracking and intent update requirements for the air-to-air
applications listed in Table 6.1-1.

Table6.1-4. Air-Air ADS-B Squitter Reception Probability Requirements

(See Note 2)
ADSB Required Air-Air Required Required Required Intent
Application Tracking Range Individual Individual Update
Squitter Squitter Probability
Reception Reception
Probability Probability (@
(@95% SV | 99% SV update
update probability)
probability)
Separation 20 nmi 10.1% 7.9% 30.5%
Assurance &
Sequencing 40 nmi 6.0% 4.7% 19.2%
Flight Path 90 nmi (120 nmi 6.0% 4.7% 22.9% (RTCA w/
Deconfliction desired) TCP & TCP+1)
(see Note 1)

Notel.  Thisrequirement only appliesin low-density airspace, which is not
representative of the actual test environment. Therefore the stated
range requirements are not directly applicable.

Note2.  Theserequirements are based on the existing RTCA ADS-B MASPs

(DO-242) and thus represent U.S. requirements.

Table 6.1-5 summarizes the required individual squitter reception probability for the air-
to-ground applications listed in Table 6.1-2

6-10




Table6.1-5. Air-to-Ground Individual Squitter Reception Probability

Requirements

ADSB (ICAO and (ICAO and (Eurocontrol
Application RTCA RTCA Requirements)
Requirements) | Regquirements) Minimum
Minimum Minimum Individua
Individual Individual Squitter
Squitter Squitter Reception
Reception Reception Probability for
Probability for | Probability for Position +
Position Only Position + Velocity
Squitter (see Velocity Squitters (see
Note 1) Squitters (see Note 3)
Note 2)
En Route 15%. 17.4% 20.1% (Classic
ATC ATS)
Surveillance 23.3%
(Enhanced
ATS)
Termina 32.3% 36.9% 36.9% (Classic
ATC ATS)
Surveillance 41.1%
(Enhanced
ATS)
Parallel 85.8%. 90% 70.6%
Runway
Conformance (45.8% for
Monitoring 2500 ft runway
for 1000 ft separation)
runway
separation
Notel:  Thisisconsidered the baseline case for the USwhere the reception

probability listed for a position squitter will result in the required state
vector update rate at 98% probability.

Note2:  Thiswould be a more demanding case for the USwhere the individual
squitter reception probability listed would result in the state vector
update rate, that includes reception of both updated position and
velocity information, at 98% probability.

Note3:  The Eurocontrol requirements for state vector updates reflects a

requirement to receive both a position and a vel ocity squitter in order
to produce a state vector update. The Classic case requiresto a 98%
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update probability and the enhanced ATS case requires a 99% update
probability.

Note4:  The Eurocontrol four TCP requirement would need a 26.8% minimum
Extended Squitter reception probability.

6.1.6.2 Initial Acquisition

The final aspect of the required squitter reception performance relates to the
requirements for the initial acquisition of anew target. Initial acquisition can be
considered to be complete when all the information indicated in Table 6.1-3 has been
received. Thetimeinterval over which initial acquisition may occur is variable
depending on squitter reception probability. At least two position squitters must be
received within a 10-second interval in order to start atarget track. The additional
information required to complete the initial acquisition may be received without a
specific time limit. In order to maintain the target track, the position and/or velocity
squitters must continue to be received without any gaps of greater than 24 seconds.
Receipt of aninitial velocity squitter isrequired to fully establish the target's state vector
track. Theinitial acquisition process will be complete after reception of at least one
Flight ID squitter, one squitter containing the TCP and one squitter containing the
TCP+1. These required remaining squitter types may be received in any sequence. The
1090 ADS-B MOPS specifies that the information received in the Extended Squitters will
be stored for 250 seconds. Therefore the Flight ID and TCP information could be
received either ahead or subsequent to the required state vector information. The
following cal culation shows the required probability of reception needed for each squitter

type.

As aresult of the encoding technique used for the position information, one
"even" and one "odd" position squitter must be received within a 10-second interval in
order to determine the aircraft's unambiguous global position (as per the 1090 ADS-B
MOPS). Position squitter transmissions alternate between "even" and "odd." Thusone
"even" and one "odd" position squitter is transmitted each second. For thiscase N = 10
sec. / 1.0 per sec. =10

The per squitter reception probability required to achieve a 95% probability of
reception of both an "even" and an "odd" position squitter within the first 10 second
interval is: p=0.308. However, this event need only occur once in order to achieve
target acquisition. A lower probability of individual squitter reception would result in a
longer time required to achieve initial acquisition of the target's position. For example if
the probability of individual squitter reception were 22.9% then reception of both an
"even" and an "odd" position squitter within a 10 second interval could be achieved with
95% probability after approximately 15 seconds. Figure 6.1-1 shows the relationship
between time required for initial position acquisition, at 95% probability, versus the
probability of reception of individual squitters.
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Figure 6.1-1. Position and Velocity Acquisition Time as a Function of Probability of
Individual Squitter Reception

The second item required to compl ete the state vector acquisition processis the
receipt of avelocity squitter. This may occur during the same timeinterval asthe
acquisition of the target's position information. Only asingle velocity squitter is required
and as shown in Figure 6.1-1 for any given individual squitter reception probability, the
required time for acquisition of velocity information will be substantially less than for the
position information. Note that once established the target's state vector track can
generally be maintained with arelative low reception probability (as low as 6%
probability of reception as shown in Table 6.1-4).

The complete acquisition of atarget requires the reception of at least one of each
the following additional three additional types of squitters: (1) Flight ID and Type; (2)
Current TCP; and (3) Next TCP containing the TCP+1. The reception of any or all of
these additional types of squitters may occur starting up to 250 seconds prior to
establishing the state vector track on the target (as per the 1090 ADS-B MOPS). Asan
example we can calculate the time required for initial acquisition of each type of required
information assuming a squitter reception probability of 22.9%, as previously shown to
satisfy the update requirements for TCP and TCP+1 information. The approximate time
required to acquire (at 95% probability) each category of information is listed below:
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15sec.:  Position (globally unique)
6 sec.. Velocity

57sec..  Flight ID and Type

24 sec.:  Current TCP and TCP+1 (also TCP+2 and TCP+3 in the Eurocontrol
case)

Note the reception of the squitters that convey the above information can occur in
paralel. Asindicated in the above example, the acquisition of the Flight ID and Type
Squitter will require the longest time, due to the having the lowest transmission rate (i.e.,
once per 5 seconds) and is clearly the dominate factor in the overal initial target
acquisition process. In some cases it may be possible to acquire the Flight ID and Type
squitter before the reception probability is sufficient to allow atarget track to be
maintained. The 1090 ADS-B MOPS alows for thisinformation to stored for up to 250
seconds in the absence of having a current track on the target. Since the reception of a
single Flight ID and Type squitter is sufficient, as there are no specified update
requirements, this may not be as dominate afactor in the acquisition of atarget asit
might appear. At the assumed 22.9% probability of individual squitter reception all
information, except for the Flight 1D and Type, would be acquired within approximately
24 seconds at 95% probability.

Rather than relying on the estimates for target acquisition based solely on the
above probability of reception calculation, it is appropriate to verify the actual measured
time required to initiate a state vector track and also the time required to receive the
Flight ID and Type squitter. Note that the airborne installations used for this evaluation
did not broadcast TCP and TCP+1 squitters therefore the actual performance for
reception of these squitter types cannot be directly measured.

Note: A transmission rate of once per 2.5 seconds for the Flight ID and
Type squitter was intended to be specified in RTCA DO-260. Dueto
an oversight, it was included only in Appendix A and not in the body of
the MOPS. Incorporation of the change to the MOPSto make this
correction has already been approved by SC-186 WG-3 and will
appear in DO-260 Rev A.
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6.2 COMPARISON OF THE LDPU AIR-TO-AIR RESULTSWITH
SELECTED APPLICATION REQUIREMENTS

This section presents the results of the analysis of LDPU datafor the air-to-air
case and compares the measured performance against the requirements described in 6.1.
Chapter 4 has presented an overview of the air-to-air measurements and a summary of the
results obtained. The following material presents the results of the further analysis of the
data. Specific emphasis has been given to the cases were the measured performance was
less than expected or less than typical. This has been donein order to better understand if
the cases where the performance was | ess than expected or typical indicate inherent
limitations of the system or are the consequence of specific limitations of the test
environment (e.g., poor antenna locations, installation problems, etc.).

The following material aso includes an analysis of the probability of Extended
Squitter reception as a function of the relative bearing of the target aircraft, in the
horizontal plane, from own aircraft. Target bearing has been sorted into four 90°
guadrants (forward, starboard, aft, port) for the purpose of thisanalysis. Two filters were
applied to the specific reception probability datato be plotted. First al data collected
when either own aircraft or the target aircraft was at an atitude of less than 1000 ft is not
used for the plots. Second, if ownship is maneuvering with more than a modest turn rate
(i.e.,, maneuversin only the horizontal plane) the datais not plotted. Thislatter filter was
applied because the project aircraft were frequently following flight profiles that included
very frequent changes in heading that would not be typical of anormal flight profile.

The probability of reception for 1090 MHz Extended Squitters was analyzed
using a 24 second dliding window. A data point is produced, and included on the
following plots, for each case where the LDPU logged the reception of at least one state
vector squitter (i.e., position or velocity) during the previous second. It should be noted
that for the case where the reception of state vector updates were being logged for each
successive one- second interval, even avery short term degradation in reception of
squitters (such as afour- second gap in the reception) can produce many successive data
points (up to 24) on the following plots showing a degraded reception probability. Such
an event will appear as a sharp drop and rapid recovery in reception probability occurring
within the span of avery few miles of target range. While such short duration events
may produce a significant impact on the following plots, they are of little or no
operational consequence to most, or in most cases all applications that will utilize the
ADS-B surveillance information. The following reception probability versus target range
plotsinclude two lines indicating the required level of reception performance. The upper
line indicates the reception probability needed to receive the TCP and TCP+1
information with the update rate required by the ADS-B MASPS as a function of target
range. The lower line indicates the reception probability needed to receive the state
vector updates with the required update rate required by the ADS-B MASPS as a function
of range. The requirements of the above mentioned applications have been merged and
the most demanding requirement is indicated for a given target range. Note that the use
of dashed lines in the figures indicates requirements associated with the Flight Path
Deconfliction Planning application. This application is not required by the ADS-B
MA SPS within the type of operation environment where this eval uation was conducted.
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The ADS-B MASPS defines this application as applicable to "oceanic/low density en
route airspace.”

6.2.1 Analysis of the Resultsfrom 19 May

An overview of theresultsfor 19 May isprovided in 4.4.1.2.1. FAA N40
conducted a shakedown flight on 19 May and encountered atarget of opportunity
(BA-400665y) during the course of the flight. A second target or opportunity
(BA-400652y) was briefly observed by N40 at ranges from approximately 145 nmi to 170
nmi but the results for this second target aircraft are not further described here. The
results previously shown in Figure 4.4.1.2.1-3 would indicate that the track on
BA-400665 would have been dropped at a range beyond 112 nmi, where agap in the
update period exceeded 24 seconds. The track would subsequently have been re-
acquired.

6.2.1.1 Reception Probability asa Function of Target Bearing

Figures 6.2.1-1 t0 6.2.1-3 present the reception probability of individual Extended
Squitters versus range. The figures cover the forward quadrant (forward * 45°), the aft
guadrant, and the port & starboard quadrants. The Extended Squitter reception
probability necessary to satisfy the RTCA ADS-B MASPS requirements for the
Separation Assurance & Sequencing application and the Flight Path Deconfliction
Planning application are indicated on the figures. For more information on the associated
ADS-B MASPS requirements see 6.1 and specifically Table 6.1-4.
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Figure 6.2.1-1 plots the reception probability for the forward quadrant. The target
aircraft (BA-400665;,) was only at aforward relative bearing from N40 for approximately
100 seconds and thus rel ative little data was collected for reception performance in the
forward quadrant. Squitter reception probabilities of between approximately 63% and
86% were measured at target ranges from 13 to 16 nmi.
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Figure 6.2.1-1. Forward Quadrant Reception Probability by N40, 19 May
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Figure 6.2.1-2 plots the reception probability for the aft quadrant. The target
aircraft (BA-400665y,) was at an aft relative bearing from N40 on two separate occasions.
The first occurrence for approximately 115 seconds at short range (approximately 15
nmi) and later for approximately 215 seconds at ranges from 47 to 87 nmi thus a modest
amount of data was collected for reception performance in the aft quadrant on this flight.
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Figure 6.2.1-2. Aft Quadrant Reception Probability by N40, 19 May
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Figure 6.2.1-3 plots the reception probability for the port and starboard quadrants.
Thetarget aircraft (BA-400665,) was at a port or starboard relative bearing from N40 for
much of the duration of the encounter. Data was collected at ranges from approximately
14 nmi out to 180 nmi, thus a significant amount of data was collected for reception
performance in the port and starboard quadrants on this flight
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Figure 6.2.1-3. Port & Sarboard Quadrants Reception Probability by N40, 19 May

6.2.1.2 Perfor mance vs. Requirements

There was insufficient data collected for reception from the forward quadrant to
draw any firm conclusions on moderate to long range reception performance. However,
the data analyzed for short-range reception performance is consistent with that required
by the ADS-B MASPS. Reception performance in the aft and in the port and starboard
guadrants exceeds the reception performance required by the ADS-B MASPS. The
measured reception probabilities as well as the measured state vector update periods
shown in Figure 4.4.1.2.2-3 indicate that target tracking was achieved at ranges beyond
80 nmi.
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6.2.2 Analysis of the Results from 20 May

An overview of theresultsfor 20 May is provided in 4.4.1.2.2. All three project
aircraft participated in the flight tests on 20 May. However, dueto a GPS interface
problem, the FII aircraft was transmitting ‘all zeros' for its latitude and longitude. Also,
some of the NLR aircraft's LDPU datalog file data was corrupted. It was however
possible to restore these NLR log corrupted entries by using data from other logs with the
method explained in 4.4.1.2. Asaresult of these problems, analysis was performed only
for datarecorded by the LDPUs onboard N40 and NLR.

6.2.2.1 Reception on N40, 20 M ay

Valid Extended Squitters from six target aircraft were recorded (4.4.1.2). These
were the broadcasts from the NLR aircraft and broadcasts from five BA targets of
opportunity, of which two were at ranges allowing performance analysis (BA-400664,
and BA-400652;) were at ranges alowing performance analysis. Note that the Extended
Squitter broadcasts from the FIl aircraft were also received but without that aircraft's
latitude and longitude information. The LDPU log tracks of the aircraft received on N40
are shown in Figure 4.4.1.2.2-1c and their altitude/range from N40 in Figure 4.4.1.2.2-2a.
The N40 LDPU log indicates that

1. Thetrack of the BA-400664, would have been last dropped at a distance of 159
nmi on the incoming leg of the BA-400652;,, while on the outbound leg it was |ost
for thefirst time at 81 nmi and subsequently re-acquired.

2. Thetrack of the NLR aircraft would have been dropped on its outbound leg by
N40 at 125 nmi and subsequently re-acquired. On itsinbound leg, the NLR track
would have been dropped (and re-acquired) at distances beyond 73 nmi.

3. Thetrack of the BA-400652,, would have been last dropped at 145 nmi from N40

on the incoming leg of the BA-400652y, while on the outbound leg it would have
been dropped for the first time at 115 nmi.

6.2.2.1.1 Reception Probability asa Function of Target Bearing

Figures 6.2.2-1t0 6.2.2-3 present the reception probability of individual Extended
Squitters versus range. The figures cover the forward quadrant (i.e., forward * 45°), the
aft quadrant, and the port and starboard quadrants. The Extended Squitter reception
probability necessary to satisfy the RTCA ADS-B MASPS requirements for the
Separation Assurance & Sequencing application and the Flight Path Deconfliction
Planning application are indicated on the figures. For more information on the associated
ADS-B MASPS requirements see 6.1 and specifically Table 6.1-4.
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Figure 6.2.2-1 plots the reception probability for the forward quadrant. Two target
aircraft (NLR and BA-400664,) were each only at aforward relative bearing from N40
during severa relatively brief intervals. The reception of the Extended Squitters from
BA-400664, was generally superior to the reception of the broadcasts from the NLR
aircraft. At rangesfrom 10 to 22 nmi Extended Squitter reception probabilities varied
from approximately 58% to 97%. At rangesfrom 46 to 56 nmi Extended Squitter
reception probabilities of between approximately 24% and 66% were measured with
squitter reception probability from the BA-400664, being 20 to 25% greater than from
the NLR aircraft at similar ranges. At target ranges beyond 85 nmi the measured
reception probabilities were typically between 4% and 21% with a mean value on the
order of 10% out to ranges of approximately 140 nmi.
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Figure 6.2.2-1 Forward Quadrant Reception Probability by N40, 20 May
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Figure 6.2.2-2 plots the reception probability for the aft quadrant. The
BA-400664, aircraft was at an aft relative bearing from N40 for a significant portion of
the encounter with Extended Squitters received at ranges from approximately 14 to 157
nmi. The NLR aircraft was at an aft relative bearing at three separate instances at ranges
of approximately 60, 90 and 160 nmi. The aft quadrant reception probabilities for the
NLR aircraft are generally consistent with the reception probabilities for the BA-400664.
Extended squitter reception probability at ranges of less than 40 nmi ranged from
approximately 36% to 90%. At target ranges from 40 to 80 nmi the reception probably
was generally between 20% and 60% with brief intervals recorded where the reception
probability dropped to aslow as 10%. Examination of the two intervals of reduced
reception probability indicate:

1. Whenthe NLR aircraft was at arange of 55 nmi the reception probability
remained below 22% for 7 seconds

2. Whenthe NLR aircraft was at arange of 70 nmi the reception probability
remained below 20% for 12 seconds
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Figure 6.2.2-2. Aft Quadrant Reception Probability by N40, 20 May
Figure 6.2.2-3 plots the reception probability for port and starboard quadrants.

Thetarget aircraft (NLR and BA-400664;,) were each at a port or starboard relative
bearing from N40 at separate discrete times. Data was collected at ranges from
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approximately 10 nmi out to 175 nmi, thus a moderate amount of data was collected for
reception performance in the port and starboard quadrants on thisflight. At target ranges
of less than 80 nmi the probability of reception ranged from alow of 38% (at longer
ranges) to a high of 99% at short ranges. At ranges between 80 and 105 nmi the
reception probability for the broadcasts from the BA-400664, were 25% to 52% and the
only 3 data points from the NLR aircraft at these ranges were at approximately 90 nmi
with areception probability varying from 16% to 19%.
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Figure 6.2.2-3. Port & Starboard Quadrants Reception Probability by N40, 20 May

6.2.2.1.2 Performancevs. Requirements

There was a modest amount of data collected for reception from the forward
quadrant. Analysis of the resultsindicate that for the ranges up to 40 nmi (i.e., the limit
of the MASPS requirements) the reception performance exceeded that required by the
ADS-B MASPS. At longer ranges the reception probability for TCP and TCP+1
squitters would exceed the desired 22.9% values out to ranges of perhaps of 70 to 90 nmi
but the limited data at such ranges prevents any precise determination. The data indicates
that tracking of the target aircraft, with state vector updates within the 12 seconds
required by the MASPS (at 95% probability), should be possible at ranges in excess of
100 nmi. Generally the reception of the Extended Squitters broadcast from BA-400664,
were received with higher probability than were the broadcasts from the NLR aircraft at
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similar ranges. Reception performance in the aft and in the port and starboard quadrants
substantially exceeded the reception performance required by the ADS-B MASPS.

6.2.2.2 Reception on NLR, 20 May

An analysis of N40 reception on the NLR LDPU has been presented in 4.1.2.2.
The N40 track recorded by the NLR LDPU isshown in Figure 4.4.1.2.2-1c. The
corresponding N40 atitude/range from NLR is shown in Figure 4.4.1.2.2-2b. The NLR
track isshown in Fig. 4.4.1.2.2-1b. The NLR flight consisted of two legs. In thefirst leg
NLR flies away from N40 to the southeast and in the second leg NLR returns towards
Wiesbaden and approaches N40. During the outbound phase N40 was found mostly in
the aft quadrant of NLR while during the inbound phase N40 was found mostly in the
forward quadrant of NLR.

6.2.2.2.1 Track acquisition

The NLR LDPU acquired the N40 track while NLR was still on the ground. The
NLR LDPU log indicates (Figure 4.4.1.2.2-3d) that the N40 track would not have been
dropped in the duration of the NLR flight, although their maximum horizontal distance
rose up to 163 nmi.

6.2.2.2.2 Reception probability

N40 Extended Squitter reception probability has been analyzed in 4.4.1.2.2.
Figure 4.4.1.2.2-4d plots the N40 reception probability versus range distinguishing
between the inbound and outbound NLR flight legs.

Figures 6.2.2-4 through 6 decompose N40 reception performance in three parts,
corresponding to the parts of the N40 flight where N40 was in the forward, aft and
port/starboard quadrant, respectively, relative to the receiver (NLR). Performanceis
measured in terms of message reception probability versus range. Only the part of the
NLR log where both aircraft were in flight (above 1000 ft) has been taken into account.

Figures 6.2.2-4a, -5a, and 6a compare the measured Extended Squitter reception
probability valuesin the forward, aft, and port/starboard quadrants, respectively, against
the minimum reception probabilities that would theoretically be required to meet the
DO-242 update interval the two TCP and State Vector requirements. The DO-242
requirements refer to two air-to-air applications (Separation Assurance & Sequencing and
Flight Path Deconfliction Planning), as they have been specified in Table 6.1-4. It should
be noted that DO-242 defines separate update interval requirements for forward, aft, and
side receiver quadrant, respectively, only for the flight Path Deconfliction application.
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Similarly, Figures 6.2.2-4b, -5b, and -6b compare the measured reception
probability values against the minimum reception probabilities that would theoretically
be required to meet the Eurocontrol proposed performance criteriafor long range
autonomous operations (four TCPs and state vectors up to 150 nmi range). These
Eurocontrol criteria aso distinguish performance requirements per target aspect angle
quadrant.

Figures 6.2.2-4a and 4b plot the reception probability for the forward quadrant.
These figures correspond to alarge extent to the inbound N40 leg reception probability
plot of Fig. 4.4.1.2.2-4d. The N40 reception probability was above the minima needed for
state vector updates in both applications considered. Concerning intent, the N40 reception
probability was also above the minimafor RTCA requirements. It would satisfy the
mi nEInum requirement for the four-TCP case up to 95 nmi, except for an incident at 66
nmi-,

Figures 6.2.2-5a and 5b plot the reception probability for the aft quadrant. These
plots correspond to a large extent to the outbound leg reception probability plot of Fig.
4.4.1.2.2-4d. The N4O reception probability was above the minima needed for state
vector updates in both applications considered. Concerning intent, the N40 reception
probability was also above the minimafor both RTCA and Eurocontrol requirements.

Figures 6.2.2-6a and 6b plot the reception probability for the port and starboard
guadrants. The target aircraft (N40) was found in these quadrants only during relatively
brief intervals. N40 reception probability satisfied both RTCA and Eurocontrol minima
but the number of samples was small.

2 Thisincident was a short period (~ 15 sec) in which few N40 messages were received. NLR had started
its descent (FL 170) while N40 was still cruising (FL 220) and executing aturn. N40 was at ~10 deg
relative bearing from NLR and both aircraft were going in the same direction (rx head to tx tail).
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6.2.3 Analysis of the Resultsfrom 22 May

An overview of theresultsfor 22 May is provided in 4.4.1.2.3. FAA N40 and the
FIl project aircraft participated in the tests. The FIl aircraft wasin aholding pattern as
FAA N40 flew acircuit asindicated in 4.4.1.2.3.1. A target of opportunity (BA-400664:)
was observed on aroute from the northwest flying generally toward the southeast passing
near Frankfurt and continuing on toward a destination beyond Munich.

An analysis of the data from the FlI aircraft, that was previously summarized in
Figure 4.4.1.2.3-4, indicates that the FII aircraft would have acquired the track (i.e.,
reception of both position and velocity information) on BA-400664;, at range of
approximately 113 nmi (with no subsequent update period exceeding 24 seconds) as
BA-400664, approached the Fll aircraft. On the outbound leg, FIl would have
maintained the track on BA-400664, to a range of beyond 85 nmi. The track would
subsequently have been re-acquired and maintained out to a range of 164 nmi.

Anaysis of the data collected onboard the FlI aircraft on 22 May also indicates
that it would have maintained the track on N40, as N40 departed the Frankfurt area, with
state vector update periods not exceeding 24 seconds out to arange of beyond 126 nmi.
Later in the same flight, as N40 was returning to Wiesbaden, the FlI aircraft would have
re-acquired the track (i.e., reception of both position and velocity information) on N40 at
arange of approximately 92 nmi with no subsequent update period exceeding 24 seconds.

An analysis of the datafrom N40, that was previously summarized in Figure
4.4.1.2.3-5, indicates that N40 would have acquired the track (reception of both position
and velocity information) on BA-400664, at range of approximately 139 nmi with no
subsequent update period exceeding 24 seconds as BA-400665, approached N40. On the
outbound leg, N40 would have maintained the track on BA-400664, to a range of beyond
111 nmi. The track would subsequently have been re-acquired and maintained out to a
range of 143 nmi.

Analysis of the data collected onboard FAA N40 on 22 May also indicates that it
would have maintained the track on the FlI aircraft, with a state vector update period not
exceeding 24 seconds, to arange of beyond 117 nmi as N40 departed the Frankfurt area.
Later in the same flight, as N40 was returning to Wiesbaden, N40 would have re-acquired
the track on the FlI aircraft at arange of approximately 95 nmi with no subsequent update
period exceeding 24 seconds. Note that the FlI aircraft was not actually broadcasting
velocity information and the 95 nmi range estimate represents the range within which
position squitters were being reliably received.

6.2.3.1 Reception Probability asa Function of Target Bearing

Figures 6.2.3-1 t0 6.2.3-3 present the reception probability of individual Extended
Squitters versus range for each the FIl and FAA N40 aircraft. The figures cover the
forward quadrant (forward * 45°), the aft quadrant, and the port and starboard quadrants.
The Extended Squitter reception probability necessary to satisfy the RTCA ADS-B
MASPS requirements for the Separation Assurance & Sequencing application and the
Flight Path Deconfliction Planning application are indicated on the figures. For more
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information on the associated ADS-B MASPS requirements see 6.1 and specifically
Table6.1-4.

6.2.3.1.1 Results from Measurementson the FII Aircraft, 22 May

Figure 6.2.3-1 plots the reception probability for the forward quadrant from data
collected by the LDPU on the FlI aircraft. Two target aircraft (FAA N40 and BA-
400664,) were each at aforward relative bearing from the FlI aircraft during several
separate time intervals. The reception probabilities for the Extended Squitters from
BA-400664, and N40 were generally consistent. Only N40 appeared in the FlI aircraft's
forward quadrant at ranges of less than 40 nmi. Within this range Extended Squitters
were received from N40 at ranges from 2 to 30 nmi with reception probabilities varying
from approximately 61% to 89%. At ranges from 40 to 80 nmi Extended Squitter
reception probabilities varied from approximately 53% at 40 nmi to approximately 23%
at 80 nmi At the 80 nmi target range the reception probability varied from approximately
16% to 40%. At target ranges beyond 80 nmi the measured reception probabilities
decreased to less than 20%, although little data was recorded for the forward quadrant at
such ranges.
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Figure 6.2.3-1. Forward Quadrant Reception Probability by FII, 22 May

Figure 6.2.3-2 plots the reception probability for the aft quadrant. The BA-
400664, was at an aft relative bearing from the FII aircraft at severa separate intervals.
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N40 was at an aft relative bearing from the FIl aircraft a significant amount of time at
various ranges. The combination of the N40 and The BA-400664+, results provide more
or less continuous data on reception probability out to ranges of beyond 120 nmi.
Extended squitter reception probability at ranges from 2 to 40 nmi varied from
approximately 35% to 99% and except for afew very brief intervals was above 50%. For
example the drop in reception probability for squitters being broadcast by N40 at arange
of 18 nmi had atotal duration of 25 seconds where the reception probability fell below
50%, but as a consequence of the sliding window approach used to produce plotsin this
section, even abrief event can impact multiple data point on the plots. In this particular
case there was a state vector update produced for every one second interval (at least one
position and/or velocity squitter was received during each second) during this 25 seconds
of reduced reception probability. Asfor the cause of the degradation in this specific case,
N40 was executing a turn during this time period with a 25-degree change in heading
occurring during the 25-second interval. Thus an application using ADS-B reports that
were output by the 1090 ADS-B system would have observed no degradation during this
interval. At target ranges from 40 to 100 nmi the reception probably generally decreased
from 50% to 20% with afew brief intervals recorded where the reception probability
dropped below 20%, with a single sample at 14.5% being the lowest value.
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Figure 6.2.3-2. Aft Quadrant Reception Probability by FII, 22 May

Figure 6.2.3-3 plots the reception probability for port and starboard quadrants.
Thetarget aircraft (N40 and BA-400664;,) were each at a port or starboard relative
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bearing from the FlI aircraft at a number of discrete times. The combined data provides a
nearly continuous plot of reception probably out to ranges beyond 100 nmi. At target
ranges of less than 40 nmi the probability of reception ranged from alow of 27% (at
longer ranges) to a high of 92% at short ranges. At ranges between 40 and 75 nmi the
reception probability for the broadcasts from the BA-400664, were 20% to 40% and the
reception from N40 while generally above 20%, included very brief interval at
approximately 60 nmi where the reception probability dropped to aslow as 4%. This
event, where the probability was less than 20%, spanned atime interval of 1 minute and
occurred just after N40 had started it descent on its return to Wiesbaden near the end of
the data collection exercise.
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Figure 6.2.3-3. Port & Starboard Quadrants Reception Probability by FlI, 22 May
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6.2.3.1.2 Resultsfrom Measurementson the FAA N40 Aircraft, 22 May

Figure 6.2.3-4 plots the reception probability for the forward quadrant from data
collected by the LDPU on the FAA N40 aircraft. The two target aircraft were FIl and

BA-400664,. BA-400664, was at aforward relative bearing from N40 during severa
separate intervals. Substantial forward quadrant data at ranges to in excess of 100 nmi
was collected from the FIl aircraft. It should be noted that the FIl aircraft was using a
genera aviation class transponder with anominal transmitter power output level on the
order of 2.5 dB lessthan for atypical air carrier transponder, such as used on
BA-400664y. There was not sufficient forward quadrant data collected from BA-400664,
to verify if the higher transmitter power level resulted in higher probability of squitter
reception by N40. For squitters received from the FII aircraft at target ranges out to 20
nmi the probability of squitter reception generally remained above 60% and at ranges
between 20 nmi and 70 nmi the reception probability was generally above 40% with the
lowest value being 28%. Beyond 70 nmi the reception probability dropped to 23% at 75
nmi then generally varying between 5% and 30% out to arange of 100 nmi. The limited
datafrom BA-400664, shows reception probability varying between 52% and 90% at

target ranges of 22 to 30 nmi. Longer-range data shows the probability of reception
dropping below 23% at ranges beyond 83 nmi.
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Figure 6.2.3-4. Forward Quadrant Reception Probability by N40, 22 May
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Figure 6.2.3-5 plots the reception probability for the aft quadrant. BA-400664,

was at an aft relative bearing from N40 only at ranges beyond 80 nmi and only for a
limited time. The FIl aircraft was at an aft relative bearing from N40 at several separate
intervals where a modest amount of datawas collected. The combination of the N40 and

the BA-400664, results provide data to estimate the reception performance achieved in

the aft quadrant on thisflight. Extended squitter reception probability at ranges within 40

nmi varied from approximately 50% to 98% while reception probability at ranges

between 40 nmi and 75 nmi were generally above 20% with only avery few data points

dropping down to as low as 15%.
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Figure 6.2.3-5. Aft Quadrant Reception Probability by N40, 22 May
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Figure 6.2.3-6 plots the reception probability for port and starboard quadrants.
The target aircraft (FI1 and BA-400664,) were each at a port or starboard relative bearing
from N40 at a number of discrete times. Combined the data provides a nearly continuous
plot of reception probably out to ranges beyond 100 nmi. At target ranges of less than 20
nmi the probability of reception was generally above 60% with only afew lower data
points dropping down to a minimum of 47%. At target ranges of between 20 nmi and 60
nmi the reception probabilities generally varied between 30% and 90% with a minimum
value of 26% at arange of 50 nmi. Beyond 60 nmi the reception probability varied
widely with the bulk of the data points remaining above 20% out to arange of 110 nmi.
However, afew data points fell down into the 6% to 10% region at target ranges of
approximately 76 nmi and greater.
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Figure 6.2.3-6. Port & Starboard Quadrants Reception Probability by N40, 22 May
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6.2.3.2° Performance vs. Requirements

There was a modest amount of data collected for reception from the forward
quadrant by the FI1 aircraft and substantially more data collected by FAA N40. Analysis
of the results indicates that for the ranges up to 40 nmi (the limit of the MASPS
requirements) the reception performance substantially exceeded that required by the
ADS-B MASPS. At longer ranges the reception probability for TCP and TCP+1
squitters would exceed the desired 22.9% values out to target ranges of at least 75 nmi for
both the FAA N40 and for the FIl aircraft. The dataindicates that tracking of the target
aircraft, with state vector updates within the 12 seconds required by the MASPS (at 95%
probability), should be possible at ranges of 100 nmi or greater. Reception performance
in the aft and in the port and starboard quadrants substantially exceeded the reception
performance required by the ADS-B MASPS.

6.2.4 Analysis of the Resultsfrom 24 May

An overview of theresultsfor 24 May is provided in 4.4.1.1. FAA N40, NLR
and the FII project aircraft participated in the tests on thisday. The N40 wasin a holding
pattern asthe Fll and NLR aircraft flew acircuit as previously shown in Figure 4.4.1-1a.
A target of opportunity (BA-4006525) was observed on aroute from northwest to
southeast that overflew the Frankfurt area at the time the project aircraft were departing
from Wiesbaden for the data collection flights. Datawas presented in 4.4.1.1 that
included Extended Squitters received from BA-400652;, by the project aircraft while they
were still on the airport surface at Wiesbaden. However, the results presented below are
limited to Extended Squitters received after the project aircraft was airborne (above 1000
ft altitude).

A summary of the data collected onboard the project aircraft was previously
summarized in 4.4.1.1 and the figures contained therein. The following paragraphs
present afurther analysis of the results obtained from the evaluations on 24 May.

6.2.4.1 Reception Probability asa Function of Target Bearing

Figures 6.2.4-1 to0 6.2.4-4 present the reception probability of individual Extended
Squitters versus range received by the NLR Metroliner, the FlI aircraft, and FAA N40.
The figures cover the forward quadrant (i.e., forward * 45°), the aft quadrant, and the port
and starboard quadrants combined into asingle figure. The Extended Squitter reception
probability necessary to satisfy the RTCA ADS-B MASPS requirements for the
Separation Assurance & Sequencing application and the Flight Path Deconfliction
Planning application are indicated on the figures. The additional Eurocontrol criteriafor
long autonomous operations are also indicated. For more information on the associated
ADS-B MASPS and Eurocontrol requirements see 6.1 and specifically Table 6.1-4.
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6.24.11 Resultsfrom Measurementson Fll Aircraft. 24 May

Figure 6.2.4-1 plots the reception probability for the forward quadrant from data
collected by the LDPU on the FlI aircraft. Threetarget aircraft (FAA N40, NLR and
BA-400652y,) were observer at aforward relative bearing from the FII aircraft. A
moderate amount of forward quadrant data was collected from N40 and BA-400652,.
Only avery little, short range, forward quadrant data was collected from the NLR
aircraft. The forward quadrant reception probabilities for the Extended Squitters received
from both N40 and BA-400652;, indicate reduced reception performance, compared to the
performance achieved during other test periods. The target range within which the
desired 22.9% probability of reception was achieved in the forward direction was
approximately 50 nmi for BA-400652, and 40 nmi for N40. The results obtained for
reception of the Extended Squitters from BA-400652;, are not unexpected or of major
concern since the degraded reception performance for this encounter occurred during the
first few minutes after the FlI aircraft departed from Wiesbaden and was climbing and
maneuvering. During thisinterval BA-400652;, was at a cruise altitude of FL370 and
flying away from the FIl aircraft. Although the probability of individual squitter
reception dropped below the desired level of 22.9% at arange of approximately 50 nmi
the FII aircraft would not have dropped the track on BA-400652, until approximately 23
minutes after FII departed Wiesbaden at which time the range to BA-400652;, was
approximately 70 nmi. At thistime the FIl aircraft had just reached a cruise altitude of
FL 220 and BA-400652;, was descending through FL200. The track would subsequently
have been re-acquired.

The results obtained for FlI reception of Extended Squitters from N40 while the
FIl aircraft was outbound at the beginning of the tests (i.e., FlI aft quadrant data) appear
to be consistent with data collected on other days of the evaluation. However, the
forward quadrant performance when the FIl aircraft was returning toward
Frankfurt/Wiesbaden near the end of this day's data collection showed degraded
performance that required further investigation. The desired reception probability of
22.9% was not reached until the range to N40 was within approximately 40 nmi, as
compared to the 70 to 80 nmi that was typically measured during the other days and time
periods of the evaluation. During the time period in question N40 wasin a holding
pattern near Frankfurt while the FIl aircraft was returning toward Frankfurt/Wiesbaden.
Further investigation was undertaken to identify potential reasons for the degraded
reception performance that occurred during this specific time period of this data set.
Note that N40 experienced asimilar level of degraded performance on 24 May during the
same limited time period. The potential causes of this period of degraded reception
performance are explored in 6.2.4.2.1.

There was insufficient forward quadrant data collected by the FIl aircraft from the
NLR aircraft to assess reception performance from this target other than the very short-
range performance. The short-range performance was as expected and well exceeded the
required level.
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Figure 6.2.4-1. Forward Quadrant Reception Probability by FlI, 24 May

Figure 6.2.4-2 plots the reception probability for the aft quadrant from data
collected by the LDPU on the FlI aircraft. Insufficient aft quadrant data was collected
from BA-400652, to judge the reception performance for this target from this quadrant.
A significant quantity of data was collected from N40 broadcasts as shown in Figure
6.2.4-2. Thisdatafrom N40 was generally collected as the FIl aircraft was outbound
from Frankfurt/Wiesbaden and N40 was on its way to, and subsequently in, a holding
pattern near Frankfurt. The Extended Squitter reception probability from N40 remained
above the desired 22.9% level until the range to N40 was approximately 85 nmi. Note
that the N40 data as shown in Figure 6.2.4-2 is presented as two data sets. Thiswas done
because N40 reset its LDPU to change flash memory cards, and thus briefly
(approximately one minute) interrupting the transmission of valid Extended Squitters.
This occurred while the range from the FlIl aircraft was approximately 77 nmi. Ignoring
this brief intentional interruption in Extended Squitter broadcasts from N40, the Fli
aircraft would have maintained track on N40 until the target range reached approximately
106 nmi.

The aft reception performance from the NLR aircraft includes three separate
range and time groupings of data. Both the short-range set of data (10 to 20 nmi) as well
asthe long-range set of data ( > 70 nmi) are similar to the reception probabilities
measured for reception of Extended Squitters from N40. However the mid-range (45 to
60 nmi) data shows notably lower probability of reception, even when compared to the
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reception at considerably longer ranges. Examination of the FII and NLR aircraft's flight
profiles for the time interval in which this mid-range data was collected reveaed that the
FIl was descending below 3000 ft on its way back to land at Wiesbaden and the NLR
aircraft was also descending passing through 12,000 ft on its way back to land at
Wiesbaden. Given the aircraft were engaged in these operations the reduced probability
of reception at ranges greater than 40 nmi is not unexpected nor of significant operational
concern.
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Figure 6.2.4-2. Aft Quadrant Reception Probability by FIl, 24 May

6-39



Figure 6.2.4-3 plots the reception probability for port and starboard quadrants by
the FIl aircraft. Only limited port and starboard quadrant data was received from
BA-400652y, for which the reception probability remained above the desired 22.9% out to
arange of approximately 45 nmi, except for abrief interval of 12 seconds at a target
range of approximately 25 nmi. The other target aircraft (N40 and NLR) were each at a
port or starboard relative bearing from N40 at varying ranges thus allowing for meaning
analysis of reception results. The reception of squitters from N40 at these quadrants
largely occurred at ranges within 32 nmi, with afew additional squitters received at long
ranges (>120 nmi). Also the FIl aircraft received Extended Squitters from the NLR
aircraft out to ranges of approximately 75 nmi. Reception probabilities for Extended
Squitters broadcast from both N40 and the NLR aircraft were typical for the measured
target ranges with the probability of reception generally above the desired 22.9% vaue
for ranges within 45 nmi.
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Figure 6.2.4-3. Port & Sarboard Quadrants Reception Probability by FII, 24 May
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6.24.1.2 Resultsfrom Measurementson N40 Aircraft, 24 May

Figure 6.2.4-4 plots the reception probability for the forward quadrant from data
collected by the LDPU on FAA N40. Four target aircraft (FI1, NLR, BA-400663;, and
BA-400664,) were observed at aforward relative bearing from the N40 during the course
of the flight tests on 24 May. The forward quadrant data for each of these aircraft was
generaly limited to afew brief timeintervals. Thiswas especially true for the British
Airways aircraft, which were only briefly observed at long range ( >130 nmi). The
reception probability for Extended Squitters from the FIl and NLR aircraft each included
a case Where the reception probability was lower than what was typically observed for the
given target range. For the case of reception of Extended Squitters from the NLR and the
FIl aircraft there were specific situations where the desired 22.9% reception probability
was only achieved when the target with within approximately 35 nmi. An examination of
the NLR case showed that this data was collected while both N40 and the NLR aircraft
were descending on their way to land at Wiesbaden at the end of the data collection
exercise. At the beginning of this portion of the NLR data, its range to N40 was
approximately 64 nmi and the NLR aircraft was descending through 11,000 ft and at this
same time N40 was descending through 10,000 ft. By the time the range had reached 40
nmi the NLR aircraft had descended to approximately 7,000 ft and N40 had descended to
approximately 8,000 ft. It should also be noted that the NLR aircraft ceased Extended
Squitter transmissions for a period of time during its approach to Wieshaden because of a
warning indicator onboard that aircraft, which resulted in the flight crew declaring an
emergency and shutting off the ADS-B system. Ignoring the period where NLR
deliberately ceased ADS-B transmissions, N40 would have provided target tracking of
the NLR aircraft at ranges within approximately 65 nmi. Earlier in the flight N40
observed the NLR aircraft in the forward quadrant. During this brief period the target
range varied from approximately 53 nmi to 59 nmi and the reception probabilities varied
from alow of 22% to ahigh of 48%. Generally this data set is consistent with the
reception probabilities typical of other data sets.

6-41



100%

80% -

o FIl #1

OFI #2

AFI#3

X NLR #1
ONLR#3

+ BA-400663h #1
X BA-400664h #1

60% A

Reception Probability

40% A

20%

BEBEgEE°"

e

o

goo
e + 4

0%

0 20 40 60 80 100 120 140 160 180 200
Range (nmi.)

Figure 6.2.4-4. Forward Quadrant Reception Probability by N40, 24 May

Figure 6.2.4-5a plots the reception probability for the aft quadrant from data
collected by the LDPU onboard N40. Only very little aft quadrant data was received
from BA-400664, at arange of approximately 140 nmi. There was thus insufficient data
to allow for further analysis of the aft quadrant reception performance from this target.
Substantial aft quadrant data was received from the NLR aircraft. The reception
performance for broadcasts from the NLR aircraft indicate that the desired 22.9% or
greater reception probability would generally have been maintained until the target range
reached approximately 65 nmi. More limited aft quadrant data was received from the Fll
aircraft mostly between the ranges of 14 nmi and 32 nmi where the reception
probabilities varied between 17% and 89%. This datafor the FIl aircraft includes
Extended Squitters received from early during the test flight as the FII aircraft was
departing the Frankfurt/Wiesbaden area as well as data associated with the final few
minutes of the test flight as the FII aircraft was returning to Wiesbaden. These data
points below the desired 22.9% values all occurred during a single 28 second interval
while the FIl aircraft was descending through 2,800 ft asit prepared to land at Wiesbaden
at arange from N40 of approximately 25 nmi. During this same time interval, N40 was
also descending at approximately 12,000 ft on this way back to land at Wiesbaden. The
lowest probability of reception recorded during the earlier phase of the flight, as the FlI
aircraft departed Frankfurt/Wiesbaden was approximately 33%. A few additional
Extended Squitters from N40 were received from the FlI aircraft at arange of
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approximately 90 nmi where the reception probability was in the range of 30% to 45%.
A few additional Extended Squitters from N40 were received at long range (i.e., 115 nmi

to 165 nmi) at reception probabilities of 15% and below.
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Figure 6.2.4-5a. Aft Quadrant Reception Probability by N40, 24 May

Figure 6.2.4-5b plots the reception probability for port and starboard quadrants by
N40 on 24 May. Significant datafrom the FIl and NLR project aircraft and from the BA-
400652, target of opportunity were recorded by N40 in the port and starboard quadrants.
Considering al three target aircraft, the desired 22.9% probability of reception was
exceed for al targets within 56 nmi and in most cases was exceed to ranges in excess of
75 nmi. There was one set of data points associated with the third data set from the Fli
aircraft at aranges of 56 nmi to 73 nmi were the probability of reception was below
22.9%. This case was associated with the same encounter as discussed above for the
forward quadrant where the overall probability of reception was unusually low. This case

isfurther analyzed in 6.2.4.2.1.
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Figure 6.2.4-5b. Port & Sarboard Quadrants Reception Probability by N40, 24 May

6.24.1.3 Resultsfrom measurementson NLR, 24 May

The NLR LDPU log of the 24 May was analyzed in 4.4.1.1. Figures 4.4.1-1a and
4.4.1-2a show the FIl and N40 tracks recorded by the NLR LDPU during the trial
session. Figures 4.4.1-1b and 2b plot the corresponding N40 and Fl1 altitudes and range
versustime. The NLR aircraft flew atwo-leg flight from Wiesbaden. In thefirst leg NLR
flew towards the north and therefore had the N40 mostly in the aft quadrant while FlI
(which was flying to the southeast) was found mostly in the aft and starboard quadrants.
During the return leg the N40 was found mostly in the forward quadrant while the Fl|
(which was a'so returning to Wiesbaden from a southeast direction) was found partly in
the port quadrant and to a lesser extent in the forward quadrant.

The FIl and N40 reception probability estimates from the NLR LDPU log have
been shown in Figures 4.4.1-1e and 2e making a distinction between inbound and
outbound flight phases. Figures 6.2.4-6ato 6.2.4-6¢ plot the same data separately for the
forward, the aft and the side quadrants, respectively, of the receiver (NLR). Only the
flight periods where both the transmitter and the receiver were airborne (altitude > 1000
ft) have been considered.

Figure 6.2.4-6a(1) plots the N40 and FII reception probabilities versus range for
the forward quadrant of NLR and compares with the theoretical minima for meeting the
DO0-242 update interval requirements (SV and up to two TCPs) for ASAS and flight path
deconfliction. Figure 6.2.4-6a(2) compares the same N40 and FIl reception probabilities
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versus range for the forward quadrant of NLR with the theoretical minima for meeting
the Eurocontrol criteria for autonomous operations (SV and four TCPs).

Figures 6.2.4-6(1) and 6.2.4-6a(2) indicate that FIl Extended Squitter reception
was better than that of N40 Extended Squitters at distances below 60 nmi and worse for
distances above 60 nmi. Concerning state vector updates, both targets exceeded the
theoretical reception probability minimaup to 120 nmi (N40) and 80 nmi (FI1). For TCP
updates the observed reception probabilities fell below the RTCA minimaat 50 nmi
(N40) and 60 nmi (FI1). It is noticeable that the NLR LDPU achieved better reception
probabilities for N40 squitters than the FII LDPU during the 24 May tria session
(compare with the FIl results described in 6.2.4.1). FIl and NLR flew similar flight
profiles abeit in different directions. On the other hand NLR reception performance was
not as good as its reception performance in the 20 May session (see Figure 6.2.2-4, N40
reception on NLR - forward quadrant).

Figure 6.2.4-6b(1) plots the N40 and FIl reception probabilities versus range for
the starboard and port quadrants of the receiver (NLR) and compares with the theoretical
minima needed to meet DO-242 update interval requirements for ASAS and flight path
deconfliction. Figure 6.2.4-6b(2) compares the same N40 and FIl reception probabilities
with the minima required to meet Eurocontrol autonomous operation update interval
requirements. Both FI1 and N40 Extended Squitter reception probabilities were
comfortably above the RTCA state vector minima and they also exceeded the minimafor
TCP updates (RTCA). The minimafor reception of four TCPs (Eurocontrol) were
exceeded up to 60 nmi (at least for the Fll, there were no relevant samples for the N40).

Figure 6.2.4-6¢(1) plots the N40 and Fl1 reception probabilities versus range for
the aft quadrant of the receiver (NLR) and compares with the minimathat would meet
DO-242 update interval requirements for ASAS and flight path deconfliction. Figure
6.2.4-6¢(2) compares the same N40 and Fll reception probabilities with the Eurocontrol
criteria for autonomous operations. The reception probabilities of both targets exceeded
the minimafor state vector and TCP updates throughout the required range.
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6.2.4.2 Performance vs. Requirements

In considering the overall set of performance results reported above, there
appeared to be anomalies in the performance results reported on 24 May that required
further investigation. Thisinvolved analysis of data collected by the LDPUs onboard the
FIl aircraft and N40 associated with specific encounters between the project aircraft.
Section 6.2.4.2.1 presents the results for this further investigation of the results.

6.2.4.2.1 Investigation of Factorsfor Periods of Degraded Perfor mance

Both N40 and the FIl aircraft experienced degraded reception performance on 24
May during the phase of the flight where the FIl aircraft was returning to Wiesbaden and
N40 was just compl eting its data collection while in the holding pattern near Frankfurt.
The following materia provides more details concerning the specific set of data
associated with the encounter. The encounter in question involved the FlI aircraft
returning for a subsequent landing at Wiesbaden while N40 was in a holding pattern near
Frankfurt. Both aircraft were flying at FL 220 and both aircraft experienced lower than
expected probability of squitter reception, for the given air-to-air target range. Figure
2.4.2-Ta provides the ground tracks of the FIl aircraft and N40 during the approximately
15 minute segment (12:24:13 to 12:39:16) of the encounter in question.

50.5
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mFll

Latitude (North)
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49
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Figure 6.2.4-7a. Ground Track 12:24:13 to 12:39:16 on 24 May

As shown in Figure 6.2.4-7b, range between the FIl aircraft and N40 decreased
from 80 nmi to 19 nmi during this 15-minute interval.
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Figure 6.2.4-7b. Fll-to-N40 Rangevs. Time

During this 15-minute interval N40 completed a transition in the orientation of the
racetrack holding pattern and as aresult the relative bearing to the Fll aircraft varied
through the full 360 degrees. However, N40 appeared in the forward quadrant (to the | eft
of centerline) as seen by the FlI aircraft. Figure 6.2.4-7c shows the reception probability
for each the FII aircraft and N40 during this 15 minute interval.
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Certain of the specific areas of reduced reception performance, such as the sudden
drop in reception probability onboard the FlI aircraft at a range of approximately 23 nmi,
can be directly attributed to N40 executing aturn. However, the overal reception
probabilities at ranges of greater than 35 nmi is of concern and was the focus of the more
detailed investigation. Note that the FII aircraft used a general aviation class transponder
which had a transmitter output power of approximately 2.5 dB less than for N40 for the
other aircraft involved in the evaluations. Therefore, at a given range it could be
expected that the probability of receiving Extended Squitters from the FlI aircraft would
be generally lower than for the transmissions from the other aircraft.

Thefirst step to better understand the cause(s) of the performance during the time
interval in question on 24 May was to compare the 1090 MHz fruit rates measured
onboard N40 for thistime interval to other times during the flight evaluations. The
ATCRBS fruit rates measured onboard N40 using the RMF were previously shown in
Figure 4.3.1-1aand Figure 4.3.1-3. Asshown inthese figures and in thetext of 4.3.1.1.1
the maximum ATCRBS fruit rates on 24 May were recorded during the sample at starting
at 12:26:00. This period of maximum ATCRBS fruit rate occurs during the time internal
of degraded Extended Squitter receptions discussed above. A maximum ATCRBS fruit
rate of 29,000 per second was recorded from the bottom antennaon N40 at an MTL of -
84dBm. Such alevel of ATCRBS fruit may have contributed somewhat to degraded
reception performance during the interval in question on 24 May. However, it does not
appear to be sufficiently greater than the ATCRBS fruit rates experienced at other times
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intervals during the data collection, on 24 May or other days, to fully account for the
reduced reception performance during the interval in question.

To further investigate the cause of the reduced reception performance for the
interval in question on 24 May the received squitter power levels, as recorded by the
LDPU were analyzed. Figure 6.2.4-7d plots the maximum power level for squitters
received within the sample period (normally one second) vs. target range. The results
from both the FIl aircraft and N40 areincluded. A third set of datais provided asa
reference (i.e., baseline) for comparison. This additional set of baseline datawas
recorded onboard the Fll aircraft earlier on 24 May when the FIl aircraft was departing
the Frankfurt area and represents atypical case. A fixed 3.5 dB cable loss between the
transponder and the antenna was assumed for thisplot. Also recall that the Fll
transponder has a 2.5 dB lower transmitter power than N4O.
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Figure 6.2.4-7d. Received Power Level vs. Range

The measurements for the power level of the received squitters appear to confirm
that higher than typical (for Frankfurt) ATCRBS fruit rates was not the main factor in
reduced reception performance. Rather, the lower than typical received signal levels
appear to be asignificant factor. Such areduction in received signal levels could have
been caused by either a problem with the avionics or an anomaly with the installed
characteristics of the system. However, an avionics problem is unlikely to be responsible
given that N40 and FIl each used separate avionics for the transmission and for the
reception of Extended Squitters (i.e., transponder and LDPU) and also since both aircraft
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experienced degraded reception performance during the sametime interval. A possible
cause for reduced received power levels could be related to the antenna pattern on one or
both aircraft. Aspreviously discussed in 2.2.1 for N40 and 2.2.2 for the FlI aircraft,
separate top and bottom transmit and receive antennas were used. No measurements for
theinstalled antenna patterns were made, therefore anomalies in the antenna patterns can
only be inferred from available data and by areview of the antenna mounting locations.
During the course of the 15 minute interval being analyzed, N40 conducted severa
maneuvers including two 90 degree turns and two 180 degree turns. Asaresult any
major azimuth dependent anomaly in either the transmission or reception antenna
patterns could be expected to only appear for asmall subset of the data. However, since
the received signal levels appears to be generally lower than normal throughout most of
the 15 minute interval, the overall reduced signal levels cannot be attributed specifically
to an anomaly in the antenna patterns of N40. The relative bearing from the N40, as seen
by the FII aircraft, was generally in the forward-left direction and varied only through a
modest range of azimuth values during the 15-minute interval. If the Fll aircraft's
antenna pattern were to provide generally reduced co-altitude performance at relative
bearings of approximately -10 degrees to -25 degrees this could be the primary cause of
the degraded performance.

The antenna locations on the FIl aircraft were previously shownin 2.2.2.5 and are
repeated in Figure 6.2.4-7e. The 1090 MHz transmit antenna locations are indicated as A
and B for the top and bottom antennas respectively. The 1090 MHz receive antennas are
indicated as C and D for top and bottom respectively. None of the 1090 MHz antennas
are located on the centerline of the airframe's fuselage, as they would bein an
ideal/typical installation. Since all of the 1090 MHz antennas were located to the right of
centerline this could very well have resulted in an anomaly to the overall antenna pattern
in the horizontal plane toward the port side, where the degraded performance was noted
during the tests. The resulting anomaly in the overall antenna pattern resulting from the
off centerline antenna locations could be expected to be most severe for co-atitude
targets.
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Figure 6.2.4-7e. Antenna Locations on FII Aircraft

While no definitive conclusions can be made at this time as to the what factor(s)
have lead to the degraded reception performance during the final phase of the flight tests
on 24 May, it appears that the antenna locations on the FIl aircraft may have played a
significant role. Also, increased ATCRBS 1090 MHz fruit rates may have played a
minor role in the reduced reception performance.

6.2.4.2.2 Overview of Performance Resultsvs. Requirements

Analysis of the resultsindicate that for the ranges up to 40 nmi (the limit of the
ADS-B MASPS Separation Assurance and Sequencing regquirements) the reception
performance measured on 24 May generally exceeded the minimathat would
theoretically be needed to meet the ADS-B MASPS requirements. A single period of
degraded reception was noted during the final phase of the data collection exercise on 24
May where the probability of reception was somewhat worse than that required by the
MASPS (range was 35 nmi vs. 40 nmi at 22.9% probability of reception). For the other
cases analyzed, the measured performance exceeded the theoretical reception probability
minimafor state vector updates required by the separation assurance and flight path
deconfliction planning MASPS applications. The range to which targets would have
successfully been tracked was approximately 60 nmi in the worst case (associated with



the same period of degraded reception performance noted above) and generally was 90
nmi or greater for the cases where the aircraft wasin level flight.

Concerning the Eurocontrol proposed criteriafor autonomous operations to 150
nmi range, which include the reception four TCPs, reception probability seemed
generally adequate for ranges up to 80 nmi or greater except for the worst case period of
the 24 May.

Additional analysis was performed on the RMF data collected during the critical
time interval of 1230 to 1236 on 24 May where the degraded LDPU reception
performance was noted. Thisanalysisisdescribed in 4.7 of thisreport. The "gold
standard" enhanced decoding technique, as specified in the 1090 MHz ADS-B MOPS
(draft 2" version) was used and the results compared in Figure 4.7-1 to the LDPU and
the TCAS decoder performance results. The results from the use of the enhanced
decoding technique indicate that the reception probability would generally have been
acceptable to arange of greater than 60 nmi as compared to approximately 40 nmi with
the LDPU 1090 MHz receiver. This particular case clearly demonstrates the value of
applying the enhanced decoding techniques to deal with unusual situations where
otherwise the reception performance would be degraded below acceptable levels.

6.2.5 Analysis of the Resultsfrom 25 May

Anoverview of the resultsfor 25 May is provided in 4.4.1.2.4. Only the N40
project aircraft participated in the flight tests on 25 May. A target of opportunity
(BA-400663,) was observed by N40 during the test flight. Thisis a case were the target
aircraft was equipped with an air carrier class Mode S transponder providing the ADS-B
transmissions. Data was collected on the FAA aircraft (N40) while outbound from
Wiesbaden/Frankfurt on aflight path that went to a point just north of Stuttgart and then
on toward Munich. ADS-B transmissions from BA-400663,, were first received while
BA-400663;, was on the airport surface at Stuttgart at a range from N40 of approximately
23 nmi N40 was just passing about 13 nmi north of Stuttgart headed east at an altitude of
approximately 23,000 ft as BA-400663;, departed and headed west. The range between
the two aircraft quickly increased as they headed generally in opposite directions

Thetarget aircraft (BA-400663,,) was broadcasting position, velocity and Flight
ID squitters. Therefore, it was possible to directly measure how quickly track acquisition
occurred and when the Flight ID squitter was received. Thetime at which TCP and
TCP+1 could be acquired with the required update rate has been estimated based on the
measured probability of squitter reception (i.e., >22.9% probability of squitter reception
asper Table 6.1-4). The target was acquired at short range where the acquisition time
would be expected to be brief and thiswas confirmed. Starting with the first report after
the aircraft became airborne (the squitter format switched from surface to airborne) both
position and velocity squitters were received within the first two seconds and Flight ID
and Type was received during the third second. Thus, the target track was established in
two seconds. The probability of reception at this point was over 50% indicating that both
TCP and TCP+1 squitters, if they had been supported, would have been received within
less than 10 seconds.
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Perhaps of greater interest for this particular data set is the performance as the
range to the target increased while the two aircraft were flying on diverging flight paths.
The probability of reception generally remained sufficient to satisfy the update rate for
TCP and TCP+1 reception until the range reached just over 80 nmi. The target track
would have been maintained (with no gaps in squitter reception exceeding 24 seconds)
until the range exceeded 108 nmi. The target track would then have been re-established
asthe BA aircraft reached arange of approximately 120 nmi it would have been
maintained until the target reached arange of 160 nmi where the track would have again
been dropped. Intermittent reports were subsequently received from the target out to a
range in excess of 200 nmi.

6.2.5.1 Reception Probability asa Function of Target Bearing

Figure 6.2.5-1 provides a plot of the reception probability of individual Extended
Squitters versus range for the aft quadrant. The target aircraft did not appear in the
forward quadrant as observed by N40 therefore no plot is provided for this quadrant.

Also very little datawas collected for the port and starboard quadrants and therefore no
plots for reception probability for these quadrantsis provided. The Extended Squitter
reception probability necessary to satisfy the RTCA ADS-B MASPS requirements for the
Separation Assurance & Sequencing application and the Flight Path Deconfliction
Planning application are indicated on the figures. For more information on the associated
ADS-B MASPS requirements see 6.1 and specifically Table 6.1-4.

Figure 6.2.5-1 plots the reception probability for the aft quadrant. BA-400663;,
was at an aft relative bearing from N40 during most of its flight at ranges beyond 24 nmi
and the reception probability is plotted out to a maximum range of 160 nmi. The results
provide adequate data to estimate the reception performance achieved in the aft quadrant
on thisflight. Extended squitter reception probability at ranges between 24 and 40 nmi
varied from approximately 37% to 82% while reception probability generally deceased at
ranges between 40 nmi and 80 nmi with a minimum reception probability of 16% at
approximately 68 nmi but generally remaining above 20% out to 80 nmi. At ranges
beyond 82 nmi the reception probability remained below 20%.
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Figure 6.2.5-1. Aft Quadrant Reception Probability by N40, 25 May

6.2.5.2° Performance vs. Requirements

There was no data collected for reception from the forward quadrant by N40 on
May 25 and only very little data for the port and starboard quadrants. Therefore, no
analysis of reception performance from these quadrants was possible for this specific data
collection flight. However, significant data was collection for the reception performance
from the aft quadrant and analysis of the results for this quadrant indicate that reception
performance substantially exceeded that required by the ADS-B MASPS.
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6.3 COMPARISON OF THE TCASAIR-TO-AIR RESULTSWITH
SELECTED APPLICATION REQUIREMENTS

This section represents the results of the analysis of TCAS 2000 data for the air-
to-air case and compares the measured performance against the requirements described in
6.1. Section 4.4.2 presented an overview of the air-to-air measurements and further
analysis of the data. Specific emphasis has been given to cases where measured
performance was less than expected or less than typical. This has been donein order to
better understand if the cases were the performance was less than expected/typical
indicate inherent limitations of the system that are consequences of specific limitations of
the system or are the consequence of the specific limitations of the test environment (e.g.
poor antenna locations, installation problems, etc.)

The following paragraphs include an analysis of the probability of Extended
Squitter reception as a function of the relative bearing of the target aircraft, in the
horizontal plane, from own aircraft. Target bearing has been sorted into four 90°
guadrants (forward, starboard, aft, port) for the purpose of thisanalysis. Two filters were
applied to the specific reception probability datato be plotted. First al data collected
when either own aircraft or the target aircraft was at an atitude of less than 1000 ft is not
used for the plots. Second, if ownship is maneuvering with more than a modest turn rate
(i.e., maneuversin only horizontal plane) the datais not plotted. This latter filter was
applied because the project aircraft were frequently following flight profiles that included
very frequent changes in heading that would not be typical of a‘normal’ flight profile.

The probability of reception for 1090 MHz Extended Squitters was analyzed
using a 24-second window. A data point is produced, and included on the following
plots, for each case where the TCAS logged the reception of at least one state vector
squitter (i.e., position or velocity) during a 24-second window. It should be noted that for
the case where the reception of state vector updates were being logged for each
successive 1-second interval, even a very short term degradation in reception of squitters
(such as 4 second gap in the reception) can produce many successive data points (e.g., up
to 24) on the following plots showing a degraded reception probability. Such an event
will appear as a sharp drop and rapid recovery in reception probability occurring within
the span of avery few miles of target range. While such short duration events may
produce a significant impact on the following plots, they are of little, or no operational
consequence to most, or in most cases all applications that will utilize the ADS-B
surveillance information.

6.3.1 Analysis of the Resultsfrom 19 May

An overview of theresultsfor 19 May is provided in Section 4.4.2.2.1. During
the shakedown flight for FAA N40, two targets of opportunity were encountered. The
aircraft were British Airways aircraft with flight ids of: BA-400665, and BA-400652;,.

TCAS received only afew Extended squitters from BA-400652;, and these results
are summarized in Figure 4.4.2-12. The following results are only from BA-400665,.
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6.3.1.1 Reception Probability asa Function of Target Bearing

Figure 4.4.2-14 shows the track of BA-400665h with solid reports for a range to
about 120 miles. Figure 6.3.1-1, plots the reception by N40 of the Extended Squitters
versus range, by quadrant, for the BA aircraft. Sufficient data was only recorded from
the aft, port, and starboard quadrants to b included in this plot. The target aircraft (BA-
400665y) was at an aft relative bearing from N40 on two separate occasions. The first
occurrence for approximately 115 seconds at short range (approximately 15 nmi) and
later for approximately 215 seconds at ranges from 47 to 87 nmi thus a modest amount
of datawas collected for reception performance in the aft quadrant on thisflight. The
target aircraft (BA-400665;) was at a port or starboard relative bearing from N40 for
much of the duration of the encounter. Datawas collected at ranges from approximately
14 nmi out to 180 nmi, thus a significant amount of data was collected for reception
performance in the port and starboard quadrants on this flight

TCAS 19 May BA-400665h Reception by Quadran
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Figure 6.3.1-1. TCAS BA-400665, Rec. Prob. vs. Range and Quadrant, 19 May

6.3.1.2 Performance vs. Requirements

There was insufficient data collected for reception from the forward quadrant to
draw any firm conclusions on moderate to long range reception performance. However,
the data analyzed for short-range reception performance is consistent with that required
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by the ADS-B MASPS. . Reception performance in the aft and in the port and starboard
guadrants exceeds the reception performance required by the ADS-B MASPS.

6.3.2 Analysis of the Resultsfrom 20 May

An overview of theresultsfor 20 May is provided in 4.4.2.2.2. All three project
aircraft participated in the flight tests on 20 May. However, dueto a GPS interface
problem the FlI aircraft was transmitting ‘all zeros' for its latitude and longitude. Valid
Extended Squitters from two target aircraft were recorded. These were the broadcasts
from the NLR aircraft and broadcasts from atarget of opportunity (i.e., BA-40066hy,).
Note that the Extended Squitter broadcasts from the FlI aircraft were also received but
without that aircraft's latitude and longitude information. Analysis of the data previously
shown in Figure 4.4.2-17 shows the probability of reception for both of these aircraft.

6.3.2.1 Reception Probability asa Function of Target Bearing

The following two figures plot the reception probability of individual Extended
Squitters versus range. The figures cover the forward ,aft, port and starboard quadrants
combined into asingle figure. The Extended Squitter reception probability necessary to
satisfy the RTCA ADS-B MASPS requirements for the Separation Assurance &
Seqguencing application and the Flight Path Deconfliction Planning application are
indicated on the figures. For more information on the associated ADS-B MASPS
requirements see 6.1 and specifically Table 6.1-4.

Figure 6.3.2-1 plots the reception probability for BA-400664, by quadrant.
Figure 6.3.2-2 plots the reception probability for the NLR aircraft by quadrant. The two
target aircraft (NLR and BA-400664,) were each only at a forward relative bearing from
N40 during severa relatively brief intervals. The forward quadrant reception for the
Extended Squitters from BA-400664;, was generally superior to the reception of the
broadcasts from the NLR aircraft for ranges of 40 -60 nmi

The NLR aircraft was at an aft relative bearing from N40 for a significant
portion of the encounter with Extended Squitters recelved at ranges from approximately
15t0 98 nmi The BA-400664, aircraft was at an aft relative bearing at three separate
instances at ranges of approximately 60, 90, and 160 nmi The aft quadrant reception
probabilities for the NLR aircraft are generally consistent with the reception probabilities
for the BA-400664,.

Thetarget aircraft (NLR and BA-400664;,) were each at a port or starboard
relative bearing from N40 at separate discrete times. Data was collected at ranges from
approximately 10 nmi out to 145 nmi, thus a moderate amount of data was collected for
reception performance in the port and starboard quadrants on this flight. At target ranges
of lessthan 80 nmi the probability of reception ranged from alow of 19% (at longer
ranges) to a high of 91% at short ranges. At ranges between 80 and 105 nmi the
reception probability for the broadcasts from the BA-400664, was 20% to 39%.
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6.3.2.2 Performance vs. Requirements

There was a modest amount of data collected for reception from the forward
quadrant. Analysisof the resultsindicates that for the ranges up to 40 nmi (i.e., the limit
of the MASPS requirements) the reception performance exceeded that required by the
ADS-B MASPS. Generaly the reception of the Extended Squitters broadcast from BA-
400664, was received with higher probability than were the broadcasts from the NLR
aircraft at similar ranges. Reception performance in the aft and in the port and starboard
guadrants substantially exceeded the reception performance required by the ADS-B
MASPS.

6.3.3 Analysis of the Resultsfrom 22 May

Anoverview of the resultsfor 22 May isprovided in Section 4.4.2.2.3. FAA
N40 and the FII project aircraft participated in the tests. The FIl aircraft wasin a holding
pattern as FAA N40 flew acircuit asindicated in 4.4.1.2.3.1. A target of opportunity
(BA-400664, was observed on aroute from the northwest flying generally to the
southeast passing near Frankfurt and continuing on toward a destination beyond Munich.

An analysis of the datafrom FAA N40 that was previously summarized in Figure
4.4.2-28 indicates that N40 would have acquired the track (i.e., reception of both
position and velocity information) on BA-400664, at range of approximately 125 nmi
(i.e., with no subsequent update period exceeding 24 seconds as BA-400665y, approached
N40.

6.3.3.1 Reception Probability asa Function of Target Bearing

The following figures plot the reception probability of individual Extended
Squitters versus range for FAA N40. The figures cover the forward ,aft ,port and
starboard quadrants combined into asingle figure. The Extended Squitter reception
probability necessary to satisfy the RTCA ADS-B MASPS requirements for the
Separation Assurance & Sequencing application and the Flight Path Deconfliction
Planning application are indicated on the figures. For more information on the associated
ADS-B MASPS requirements see 6.1 and specifically Table 6.1-4.

There were two target aircraft Fll and BA-400664,. Figures 6.3.3-1 and 6.3.3-2,
plot the reception probability for all quadrants from data collected by the TCAS on the
FAA N40 aircraft. BA-400664, was at aforward relative bearing from N40 during
several separate intervals. Substantial forward quadrant data at ranges in excess of 100
nmi was collected from the FII aircraft. It should be noted that the FII aircraft was using
ageneral aviation class transponder with anominal transmitter power output level on the
order of 2.5 dB lessthan for atypical air carrier transponder, such as used on BA-
400664y. There was not sufficient forward quadrant data collected from BA-400664, to
verify if the higher transmitter power level resulted in higher probability of squitter
reception by N40. For squitters received from the FlI aircraft at target ranges out to 20
nmi the probability of squitter reception generally averaged above 60%. and at ranges
between 20 nmi and 70 nmi the reception probability was generally above 40% with the
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lowest value being 28%. Beyond 70 nmi the reception probability dropped to 23% at 75
nmi then generally varying between 5% and 25% out to arange of 100 nmi The limited
data from BA-400664, shows reception probability varying between 34% and 56% at
target ranges of 22 to 30 nmi. Longer range data shows the probability of reception
dropping below 15% at ranges beyond 83 nmi.

The BA-400664, was at an aft relative bearing from N40 only at ranges beyond
80 nmi and only for alimited time. The FlIl aircraft was at an aft relative bearing from
N40 at several separate intervals where a modest amount of datawas collected. The
combination of the N40 and The BA-400664, results provide data to estimate the
reception performance achieved in the aft quadrant on thisflight. Extended squitter
reception probability at ranges within 40 nmi varied from approximately 25% to 70%
while reception probability at ranges between 40 nmi and 75 nmi were generally above
20% with only a very few data points dropping down to as low as 15%.

Thetarget aircraft (FIl and BA-400664;,) were each at a port or starboard relative
bearing from N40 at a number of discrete times. There was an insufficient amount of
TCAS datafor the starboard quadrant for the FlI aircraft. Combined the data provides a
nearly continuous plot of reception probably out to ranges beyond 100 nmi. At target
ranges of less than 20 nmi the probability of reception was generally above 40% with
only afew lower data points dropping down to a minimum of 25%.

TCAS 22 May Fll reception by Quadran
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6.3.3.2 Performance vs. Requirements

There was a modest amount of data collected for reception from the forward
guadrant by the FIl aircraft and substantially more data collected by FAA N40. Analysis
of the results indicates that for the ranges up to 40 nmi (i.e., the limit of the MASPS
requirements) the reception performance substantially exceeded that required by the
ADS-B MASPS. At longer ranges the reception probability for TCP and TCP+1
squitters would exceed the desired 22.9% values out to target ranges of at least 75 nmi for
both the FAA N40 and for the FIl aircraft. The dataindicates that tracking of the target
aircraft, with state vector updates within the 12 seconds required by the MASPS (at 95%
probability), should be possible at ranges of 100 nmi or greater. Reception performance
in the aft and in the port and starboard quadrants substantially exceeded the reception
performance required by the ADS-B MASPS.

6.3.4 Analysis of the Resultsfrom 24 May

An overview of theresultsfor 24 May isprovided in 4.4.2.1. FAA N40, NLR,
and the FII project aircraft participated in the tests on thisday. The N40 wasin a holding
pattern as the FII and NLR aircraft flew a circuit as previously shown in Figure 4.4.1-1a
A target of opportunity (BA-400652, was observed on aroute from Northwest to

6-64



Southeast the overflew the Frankfurt area at the time the project aircraft were departing
from Wiesbaden for the data collection flights. An summary of the data collected onboard
the project aircraft was previously summarized in section 4.4.2.1. and the figures
contained therein. The following paragraphs present a further analysis of the results
obtained from the evaluations on 24 May.

6.34.1 Reception Probability asa Function of Target Bearing

The following figures plot the reception probability of individual Extended
Squitters versus range received by FAA N40. The figures cover the forward , aft , port
and starboard quadrants combined into asingle figure. The Extended Squitter reception
probability necessary to satisfy the RTCA ADS-B MASPS requirements for the
Separation Assurance & Sequencing application and the Flight Path Deconfliction
Planning application are indicated on the figures. For more information on the associated
ADS-B MASPS requirements see 6.1 and specifically Table 6.1-4.

Figures 6.3.4-1, (NLR), 6.3.4-2 (FII) and 6.3.4-3 ( BA-400652;,) plot the reception
probability for the all four quadrants from data collected by the TCAS on FAA N40.
Three target aircraft (FI1, NLR, and BA-400652,,) were observed at aforward relative
bearing from the N40 during the course of the flight tests on 24 May. The forward
guadrant data for each of these aircraft was generally limited to afew brief time intervals.
The reception probability for Extended Squitters from the FIl and NLR aircraft each
included a case where the reception probability was lower than what was typically
observed for the given target range. For the case of reception of Extended Squitters from
the NLR and the FII aircraft there were specific situations where the desired 22.9%
reception probability was only achieved when the target with within approximately 35
nmi. An examination of the NLR case showed that this data was collected while both
N40 and the NLR aircraft were descending on their way to land at Wiesbaden at the end
of the data collection exercise.

Only very little aft quadrant data was received from BA-400652h at a range of
approximately 140 nmi. There was thus insufficient datato allow for further analysis of
the aft quadrant reception performance from thistarget. Substantial aft quadrant datawas
received from the NLR aircraft. The reception performance for broadcasts from the NLR
aircraft indicate that the desired 22.9% or greater reception probability would generally
have been maintained until the target range reached approximately 50 nmi. More limited
aft quadrant data was received from the Fl1 aircraft mostly between the ranges of 14 nmi
and 32 nmi where the reception probabilities varied between 40% and 80%.

Significant datafrom the FIl and NLR project aircraft and from the BA-400652;,
target of opportunity was recorded by N40 in the port and starboard quadrants.
Considering al three target aircraft, the desired 22.9% probability of reception was
exceed for al targets within 56 nmi and in most cases was exceed to ranges in excess of
75 nmi.
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6.3.4.2

anomaliesin performance. A full discussion and the investigation are contained in
Section 6.2.4.2.1, Investigation of Factors for Periods of Degraded Performance.
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Figure 6.3.4-3. TCAS BA-400652, Rec. Prob. vs. Range and Quadrant, 24 May
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In acomparison of all the days Extended Squitter reception, the 24 May exhibited

Anaysis of the results indicates that for the ranges up to 40 nmi (i.e., the limit of
the ADS-B MASPS requirements) the reception performance measured on 24 May

generally exceeded that required by the ADS-B MASPS. A single period of degraded
reception was noted during the final phase of the data collection exercise on 24 May were
the probability of reception was somewhat worst than that required by the MASPS (range

was 35 nmi vs. 40 nmi at 22.9% probability of reception). For the other cases analyzed,
the measured performance exceeded the MASPS requirements. The range to which

targets would have successfully been tracked was approximately 60 nmi in the worst case
(associated with the same period of degraded reception performance noted above) and

generally was 90 nmi or greater for the cases where the aircraft wasin level flight.
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6.3.5 Analysis of the Resultsfrom 25 May

An overview of theresultsfor 25 May is provided in 4.4.2.2.4. Only the N40
project aircraft participated in the flight tests on 25 May. A target of opportunity (BA-
400663h) was observed by N40 during the test flight. Thisis a case were the target
aircraft was equipped with an air carrier class Mode S transponder providing the ADS-B
transmissions. Datawas collected on the FAA aircraft (N40) while outbound from
Wiesbaden/Frankfurt on aflight path that went to a point just north of Stuttgart and then
on toward Munich. ADS-B transmissions from BA-400663h were first received while
BA-400663h was on the airport surface at Stuttgart at a range from N40 of approximately
23 nmi N40 was just passing about 13 nmi north of Stuttgart headed east at an altitude of
approximately 23,000 ft as BA-400663h departed and headed west. The range between
the two aircraft quickly increased as they headed generally in opposite directions

The target aircraft (BA-400663h) was broadcasting position, velocity, and Flight
ID squitters. Therefore it was possible to directly measure how quickly track acquisition
occurred and when the Flight ID squitter was received. Thetime at which Mode State
and TCP+1 could be acquired with the required update rate has been estimated based on
the measured probability of squitter reception (i.e., >22.9% probability of squitter
reception as per Table 6.1-4). The target was acquired at short range where the
acquisition time would be expected to be brief and this was confirmed. Starting with the
first report after the aircraft became airborne (i.e., the type of squitters switched from
surface to airborne) both position and velocity squitters were received within the first two
seconds and Flight ID and Type was received during the third second. Thus, the target
track was established in two seconds. The probability of reception at this point was over
50% indicating that both mode status and TCP+1 squitters would have been expected to
be received within less than 10 seconds.

Perhaps of greater interest for this particular data set is the performance as the
range to the target increased while the two aircraft were flying on diverging flight paths.
The probability of reception generally remained sufficient to satisfy the update rate for
mode status and TCP+1 reception until the range reached just over 80 nmi. The target
track would have been maintained (i.e., with no gaps in squitter reception exceeding 24
seconds) until the range exceeded 108 nmi. Thetarget track would then have been re-
established as the BA aircraft reached arange of approximately 120 nmi it would have
been maintained until the target reached arange of 160 nmi where the track would have
again been dropped. Intermittent reports were subsequently received from the target out
to arange in excess of 200 nmi.

6.3.5.1 Reception Probability asa Function of Target Bearing

Figure 6.3.5-1, provides a plot of the reception probability of individual Extended
Squitters versus range for all quadrants for BA-400663;,. The mgjority of the datawas
received in the aft quadrant. The target aircraft did not appear in the forward quadrant as
observed by N40. Therefore no plot is provided for this quadrant. Also very little data
was collected for the port and starboard quadrants and therefore no plots for reception
probability for these quadrantsis provided. The Extended Squitter reception probability
necessary to satisfy the RTCA ADS-B MASPS requirements for the Separation
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Assurance & Sequencing application and the Flight Path Deconfliction Planning
application are indicated on the figures. For more information on the associated ADS-B
MASPS requirements see 6.1 and specifically Table 6.1-4.

Figure 6.2.10-1 plots the reception probability for the aft quadrant. BA-400663;,
was at an aft relative bearing from N40 during most of its flight at ranges beyond 24 nmi
and the reception probability is plotted out to a maximum range of 156 nmi. The results
provide adequate data to estimate the reception performance achieved in the aft quadrant
on thisflight. Extended squitter reception probability at ranges between 24 and 40 nmi
varied from approximately 34% to 72% while reception probability generally deceased at
ranges between 40 nmi and 80 nmi and varying between 15% and 30% in at target ranges
between 60 and 80 nmi. At ranges beyond 82 nmi the reception probability remained at
or below 10%.

TCAS - 25 May BA-400663h reception by quadran
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6.3.5.2 Performance vs. Requirements

There was no data collected for reception from the forward quadrant by N40 and
only very little datafor the port and starboard quadrants. Therefore no measurements of
reception performance from these quadrants were possible for this specific data collection
flight. However, significant data was collection for the reception performance from the
aft quadrant and analysis of the results for this quadrant indicates that reception
performance substantially exceeded that required by the ADS-B MASPS.
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6.4 COMPARISON OF THE AIR-TO-GROUND RESULTSWITH
SELECTED APPLICATION REQUIREMENTS

6.4.1 ANS-MAGS Ground Station M easur ements

The following material makes a comparison between the results of the air-to-
ground performance measured by the ANS-MAGS station and, as far as available,
performance requirements imposed by ATS-Applications potentially utilizing ADS-B.
Asdescribed in 6.1.4, performance requirements related to dedicated air-to-ground
ADS-B applications are still in the definition phase. However, taking the values for the
individual squitter reception probability calculated in Table 6.1-5 with respect to en
route- and terminal ATC surveillance, the coverage of the sensor system used during the
trials can be estimated. But it must be stated that the system was optimized for neither of
the applicationsit is evaluated against. Furthermore, the ground station location was not
optimal, so that the results that are presented here can be considered as the minimum
available performance values of aMode-S ADS-B ground station.

6.4.1.1 Air-To-Ground Measurements on 22 May 2000, N40 Air cr aft

The data was collected at Langen on the 22 May 2000. This case shows atypical
TMA situation and partly En-Route conditions.

N40 entered the north antenna sector of the Langen ground station coming back
from the southeast flight approaching Wiesbaden. The complete flight profile is described
in detail in 3.4. More information can be found in 4.5.3.1.2. The data presented in Figure
6.4.1.1-1 shows that N40 was flying mainly within the vertical antennabeam. The
reception probability isincreased while the range and altitude decreased. The aircraft
remained in the coverage until 2500 ft atitude. Then it left the main beam to the west on
the approach to Wiesbaden. The effect is a drop in the reception probability at about
10 nmi. Thisis caused by the loss of the vertical coverage below 2500 ft.

Taking into account the currently required minimum reception probability
(position squitter only) of 15% for en-route and 32.3% for terminal applications, the
measured values are higher and thus meet the minimum requirements. Thereis still a
high potential for performance improvements by using more than one squitter type and
enhanced hardware and software. After atechnical optimization and an appropriate siting
even the PRM requirement (85.8%) should be achievable with the ANS-MAGS ground
station.
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N40 seen by MAGS on 22 May 2000
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Figure 6.4.1.1-1. N40 Reception Probability and Altitude vs. Range

6.4.1.2 Air-To-Ground M easurement on 24 May 2000, NL R Aircr aft

In this case the target aircraft flew on a northbound leg started at Wiesbaden (see
3.5). The duration of the flight was approximately 3 hours, the average flight level was
22000 ft. Dueto a significant deviation between the measured results of the inbound and

outbound flight, the performance figures have to be derived separately for either of the
them.

6.4.1.2.1 Outbound

The aircraft entered the coverage of the main antenna beam at a range of 28 nmi
still climbing, reached the cruising altitude of 22000 ft at a distance of 62 nmi. The
probability of a single squitter reception exceeded the threshold of 36.9%, given by the
ICAO and RTCA requirements for terminal and ATC surveillance application in Table
6.1-5, up to adistance of 73 nmi. The reception probability falls below 17.4% for the first
time at the distance of 117 nmi. These values lead to the assumption that terminal
surveillance could be served well by even a single sensor system, whereas en-route
surveillance would demand a ground configuration utilizing more than one ground station
for 150 nmi or even 200 nmi coverage.
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6.4.1.2.2 Inbound

The values measured during the inbound flight were significantly lower than
those measured outbound. Figure 4.5.2.1-9 shows that in the range from 80 nmi to
110 nmi the reception probability inbound was on average 20% lower than outbound.
Possible reasons maybe the antennainstallation on the fuselage of the aircraft aswell as
an increase of the RF interference level. Furthermore, an emergency occurred on board
the aircraft that resulted in a shutdown of the transponder and consequently caused a gap
of about 4 minutes in the squitter reception during the approach to Wiesbaden. The
minimum reception probability for terminal surveillance given in Table 6.1-5 is violated
at arange of 35 nmi, the value for en route surveillance at arange of 55 nmi. This special
behavior needs further investigation. The RMF fruit measurement results could provide
an explanation on the reduced Extended Squitter performance during the inbound flight.

6.4.1.3 Air-To-Ground Measurement on 24 May 2000, BA-400664, Air cr aft

The following materia presents a scenario that could be typical for an en-route
application. The target aircraft was flying at arange of about 145 nmi at 39000 ft.

The first position squitter from the target of opportunity was received at a range of
155 nmi when the aircraft was climbing from 34000 ft to 39000 ft. During this phase,
when the altitude was increasing, the reception probability was rather low, an average of
18%, and the update period exceeded the required value of 12 seconds for en-route
applications severa times. Short of reaching the cruising altitude of 39000 ft the average
reception probability became 34%. This value was maintained until the aircraft left the
main beam of the north antenna. During this phase of the flight the update interval for the
reception of position squitters never exceeded 12 seconds, asillustrated in Figure
6.4.1.3-1. Figure 6.4.1.3-1 shows a variation from 10% up to 50% although the range
was nearly constant and the aircraft was not maneuvering. The most probable reason for
this behavior is that the system was working at its performance limit. However the
required update period of 12 seconds for En-Route applicationsis met by the ANS-
MAGS station within a range of approximately 143 nmi for a single sensor system.
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BA-400664 seen by MAGS on 24 May 2000
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Figure 6.4.1.3-1. BA-400664,, Update Interval vs. Range at 39000 ft

6.4.1.4 Air-To-Ground Measurement on 22 May 2000, BA-400664, Air cr aft

The data was collected at Langen on the 22 May 2000. This case shows a target of
opportunity - BA-400664, - on an en-route flight.

The aircraft entered the north antenna sector of the ANS-MAGS ground station
from the west heading southeast at 37000 ft. The flight profile can be found in 4.5.3.1.2.
In contrast to the N40 Wiesbaden approach on 22 May 2000 the BA-400664, stayed in
level flight, was almost overflying the ground station and left the antenna main beam.
Since the antenna does not have a strongly developed vertical pattern the reception of
position squitter decreased as the aircraft approached the station. This effect starts at
40 nmi and its maximum is reached at 7.5 nmi when the BA-400664, |eft the main
antenna beam. At this range the reception probability was 20% and thus sufficient for en-
route surveillance (15% required). The required minimum reception probability for TMA
surveillance (32.3%) isreached at arange of 11 nmi with 33.3% and continues above this
level until arange of 97 nmi where the aircraft entered the north antenna sector. During
the flight the squitter update interval exceeded the 5 seconds mark only one time (5.4
seconds).

The measured update intervals and corresponding reception probabilities are good
for en-route applications until arange of approximately 100 nmi with that particular
single ground station. An improvement to the antenna system and /or a multi-sensor
environment should completely fulfill the currently specified requirements.
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BA- 400664 seen by MAGS on 22 May 2000
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Figure 6.4.1.4-1. BA-400664y, Reception Probability and Altitude vs. Range

6.4.1.3 Conclusions Related to the ANS-M AGS Station

The cases described in 6.4.1.1 to 6.4.1.4 cover three different surveillance
applications, namely PRM, TMA and en-route.

PRM: the required reception probability of 85.8% has almost been met by the

ANS-MAGS station as long as the target aircraft remained in the main beam of the

antenna. Taking into account that the installation was far from optimal in terms of siting,
it is expected that the performance of the ground station could be enhanced to serve this

application.

TMA: based on a TMA range of 60 nmi the performance of the ANS-MAGS

ground station was always better than required. With respect to a possible future
extension of the required TMA range up to 100 nmi, the ANS-MAGS station nearly

meets the required 60 nmi performance at 100nmi. With an improved system or a multi

sensor environment such requirement could be met.

En-Route: the ANS-MAGS station used during the trials was not capable of

supporting the single sensor requirement 150 nmi / 10 seconds for en-route applications.
Taking into consideration the optimization potential with regard to the antenna, signal
processing and siting aspects even the single sensor requirements probably could be met.
The 200 nmi requirement could be satisfied by employing the ANS-MAGS stationin a

multi sensor configuration
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6.4.2 Langen LDPU Ground Station M easur ements

The following material compares the air-to-ground performance results derived
from the log of the LDPU installed at Langen [see analysis presented in 4.5.3], with ATS
application performance requirements which have been described in 6.1. The ATS
applications under consideration are ATC surveillance in TMA and en-route airspaces. It
should be remembered that performance requirements for air-ground ADS-B applications
are still in the definition phase (see 6.1.4).

Asit wasexplained in 4.4 and 4.5, the LDPU log allows estimation of two
performance measures, namely state vector update intervals and the individual Extended
Squitter reception probability. State vector updates can be approximated by the LDPU
log record updates (which require reception of at least one velocity or position squitter
within a 10-second period). Extended Squitter reception probability can be estimated by
using the extended-squitter count in the LDPU log and the GPS UTC reception
timestamps of the LDPU log records.

Table 6.2 defines the performance requirements for ATC surveillance en-route
and TMA. Table 6-5 defines the minimum Extended Squitter reception probability values
that would theoretically be needed to ensure that update intervals meet the air-to-ground
performance requirements of Table 6.2. Thetrial aircraft did not transmit all the types of
Extended Squitters that would be needed in an operational ADS-B system, but the
calculated reception probabilities can be used to estimate the coverage of the Langen
LDPU and sensor system under that level of reception reliability. It should be noted that
the system was not optimized for either of the applicationsit is checked against and in
particular the ground station location suffered from an elevated radio horizon (see Chap.
2).

6.4.2.1 Air-To-Ground Measurementson 20 May 2000, NLR Metroliner

The data collected by the Langen LDPU on 20 May 2000 has been analyzed in
4.5.3.1.1. The following paragraphs assess the air-to-ground performance of three flights
from that test session, namely the two NLR Metroliner flights as well asthe flight of a
BA target of opportunity.

6.4.2.1.1 NLR Flight in the Southeast Sector

The track of thisflight is shown in Figure 4.5.3.1.1-1b as captured by the Langen
LDPU. Theflight atitude and distance from Langen are shown in Figure 4.5.3.1.1-2b.
Thisflight represents atypical TMA scenario and can be considered also as alow
cruising altitude (~FL 200) en-route scenario.

Figure 4.5.3.1.1-1b and 4.5.3.1.1-2b show that the NLR aircraft entered the
southeast antenna sector of the Langen ground station 16 nmi south of Langen at FL 130.
It then flew towards the southeast cruising at FL 190 and staying within southeast beam
coverage. Onitsreturn leg (cruising at FL 200) it exited the southeast beam 41 nmi to the
east of Langen and while it was descending (FL 109). During the whole of this period,
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the NLR aircraft was clearly flying within the vertical Langen antenna pattern. It should
be noted however that when the NLR aircraft approached its maximum distance from
Langen (> 120 nmi) it may have gone very close to the elevated radio horizon (because of
the obstacles described in Chap. 2) of the southeast sector beam.

Figure 6.4.2-1a plots the NLR Extended Squitter reception probability and
altitude versus range separately for the inbound (NLR-a) and outbound (NLR-b) NLR
flight legs, while the aircraft was within southeast beam coverage. This figure has been
produced using the data presented in 4.5.2.1.1. The reception probability drops almost
monotonically with range. Figure 6.4.2-1a also shows the theoretical minimum reception
probability baseline (RTCA) from Table 5.5. It can be seen that the measured Extended
Squitter reception probability exceeds the minimum for TMA throughout the required 60
nmi range and also satisfies the en-route minimum up to 100 nmi.

The Langen LDPU log can also be used to obtain estimates of the NLR state
vector update intervals. Figure 6.4.2-1b compares the estimated 95" percentile
containment values for NLR state vector updates (calculated as explained in 4.5.3.1.1)
with the RTCA requirements for state vector updates stated in Table 6.2. The RTCA
requirements assume that a state vector update requires either a position or velocity
squitter, and thisis implemented in the LDPU. Fig. 6.4.2-1b shows that the RTCA
requirement would be met up to 107 nmi, which isin close agreement with the coverage
estimate from the previous Extended Squitter reception probability considerations.

As shown in Table 6.5 the Eurocontrol draft surveillance standard has somewhat
stricter requirements on state vector updates for air-ground ATS applications. For the
classic surveillance case, the minimum reception probability is 36.9% for TMA and
20.1% for en route. Figure 6.4.2-1a shows that the NLR Extended Squitter reception
probability meets the classic surveillance TMA minimum throughout the 60 nmi range
and satisfies also the en route requirement up to 100 nmi. For the enhanced surveillance
case, the minimum reception probability is41.1% for TMA and 23.3% for en route.
Figure 6.4.2-1a shows that the NLR Extended Squitter reception probability also meets
the minimum for TMA enhanced surveillance throughout the 60 nmi and satisfies the
minimum for en route up to 95 nmi.

Eurocontrol has also proposed a requirement for the reception of four TCPs
within a 24-sec period and probability 95%. Assuming that these TCPswould be
transmitted as individual squitters with a period of 1.7 sec, this would impose a minimum
Extended Squitter reception probability of 26.8%. The NLR rec. probability would
exceed this minimum up to 95 nmi.
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6.4.2.1.2 NLR Flight in the North Sector

The track of thisflight has been shown in Figure 4.5.3.1.1-1a as captured by the
Langen LDPU. The NLR aircraft was first detected 102 nmi away from Langen at FL
150. It was within north antenna beam coverage of the Langen station and remained so
until it arrived within 10 nmi of Langen at FL 30. Throughout this period NLR was also
within the vertical Langen antenna pattern. This flight can be considered as another
typical TMA scenario, while for en-route it is arather extreme case given the low
cruising altitude of the aircraft (FL 150). It should be noted that the Langen station had a
lower radio horizon in the north sector compared with the southeast sector (see Chap. 2).

Figure 6.4.2-2a plots the NLR Extended Squitter reception probability and
altitude versus range while NLR was within the north beam using the data presented in
4.5.3.1.1. Asthe aircraft flew towards Langen its reception probability rose rapidly at 90
nmi while its flight altitude was constant. This suggests a radio horizon effect limiting
range beyond 90 nmi. In comparison, the other NLR flight (in the southeast sector) that
was discussed in the previous subsection did not present such a sudden transition in
reception probability values (compare with Figure 6.4.2-1a). Figure 6.4.2-2a also shows
the theoretical minimum reception probability baseline (RTCA) from Table 6.5. It can be
seen that the measured Extended Squitter reception probability comfortably exceeds the
minimum for air-ground TMA throughout the required 60 nmi range. The en-route
minimum is met up to 90 nmi presumably because of the radio horizon limitation of the
Langen station.

Similar conclusions can be drawn from the NLR state vector update interval
estimates. These are plotted in Figure 6.4.2-2b versus range from Langen. They
comfortably exceed the RTCA requirements stated in Table 6.2 for TMA surveillance.
For en-route surveillance NLR performance would meet the RTCA requirements up to 90
nmi, which again isin good agreement with the coverage estimate from the previous
Extended Squitter reception probability considerations.

Concerning the Eurocontrol draft surveillance standard (see Tables 6.2 and 6.5),
NLR performance comfortably meets both the classic and enhanced surveillance
requirements for TMA (required rangeis 60 nmi). En-route rangeis limited to 88 nmi
for classic and 86 nmi for enhanced surveillance.

The Eurocontrol proposed requirement for four TCPs within a 24-sec period with
95% confidence would also be satisfied up to 88 nmi.
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6.4.2.2 Air-to-Ground Measurements on 20 May, BA-400664,

In this case, the target aircraft (seetrack in Figure 4.5.3.1.1-1b) flew on awest to
southeast path at high cruising altitude (FL 330). It entered the Langen antenna southeast
beam to the southeast of Langen at a distance of 94 nmi. Because of its high cruising
atitude this flight represents atypica en-route scenario.

Figure 6.4.2-3a plots the BA-400664:, Extended Squitter reception probability (by
the Langen LDPU) and the flight altitude versus range while the aircraft traversed the
southeast beam. Thisfigure is derived from the data presented in 4.5.3.1.1. Clearly
BA-400664 remained within the vertical antenna pattern of the Langen antenna until it
approached its maximum detected distance from Langen (192 nmi), where it must have
been very close to the Langen antenna radio horizon in the southeast sector. Figure
6.4.2-3a aso shows the RTCA baseline of theoretical minimum reception probability
values from Table 6.5. It can be seen that BA-400664;, performance exceeded these
minima up to 188 nmi.

Figure 6.4.2-3b plots the BA-400664, update intervals versus range from Langen.
They comfortably exceed the RTCA air-ground requirements for state vector updates en-
route throughout the flight.

Concerning the Eurocontrol draft surveillance standard, NLR performance would
comfortably meet the theoretical reception probability minima (20.1%) for classic en-
route surveillance up to 187 nmi. For enhanced surveillance (minimum reception
probability. is 23.3%) the corresponding range would also be 187 nmi. The Eurocontrol
proposed requirement for four TCPs within a 24-sec period with 95% confidence would
be satisfied up to 186 nmi (required minimum probability is 26.8%).

In al the above cases the estimated coverage would exceed the required
maximum range required per station (150 nmi).

It is also worth comparing BA-400664, performance with that of the NLR flight
in the same sector (see 6.4.2.1). The former had far greater en-route surveillance
coverage (> 180 nmi) than the latter ( ~ 100 nmi). This must have been due to their
significantly different cruising altitudes (FL 330 versus 200), although it may have been
augmented by differences in transmission power.
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6.4.2.3 Air-To-Ground M easurementson 24 May 2000, NLR air cr aft

In this case the target aircraft flew on a northbound leg started at Wiesbaden (see
Figure 4.5.2.1-1a). The cruising altitude was at FL 200 (see Figure 4.5.2.1-2b). This
flight can therefore be considered asa TMA and en route scenario similar to those
discussed in 6.4.2.1 concerning the same aircraft but on a different date (5 May).

Asdiscussed in 4.5.2.1, significant deviations were observed between the
measured results of the inbound and outbound flight legs. Consequently performance
figures will be discussed separately for each flight leg.

6.4.2.3.1 Outbound

NLR entered the coverage of the North antenna beam at a distance of 28 nmi ill
climbing (FL 126), and reached the cruising altitude of 20000 ft at a distance of 62 nmi.
It was lost from the LDPU log when it reached the distance of 154 nmi from Langen.

Based on the results presented in 4.5.2.1, Figure 6.4.2-4 plots the individual
Extended Squitter reception probability aswell as the flight altitude versus range from
Langen during this northbound flight leg (NLR-a). It can be seen that reception
probability exceeded the RTCA minimum of 32.3% for TMA Surveillance (see Table
6.5) throughout the required range of 60 nmi. The reception probability fell below the
RTCA en-route surveillance minimum of 15% for the first time at the distance of
144 nmi.

Concerning the Eurocontrol draft surveillance standard, NLR performance would
meet the theoretical reception probability minimafor classic en-route surveillance
(20.1%) up to 136 nmi. For enhanced surveillance (minimum reception probability is
23.3%) the corresponding range would also be 136 nmi. The Eurocontrol proposed
requirement for four TCPs within a 24-sec period with 95% confidence would be
satisfied up to 135 nmi (required minimum probability is 26.8%). Classic surveillance
TMA minimum reception probability (36.9%) would comfortably be met throughout the
required range of 60 nmi. The same statement is true for enhanced TMA surveillance
(requires 41.1% as minimum rec. prob.).

Performanceis clearly better than what was seen in the NLR case of 20 May
presented in 6.4.2.1.2 where the aircraft also flew in the north sector. However, in that
case the NLR aircraft was inbound and flew at alower altitude (FL 150 versus 200).
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6.4.2.3.2 Inbound

Figure 6.4.2—4a|so shows (NLR-b) the reception probability results for the return leg of
the NLR flight. The values measured during the inbound flight were lower than those
measured outbound. Figure 6.4.2-4 shows that in the range from 80 nmi to 110 nmi the
reception probability inbound was in average 20% lower than outbound. Possible reasons
might be the antennainstallation on the fuselage of the aircraft and/or an increase of the
RF interference level.

Comparison with the requirements given in Table 6.5 shows that the requested
RTCA minimum reception probability for Terminal Surveillance (32.3%) isviolated at
the range of 42 nmi, and the value for En Route Surveillance at the range of 135 nmi.
This coverageis considerably shorter than that of the outbound flight leg. It isalso
shorter that what was observed (see 6.4.2.1.2) for the same aircraft on the 5 May, where
NLR also flew towards Langen in the north sector and at alower flight altitude (FL 150).
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Figure 6.4.2-4. NLR Ext. Squitter Rec. Prob. and Altitude vs. Range, Langen
LDPU, 24 May,

[NLR-a = Northbound leg, NLR-b= Inbound leg]

3 |t should be noted that an emergency incident onboard the NLR aircraft caused a shutdown of its
transponder for about 4 minutes (see Sec. 4.5.2.1) while it was approaching Langen. The performance
results shown in Fig. 6.4.2-4 do not include this final time period.
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6.4.2.4 Air-To-Ground Measurements on 24 May 2000, BA-400664,

This BA target of opportunity (see Fig. 4.5.2.1-1a, target BA-400664-b)
traversed the north sector antenna beam from east to west at along range (> 135 nmi)
from Langen. The aircraft was flying at FL 390 and therefore this flight represents
another typical en-route scenario.

The first position squitter from thistarget was received at arange of 173 nmi
while the aircraft was at the edge of the eastern boundary of the North beam. The BA
aircraft was climbing from FL 280 towards the cruising altitude of FL 390. Figure 6.4.2-5
plots the individual Extended Squitter reception probability and altitude versus range
using the data presented in 4.5.2.1. During the climbing phase the reception probability
increased gradually as the distance was reduced (see adso Fig. 4.5.2.1-2b), albeit with
significant variations. After the cruising altitude of 39000 ft was reached, reception
probability stabilized in the range 40 to 70% and it stayed within this range until the
aircraft left the North beam, although distance from Langen was increasing.

Comparison with the minima specified in Table 6.5 shows that during the cruising
phase at FL 390 reception probability stayed well above the RTCA and Eurocontrol
minimafor en-route surveillance (15% for RTCA, 20.1% for Eurocontrol classic
surveillance and 23.3% for Eurocontrol enhanced surveillance). The Eurocontrol
proposed requirement for four TCPs within a 24-sec period with 95% confidence would
also be satisfied (required minimum probability is 26.8%).

During the climbing phase, the BA-400664h reception probability exceeded the
RTCA minimum for en-route surveillance up to 145 nmi (atitude FL 380). The
Eurocontrol classic surveillance minimum for en-route was exceeded reliably up to 144
nmi and that for enhanced en-route surveillance up to 143 nmi.

The results of the cruising phase are equivalent to those presented in 6.4.2.2 for
the same aircraft in an en-route scenario in the southeast sector (FL 330). The climbing
phase provided lesser performance than the cruising phase but better than the en-route
scenariosfor NLR in 6.4.2.1 that were at lower cruising altitudes (FL 150 and FL 220).
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6.4.2.5 Air-To-Ground M easurements on 24 May 2000, BA-400652;, Air cr aft

This case shows atarget of opportunity (BA-400652,) on aflight through the
southeast sector passing over Langen. Itstrack can be seenin Fig. 4.5.2.1-1a (target BA-
400652x-b). The BA aircraft was first detected within the southeast beam at 122 nmi from
Langen and FL 178 while it was still climbing to its cruising level of FL 350. It then flew
towards Langen where it exited from main antenna coverage. This BA flight represents
an en-route scenario and demonstrates a cone of silence limitation of the antenna sectors
used at Langen.

Figure 6.4.2-6 shows the BA-400652;, individual Extended Squitter reception
probability and altitude versus distance while it was within southeast beam coverage. In
this case maximum range was clearly limited by the Langen southeast Beam radio
horizon. It isalso noticeable that reception probability starts to drop asthe BA aircraft
gets close to Langen. This effect effectively starts at ~40 nmi from Langen and its
maximum isreached at 7.5 nmi while the aircraft is over Langen. It is presumably due to
the Langen antenna cone of silencein the vertical plane. In an operationa system such
limitations are overcome by adding appropriate antennas enhancing the vertical plane
gain pattern.

Comparison with the minima specified in Table 6.5 shows that BA-400652;,
reception probability exceeded the minimum for en route surveillance required by RTCA
(15%) for distances up to 114 nmi at which point the aircraft altitude had reached FL 200.
The RTCA minimum reception probability for TMA surveillance (32.3%) was exceeded
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for ranges above 17 nmi. Eurocontrol minimafor en-route classic surveillance (20.1%)
were exceeded for distances below 114 nmi and those for en-route enhanced surveillance
(23.3%) were exceeded for distances below 110 nmi. Eurocontrol minimafor TMA
classic surveillance (36.9%) were exceeded for distances above 17 nmi, while those for
TMA enhanced surveillance (41.1%) were exceeded for distances above 19 nmi. The
requirement for four TCPs imposes a minimum reception probability of 26.8% that was
exceeded for distances below 110 nmi and above 17 nmi.

The BA-400652;, flight can be compared with the NLR flight discussed in
6.4.2.1.1 which also took place in the southeast sector and had a cruising altitude of FL
200. The coverage obtained in that flight was quite similar to that of the BA-400652;,
flight that supports the proposition that the main range-limiting factor in these flights was
the elevated radio horizon of the Langen station.
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Figure 6.4.2-6. BA-400652,, Ext. Squitter Rec. Prob. and Altitude vs. Range,
Langen LDPU, 24 May
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6.4.2.6 Conclusionson Langen LDPU Station Air-Ground Performance

The flights described in sections 6.4.2.1 through 5 above, provided TMA and en
route air-ground surveillance scenarios.

Concerning TMA, where the maximum coverage required is 60 nmi, the Langen
LDPU ground station met this requirement for state vector updates under both RTCA and
Eurocontrol requirements except for flights passing very close to Langen. For the latter
scenarios, the Langen station clearly lacked an antenna providing overhead coverage. The
Langen LDPU should also be capable of receiving four TCPswithin TMA coverage per
the proposed Eurocontrol requirement.

Concerning en-route the maximum required coverage per station is 150 nmi (at
least under the draft Eurocontrol requirements). Langen LDPU station met the required
150 nmi coverage for state vector updates (under both RTCA and Eurocontrol
requirements) but only on flights above FL 300. The requirement for four TCPs should
also be met for high dtitude flights. It is thought that the siting of the station negatively
affected long-range performance at lower atitudes because of the elevated radio horizons
in both main-beam sectors.

There were some cases of degraded performance, which call for further analysis.
Antenna positioning on the aircraft may have played arole, but variationsin TX power
and/or RF environment might also be a factor.
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6.4.3 Wiesbaden L DPU M easur ements

Asdiscussed in section 2.1 of this report, the FAA ground test configuration at
Wiesbaden included an LDPU connected to two adjacent sectors of a six sector antenna.
This configuration provided a primary coverage area at azimuths from -15 degrees to
+105 degrees. It was realized that the antenna siting would not have been acceptable for
an operational system as full 360 degrees coverage would not have been possible. Also
the antenna siting was not ideal for providing long-range en route coverage because of
line-on-sight limitations, especially toward the north. The flight paths of the project
aircraft, aswell as the paths flown by several of the observed targets of opportunity
frequently included operations beyond the -3dB contour of the eastern sector antenna
beam. Although Extended Squitter reception would be expected to be somewhat
degraded beyond the -3dB coverage contour, it was decided to not fully exclude
consideration of the out-of-beam data. Specifically, the en route performance results
presented in the following sub-paragraphs include Extended Squitter reception
performance from targets within an extended coverage area. This extended coverage area
being a 30 degree wedge at azimuths from +105 to +135 degrees.

The summary of the overall reception performance, in terms of reception
probability, has been presented in Chapter 4 of thisreport. The following paragraphs
take amore detailed ook at the performance achieved for specific air-ground surveillance
applications/operational domains and compares the results obtained against the required
performance levels described in Table 6.1-2 and Table 6.1-5.

The results from each day of the evaluation were analyzed for following three air-
to-ground surveillance applications:

1. EnRoute ATC surveillance
2. Termina ATC surveillance
3. Pardlel Runway Monitoring (PRM)

Note that in an operational Extended Squitter ground system, separate antennas
each with optimized siting would typically be used for these three distinct applications.
The Wiesbaden ground antenna siting would be most representative of the siting used in
support of terminal surveillance applications, but limited to the azimuth coverage as
noted above.

Note that the window size used for the reception probability analysis for the PRM
application has been reduced to 6 seconds, as compared to the 24 seconds used for the en
route and terminal ATC surveillance applications. Thiswas done to reflect the much
faster state vector update rate requirement associated with the PRM application.

6-89



6.4.3.1 Air-to-Ground M easurementson May 19

Of the project aircraft only N4O participated in the data collection on May 19.
Thiswas considered a checkout flight to verify that the systems on N40 as well asthe
FAA provided ground station equipment were working correctly. During the data
collection at the Wiesbaden ground station, two British Airways targets of opportunity
were also observed.

6.4.3.1.1 En Route Survelllance

Theflight profile for N4O resulted in only short-range data (i.e., <31 nmi) being
collected by the Wiesbaden ground station for thistarget. Also some short-range data
was collected from BA-400652, as it briefly passed thought the ground station antenna's
primary coverage area. A longer range target, BA-400665y, was observed to the north of
Wiesbaden, which allowed for the collection of long-range performance data off of the
north sector of the ground station antenna. Figure 6.4.3-1a plots the reception probability
vs. range for targets within the ground station's primary coverage area. Only data
collected from targets at altitudes above 18,000 ft isincluded in the en route data set.

The drop in reception probability at short-range (approximately 7 nmi) can be attributed
to the target aircraft transitioning the ground station antenna's cone of silence. This effect
is exaggerated on the plot by the 24 second dliding (trailing) window technique used to
calculate the reception probability. Figure 6.4.3-1b includes additional Extended Squitter
reception results for targets in the extended coverage area. Aslisted in Table 6.1-5 the
probability of squitter reception necessary to satisfy the en route air-to-ground
surveillance requirements varies between 15% (U.S. MASPS and ICAO SARPs
requirements) to 23.3% (Eurocontrol enhanced ATS requirements). Although the mid-to-
long range data collected within the ground station's primary coverage areaon May 19is
not extensive, the results obtained indicate that the requirements were satisfied to arange
of 150 nmi (the maximum range for which data was collected was 153 nmi).
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6.4.3.1.2 Terminal Surveillance

The flight profile for N40O resulted in only short-range data (i.e., <31 nmi) being
collected by the Wiesbaden ground station for this target. Also some short-range data
was collected from BA-400652;, as it briefly passed thought the ground station antenna's
primary coverage area. No data was collected within the ground station's primary
coverage area beyond 31 nmi. Figure 6.4.3-2 plots the reception probability vs. range.
Only data collected from targets within the ground station's primary coverage area and at
altitudes between 1000 ft and 18,000 ft isincluded. Aslisted in Table 6.1-5 the
probability of squitter reception necessary to satisfy the terminal air-to-ground
surveillance requirements varies between 32.3% (U.S. MASPS and ICAO SARPs
requirements) to 36.9% (Eurocontrol enhanced ATS requirements). During this data
collection N4O flight profile consisted of flying ‘racetrack’ holding patterns at altitudes of
10,000 ft, 15,000 ft and 22,000 ft. The data considered in the terminal surveillance data
set included N40 operations during the lower two atitude holding patterns as well as data
from N40 departure from Wiesbaden and its subsequent return to Wiesbaden. Thusthe
N40 data set includes more extensive aircraft maneuvering than would be typical for a
typical operational flight profile. Even with this, the required performance levels for
terminal air-to-ground surveillance were exceeded, limited to the maximum range of the
data set.
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Figure 6.4.3-2. Terminal Reception Probability,19 May
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6.3.3.1.3 PRM Survelllance

The data collected by the Wiesbaden ground station was analyzed in order to
understand if the level of performance that could be provided by a single ground station
could satisfy the PRM application requirement. The PRM application has the shortest
air-to-ground range requirements but imposes the most demanding requirements for
reception probability. For the PRM performance analysis, a maximum range of 30 nmi or
the point at which the aircraft turned onto its final approach was considered. Note that as
indicated in Table 6.1-2 the RTCA ADS-B MASPS only specifies the PRM reception
performance to arange of 10 nmi. Figure 6.3.3-3 plots the project aircraft flight segment
considered for thisanalysis. Figure 6.3.3-4a plots the Extended Squitter reception
probability for data collected during the approach and landing flight segment of N40 at
Wiesbaden.

As shown in Table 6.1-5 the required probability of reception within 10 nmi
varies from 48.8% (i.e., Eurocontrol requirement for 2500 ft runway separation) to 90%
(i.e., RTCA MASPS requirement for 1000 ft runway separation) in order to insure the
PRM state-vector update rate requirements are satisfied . The measured reception
performance generally exceeded 80% probability of reception at ranges within 20 nmi.

The Wiesbaden measurements were analyzed in more detail focusing on the
reports generated by the LDPU rather than individual squitters. The LDPU generates
reports at anominal rate of once per second, with exceptions when no data was received
during aone second period. Figure 6.3.3-4b summarizes the performance at the report
level.

The resultsin this figure indicate that performance was excellent during this
approach and landing. This plot includes the entire track of N40 while the aircraft was
within the receiving sectors, atotal of 924 seconds. During thistime, reports were
consistently generated at the nominal rate with only three exceptions, as noted in the
figure. Thereforethereliability at the report level was

Report reliability = (921 reports) / (927 sec.) = 99.7 percent
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In summary, for the landing approach of N40, surveillance was excellent. The aircraft
was under surveillance and in track 100 percent of the time, and once/sec. surveillance
updates were generated 99.7 percent of the time. Similar excellent performance was seen
on al five days of testing, asis summarized in 6.4.3.5.3
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Figure 4.3.3-4b. Air-to-Ground Surveillance During N4OLanding Approach,

29 May

Note. This plot includes N40's landing and approach and the preceding track while
the aircraft was within the receiving antenna sectors. During thistime (924 sec.), the
Wiesbaden receiving station generated reports consistently 1/sec. with 3 exceptions
shown here. Overall report reliability = 99.7 percent.

6.4.3.2 Air-to-Ground M easurements on 20 May

All three project aircraft participated in the data collection on May 20. However,
due to an GPS-to-LDPU interface issue on the FlI aircraft it was not transmitting its
position within the Extended Squitters. Therefore no results associated with the Fl|
aircraft are included in the following material. During the data collection at the
Wiesbaden ground station three British Airways targets of opportunity were also
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observed. A plot of the ground tracks of N40, NLR aircraft and the targets of opportunity
observed during the data collection are presented in Chapter 4 of this report.

6.4.3.2.1 En Route Surveillance

The flight profile for N4O resulted in only short-range data (i.e., <29 nmi) being
collected by the Wiesbaden ground station for this target. Figure 6.4.3-5a plots the
reception probability vs. range for targets with the ground station's primary coverage
area. Only data collected from targets at altitudes above 18,000 ft isincluded in the en
route data set. These constraints resulted in not reporting any en route data from the NLR
project aircraft nor the two British Airways targets of opportunity as a part of thisen
route air-ground surveillance data set. Figure 6.4.3-5b includes additional Extended
Squitter reception results for targets in the extended coverage area. Aslisted in Table
6.1-5 the probability of squitter reception necessary to satisfy the en route air-to-ground
surveillance requirements varies between 15% (U.S. MASPS and ICAO SARPs
requirements) to 23.3% (Eurocontrol enhanced ATS requirements). Although thereisno
mid-range or long range data available for target with the ground station's primary
coverage area as part of the en route data set for May 20, the results obtained at short-
range exceed the requirements. Data collected for targets with the ground station's
extended coverage areaindicates generally adeguate performance out to a range of
approximately 150 nmi.
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Figure 6.4.3-5a. En Route Reception Probability for Primary Coverage Area, 20 May
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Figure 6.4.3-5b. En Route Reception Probability for Primary & Extended Coverage
Areas, 20 May

6.4.3.2.2 Terminal Surveillance

Theflight profile for N4O resulted in only short-range termina data (i.e., <30
nmi) being collected by the Wiesbaden ground station for thistarget. Also short and mid-
range data was collected from the NLR project aircraft asit returned to Wiesbaden.
Figure 6.4.3-6 plots the reception probability vs. range. Only data collected from targets
within the ground station's primary coverage area and at altitudes between 1000 ft and
18,000 ftisincluded. Aslisted in Table 6.1-5 the probability of squitter reception
necessary to satisfy the terminal air-to-ground surveillance requirements varies between
32.3% (U.S. MASPS and ICAO SARPs requirements) to 36.9% (Eurocontrol enhanced
ATS requirements). The sharp drop in reception probability at short-range
(approximately 3 nmi) can be attributed to the target aircraft transitioning the ground
station antenna's cone of silence. This occurred as N40 over flew Wiesbaden at an
atitude of approximately 10,000 ft asjust at the aircraft entered the ground station's
coverage area. This effect is exaggerated on the plot by the 24 second sliding (trailing)
window approach used to calcul ate the reception probability.

The results from the data analyzed for May 20 indicate that the terminal air-to-
ground surveillance requirements are well exceeded with the measured Extended Squitter
reception probability aways exceeding 80% out to 60 nmi, except at very short-ranges
(<6 nmi) where the effects of the ground station antenna's cone of silence resulted in
reduced reception probabilities for targets over flying Wiesbaden.
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Figure 6.4.3-6. Terminal Reception Probability, 20 May
6.4.3.2.3 PRM Surveillance

The data collected by the Wiesbaden ground station was analyzed in order to
understand if the level of performance that could be provided by a single ground station
could satisfy the PRM application requirement. The PRM application has the shortest
air-to-ground range requirements but imposes the most demanding requirements for
reception probability. For the PRM performance analysis, a maximum range of 30 nmi or
the point at which the aircraft turned onto its final approach was considered. Note that as
indicated in Table 6.1-2 the RTCA ADS-B MASPS only specifies the PRM reception
performance to arange of 10 nmi. Figure 6.4.3-7 plots the project aircraft flight segment
considered for thisanalysis. Figure 6.4.3-8 plots the Extended Squitter reception
probability for data collected during the approach and landing flight segment of N40 and
the NLR aircraft at Wiesbaden.

As shown in Table 6.1-5 the required probability of reception within 10 nmi
varies from 48.8% (i.e., Eurocontrol requirement for 2500 ft runway separation) to 90%
(i.e., RTCA MASPS requirement for 1000 ft runway separation) in order to insure the
PRM state-vector update rate requirements are satisfied . The measured reception
performance generally exceeded 80% probability of reception for all ranges within 30
nmi. An examination of the update period for each the NLR aircraft and N40 revealed
that the ADS-B reports were consistently output by the ground station's LDPU from both
targets at 1 second intervals with no exceptions.
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6.4.3.3 Air-to-Ground Measurementson 22 May

The FII and N40 project aircraft participated in the data collection on May 22.
During the data collection at the Wiesbaden ground station a British Airways target of
opportunity was also observed. A plot of the ground tracks of N40, FIl aircraft and the
target of opportunity observed during the data collection is presented in Chapter 4 of this
report.

6.4.3.3.1 En Route Survelllance

Theflight profile for the FIl resulted in only short-range data (i.e., <29 nmi) being
collected by the Wiesbaden ground station for this target. Data was collected from N40
within the ground station's primary coverage area at ranges between approximately 66
nmi and 114 nmi. Extensive data was collected from BA-400664h at ranges from
approximately 18 nmi to 185 nmi. Figure 6.4.3-9a plots the reception probability vs.
range for targets within the ground station's primary coverage area. Only data collected
from targets at altitudes above 18,000 ft isincluded in the en route data set. These
constraints resulted in not reporting much of the data from N40 as a part of this en route
air-ground surveillance data set for the ground station's primary coverage area. Figure
6.4.3-9b includes additional Extended Squitter reception results for targetsin the
extended coverage area.  Aslisted in Table 6.1-5 the probability of squitter reception
necessary to satisfy the en route air-to-ground surveillance requirements varies between
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15% (U.S. MASPS and ICAO SARPs requirements) to 23.3% (Eurocontrol enhanced
ATSrequirements). The results obtained from the data collected within the ground
stations's primary coverage area on May 22 indicate the reception probability was
consistently above 40% for at all ranges out to over 150 nmi and generally remained
above 20% out to 185 nmi (i.e., therange limit of the available data). Although the
results for data collected for the extended coverage area shows somewhat lower
performance, the results are generally consistent with providing acceptable performance
at a 150 nmi air-to-ground range.
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Figure 6.4.3-9a. En Route Reception Probability for Primary Coverage Area, 22 May
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Figure 6.4.3-9b. En Route Reception Probability for Primary & Extended Coverage
Areas, 22 May

6.4.3.3.2 Terminal Surveillance

Theflight profile for the FIl aircraft resulted in only short-range data (i.e., <14
nmi) being collected by the Wiesbaden ground station for this target as part of the
terminal data set. Short and mid-range data was collected from N40 as it returned to
Wiesbaden. Figure 6.4.3-10 plots the reception probability vs. range. Only data
collected from targets within the ground station's primary coverage area and at atitudes
between 1000 ft and 18,000 ft isincluded. Aslisted in Table 6.1-5 the probability of
squitter reception necessary to satisfy the terminal air-to-ground surveillance
requirements varies between 32.3% (U.S. MASPS and ICAO SARPs requirements) to
36.9% (Eurocontrol enhanced ATS requirements). The sharp drop in reception
probability at short-range (approximately 3 nmi) can be attributed to the target aircraft
transitioning the ground station antenna's cone of silence. This occurred as the Fll aircraft
over flew Wiesbaden at an altitude of approximately 7,000 ft and just at the aircraft
entered the ground station's coverage area. This effect is exaggerated on the plot by the
24 second dliding (trailing) window approach used to calculate the reception probability.

The results from the data analyzed for May 22 indicates that the terminal air-to-
ground surveillance requirements are well exceeded with the measured Extended Squitter
reception probability generally exceeding 60% out to 60 nmi, except for abrief drop to a
minimum value of 42% that occurred at a range of approximately 35 nmi as N40 was
returning to Wiesbaden. N40 was at a altitude of 4,000 ft at this point inisflight profile.
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The measured results for May 22 well exceed the requirements for terminal air-to-
ground surveillance.

100% -

80%

60% -

% 0 N40
B

OHI

Reception Probability
8

20%

000 Db 0D0DO0 OoO0DODO ODOOGOaOo 0oo 0 OO, BRE

0% T T
0 10 20 30 40 50 60

Range (nmi.)
Figure 6.4.3-10. Terminal Reception Probability, 22 May

6.4.3.3.3 PRM Surveillance

The data collected by the Wiesbaden ground station was analyzed in order to
understand if the level of performance that could be provided by a single ground station
could satisfy the PRM application requirement. The PRM application has the shortest
air-to-ground range requirements but imposes the most demanding requirements for
reception probability. For the PRM performance analysis, a maximum range of 30 nmi
or the point at which the aircraft turned onto its final approach was considered. Note that
asindicated in Table 6.1-2 the RTCA ADS-B MASPS only specifies the PRM reception
performance to arange of 10 nmi. Figure 6.4.3-11 plots the project aircraft flight
segment considered for thisanalysis. Figure 6.4.3-12 plots the Extended Squitter
reception probability for data collected during the approach and landing flight segment of
N40 and the FIl aircraft at Wiesbaden.

As shown in Table 6.1-5 the required probability of reception within 10 nmi
varies from 48.8% (i.e., Eurocontrol requirement for 2500 ft runway separation) to 90%
(i.e., RTCA MASPS requirement for 1000 ft runway separation) in order to insure the
PRM state-vector update rate requirements are satisfied . The measured reception
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performance generally exceeded 80% for al ranges within approximately 28 nmi. The
short range reception probability was generally lower for Extended Squitters broadcast by
the FI1 aircraft as compared to broadcasts from N40. An examination of the update
period revealed that the ADS-B reports were consistently output by the ground station's
LDPU for N40 at 1 second intervals with no exceptions and for the FIl aircraft at 1
second intervals with the exception of a single case where the update period was 2
seconds. Thisexception for the FIl aircraft occurred 5 seconds before the ADS-B reports
indicated the FII aircraft was on the surface and may have been the result of line-of-sight
limitations of the ground station location.
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Figure 6.4.3-11. Approach and Landing Ground Track, 22 May
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Figure 6.4.3-12. Reception Probability for PRM Application, 22 May

6.4.3.4 Air-to-Ground Measurementson 24 May

All three project aircraft participated in the data collection on May 24. During the
data collection at the Wiesbaden ground station a British Airways target of opportunity
was also observed. A plot of the ground tracks of N40, NLR aircraft and the target of
opportunity observed during the data collection is presented in Chapter 4 of this report.

6.4.341 En Route Survelllance

Theflight profile for the N40 resulted in only short-range data (i.e., <28 nmi)
being collected by the Wiesbaden ground station for thistarget. Data was collected from
FII aircraft at ranges between approximately 37 nmi and 53 nmi while in the ground
station's primary coverage area. For the NLR aircraft data was collected on its outbound
leg at ranges between 53 nmi and 97 nmi and for the inbound leg at ranges between 75
nmi and 101 nmi while in the ground station's primary coverage area. Limited datawas
collected from BA-400652;, at ranges from approximately 5 nmi to 21 nmi asit quickly
passed into then out of the ground station's primary coverage area. Figure 6.4.3-13a plots
the reception probability vs. range for targets in the ground station's primary coverage
area. Figure 6.4.3-13b includes additional Extended Squitter reception results for targets
in the extended coverage area. Only data collected from targets at atitudes above 18,000
ftisincluded in the en route data set.
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Appling the constraints for en route targets in the ground station's primary
coverage area resulted in not reporting much of the longer range data from the FlI aircraft
and from BA-400652, as a part of this en route air-ground surveillance data set. Aslisted
in Table 6.1-5 the probability of squitter reception necessary to satisfy the en route air-to-
ground surveillance requirements varies between 15% (U.S. MASPS and ICAO SARPs
requirements) to 23.3% (Eurocontrol enhanced ATS requirements). The results obtained
from the data collected on May 24 for targets within the ground station's primary
coverage areadid not include any data for ranges beyond 101 nmi. The only datafor
ranges beyond 53 nmi was for the NLR aircraft. Generally the resultsfor all aircraft at
ranges within 80 nmi indicates a probability reception exceeding 50%. The single
exception is the sharp drop in reception probability at short-range (approximately 3 nmi)
which can be attributed to the target aircraft transitioning the ground station antenna's
cone of silence. This occurred as BA-400652, over flew Wiesbaden at an altitude of
approximately 37,000 ft and just as the aircraft entered the ground station's coverage area.
This effect is exaggerated on the plot by the 24 second dliding (trailing) window
technique used to calculate the reception probability.

Reception from the NLR aircraft was erratic at ranges of greater than 80 nmi.
Thiswas especially the case during the aircraft inbound leg toward Wiesbaden. This may
indicate equipment problems on the NLR aircraft or perhaps was the effect of having a
less than ideal aircraft antenna placement that resulted in an sub-optimal antenna pattern.
This same effect was noted in the reception of transmissions from the NLR aircraft by the
Langen ground station and by other project aircraft. All datawithin the en route data set
for May 24 is consistent with the en route air-to-ground surveillance requirements for
ranges within 85 nmi. Only data from the NLR aircraft was available for ranges greater
than 53 nmi and the results for the NLR aircraft indicated erratic reception performance
levels as noted above.

For this specific date, the bulk of the available performance data for ranges
beyond 90 nmi came from targets within the ground station's extended coverage area.
Data collected from these targets shows generally good performance, with reception
probabilities generally above 20%, out to ranges on the order of 150 nmi.
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6.4.3.4.2 Terminal Surveillance

The flight profile for N4O resulted in only short-range data (i.e., <28 nmi) being
collected by the Wiesbaden ground station for this target as part of the terminal data set.
Data was collected from the FlI aircraft at ranges between approximately 3 nmi and 38
nmi Date from the NLR aircraft was collected at ranges between 19 nmi and 60 nmi (the
terminal range limit). Figure 6.4.3-14 plots the reception probability vs. range. Only
data collected from targets within the ground station's primary coverage area and at
altitudes between 1000 ft and 18,000 ft isincluded. Aslisted in Table 6.1-5 the
probability of squitter reception necessary to satisfy the terminal air-to-ground
surveillance requirements varies between 32.3% (U.S. MASPS and ICAO SARPs
requirements) to 36.9% (Eurocontrol enhanced ATS requirements).

The results from the data analyzed for May 24 indicates that with one exception
the measured performance well exceeded the terminal air-to-ground surveillance
requirements with the Extended Squitter reception probability generally exceeding 53%
out to the 60 nmi terminal coverage limit. Aswith the en route case the reception of
Extended Squitter transmissions from the NLR aircraft on its inbound leg showed erratic
performance. Asnoted for the en route case this may have results from issues with the
NLR aircraft avionics or antenna pattern. The NLR datafor thisinbound leg is
incomplete as aresult of the aircraft reporting an emergency situation after which time
the onboard ADS-B transmissions were halted.

100% -

Hop O
o El |:||:|
80% - i
D
o “’g" %ﬂ
. %
o
) o 8 B
% o 8 @ O NLROutbound
;E: o % © NLR Inbound
o o < FlI
8 o] o
= 2 ° & X N40
X
8 0% ° 8 ° o
o o o] o
o Y B
o © (o} o
o
o o @ 28 8
© o o 8 &
20% { ° 8 o 8
o
3
© 8 o
° :
° ®
o o o
0%
0 10 20 30 40 50 60
Range (mmi.)

Figure 6.4.3-14. Terminal Reception Probability, 24 May
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6.4.3.43 PRM Survelllance

The data collected by the Wiesbaden ground station was analyzed in order to
understand if the level of performance that could be provided by a single ground station
could satisfy the PRM application requirement. The PRM application has the shortest
air-to-ground range requirements but imposes the most demanding requirements for
reception probability. For the PRM performance analysis, a maximum range of 30 nmi
or the point at which the aircraft turned onto its final approach was considered. Note that
asindicated in Table 6.1-2 the RTCA ADS-B MASPS only specifies the PRM reception
performance to arange of 10 nmi. Figure 6.4.3-15 plots the project aircraft flight
segment considered for thisanalysis. Figure 6.4.3-16 plots the Extended Squitter
reception probability for data collected during the approach and landing flight segment of
N40, FIl and the NLR aircraft at Wiesbaden. Due to an emergency on the NLR aircraft
experienced on its approach to Wiesbaden, the ADS-B was shut down and as aresult
only avery modest amount of data applicable to the PRM application is available from
the NLR aircraft. The available NLR data was while the aircraft was approximately 20
nmi range from Wiesbaden.

Asshown in Table 6.1-5 the required probability of reception within 10 nmi
varies from 48.8% (i.e., Eurocontrol requirement for 2500 ft runway separation) to 90%
(i.e., RTCA MASPS requirement for 1000 ft runway separation) in order to insure the
PRM state-vector update rate requirements are satisfied . The measured reception
performance for the FIl aircraft and N40 generally exceeded 80% probability of reception
for ranges out to approximately 20 nmi. The reception probability was generally lower
for Extended Squitters broadcast by the Fll aircraft as compared to broadcasts from N40.
An examination of the update period for the FII aircraft revealed that the ADS-B reports
were consistently output by the ground station's LDPU at 1 second intervals with the
exception of asingle 2 second interval occurring just 2 seconds before the aircraft
reported being on the surface which may have resulted from line-of-sight limitations of
the ground station location. An examination of the update period for N4O revealed that
the ADS-B reports were consistently output by the ground station's LDPU at 1 second
intervals with no exceptions.
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Figure 6.4.3-15. Approach and Landing Ground Track, 24 May
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Figure 6.4.3-16. Reception Probability for PRM Application, 24 May
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6.4.3.5 Air-to-Ground M easurementson 25 May

Of the project aircraft only N4O participated in the data collection on May 25.
Thiswasthe final data collection flight. During the data collection at the Wiesbaden
ground station, one British Airways target of opportunity were also observed. However,
this target of opportunity did not pass through the ground station's primary coverage area
and thusisinincluded in the results reported below.

6.4.3.1.1 En Route Survelllance

Figure 6.4.3-17a plots the reception probability vs. range for targets within the
ground station's primary coverage area. Figure 6.4.3-17b includes additional Extended
Squitter reception results for targets in the extended coverage area. Only data collected
from N40 while at altitudes above 18,000 ft isincluded in this en route data set. Aslisted
in Table 6.1-5 the probability of squitter reception necessary to satisfy the en route air-to-
ground surveillance requirements varies between 15% (U.S. MASPS and ICAO SARPs
requirements) to 23.3% (Eurocontrol enhanced ATS requirements). Although no long-
range data beyond 118 nmi was collected on May 25 for targets with the ground station's
primary coverage area. The results obtained indicate that the requirements were readily
satisfied at out to thisrange. The probability of reception was greater than 65% out to the
maximum range of the data set (i.e., 118 nmi) for the primary coverage area except for a
single brief interval occurring at arange of approximately 83 nmi. At this point the
reception probability briefly dropped to a minimum value of approximately 38% as N40
was executing a maneuver on it inbound flight path returning toward Wiesbaden. The
additional data collected from the extended coverage area shows generally acceptable
performance out to ranges in excess of 150 nmi.
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6.4.35.2 Terminal Surveillance

The flight profile for N4O resulted in data being collected by the Wiesbaden
ground station for this target on itsinbound flight leg. Figure 6.4.3-18 plots the reception
probability vs. range. Only data collected from N40 while within the ground station's
primary coverage area and at altitudes between 1000 ft and 18,000 ft isincluded. As
listed in Table 6.1-5 the probability of squitter reception necessary to satisfy the terminal
air-to-ground surveillance requirements varies between 32.3% (U.S. MASPS and ICAO
SARPs requirements) to 36.9% (Eurocontrol enhanced ATS requirements. The measured
reception probability shown in the plot exceeds 70% for all ranges out to the terminal
airspace coverage limit of 60 nmi. Thiswell exceeds the required performance levels for
terminal air-to-ground surveillance.
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Figure 6.4.3-18. Terminal Reception Probability, 25 May

6.4.3.5.3 PRM Surveillance

The data collected by the Wiesbaden ground station was analyzed in order to
understand if the level of performance that could be provided by a single ground station
could satisfy the PRM application requirement. The PRM application has the shortest
air-to-ground range requirements but imposes the most demanding requirements for
reception probability. For the PRM performance analysis, a maximum range of 30 nmi
or the point at which the aircraft turned onto its final approach was considered. Note that
asindicated in Table 6.1-2 the RTCA ADS-B MASPS only specifies the PRM reception
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performance to arange of 10 nmi. Figure 6.4.3-19 plots the N40 flight segment
considered for thisanalysis. Figure 6.4.3-20 plots the Extended Squitter reception
probability for data collected during the approach and landing flight segment of N40 at
Wiesbaden.

As shown in Table 6.1-5 the required probability of reception within 10 nmi
varies from 48.8% (i.e., Eurocontrol requirement for 2500 ft runway separation) to 90%
(i.e., RTCA MASPS requirement for 1000 ft runway separation) in order to insure the
PRM state-vector update rate requirements are satisfied. The measured reception
performance for N40 generally exceeded 80% probability of reception out to the 30 nmi
range. An examination of the update period for N40 revealed that the ADS-B reports
were consistently output by the ground station's LDPU at 1 second intervals with no
exceptions.
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Figure 6.4.3-19. Approach and Landing Ground Track, 25 May
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Figure 6.4.3-20. Reception Probability for PRM Application, 25 May

In summary, measured reception performance associated with PRM was excellent

on al fivetest days, including atotal of 8 landings. The measurements can be
summarized as shown below. In every case, reception performance satisfied the most
demanding PRM surveillance standards (1000 foot runway spacing).

Date Landing Timein track No. of Missed | Report
Aircraft (%) Reports Reliability (%)
19 May N40 100 3 99.7
20 May N40 100 0 100
20 May NLR 100 0 100
22 May N40 100 0 100
22 May Fll 100 1 99.8
24 May N40 100 0 100
24 May Fll 100 1 99.8
25 May N40 100 0 100
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7. SUMMARY AND CONCLUSIONS

In May 2000, DFS, FAA and Eurocontrol, in collaboration with several industry
organizations, performed Automatic Dependent Surveillance-Broadcast (ADS-B) flight
trials using Mode S Extended Squitter in German airspace. A large quantity and wide
variety of datawere recorded. After analyzing the data it was concluded that these
measurements were very successful. Measurements of interference environments and
reception performance have been made in avariety of conditions, involving three project
aircraft and several in-service, British Airways aircraft. Both airborne and ground-based
receptions were analyzed, and several receiving systems were evaluated. Equipment
failures occurred in afew cases, but these have been isolated, and alarge amount of valid
data has been extracted, as documented in this report.

7.1 TEST CONFIGURATION

Airborne and ground facilities were assembled to make detailed measurements of
the Radio Frequency (RF) Secondary Surveillance Radar (SSR) channel utilization and
the air-to-air and air-to-ground performance of Extended Squitter.

Ground stations were installed at DFS facilities at Langen and at the U.S. Army
Air Base at Wiesbaden. The Langen station included three separate Extended Squitter
receivers, connected such that measurements were made through a pair of sectorized,
directional antennas. The Wiesbaden ground station was configured with an Extended
Squitter receiver, connected to a sectorized, directional antenna, and a digitizing, video
recorder (the FAA RF Measurement Facility) connected to an omnidirectional antenna.
The Wiesbaden and Langen ground stations aso included a test transponder transmitting
Extended Squitter messages through an omni directional antenna to enable evaluation of
the uplink (ground-to-air) Extended Squitter performance.

Three project aircraft participated in the Frankfurt trials. An NLR Metroliner was
configured with an Extended Squitter receiver/transmitter unit. A Beech King Air,
equipped and flown by Flight Inspection International personnel, was also configured
with an Extended Squitter receiver/transmitter unit. An FAA Boeing B-727, was
configured with an Extended Squitter receiver/transmitter, a separate TCA S-integrated
Extended Squitter receiver, and several receivers designed to record the RF channel
utilization at 1030 MHz and 1090 MHz. The FAA B-727 was the principal
environmental measurement platform for the Frankfurt trial. In addition to the project
aircraft, several Extended Squitter targets of opportunity were observed. British Airways
has equipped severa in-service Boeing B757 aircraft with Extended Squitter transmitter
installations (integrated with their TCAS installations) and these targets of opportunity
served as valuable examples of an early commercial Extended Squitter implementation.

The focus of the ADS-B evaluations described in this report was on terminal and
en route operations. The flight test profiles were appropriate for the assessment of longer
range air-to-air ADS-B performance, i.e., separation assurance and sequencing, flight
path deconfliction, and autonomous operations. Most of the flight profiles were flown
within existing high density terminal and en route airspace. At the end of some flight
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profiles the approaches flown by project aircraft to Wiesbaden approximated parallel
approach conditions. In addition, data was gathered using the TCAS 2000 receiver to
enable the future assessment of TCAS Il Hybrid Surveillance performance.

Test facilities were also configured to allow the assessment of air-to-ground
performance. The ADS-B ground stations used for the evaluation were representative of
units configured to provide ATC surveillance servicesin high traffic density terminal and
en route environments. Unfortunately the constraints of available ground sites limited the
evaluation of longer range air-to-ground performance to relatively high elevation targets
in certain preferred directions covered by the ground directional antennas. The data
gathered support validation of ADS-B operation in terminal operations, but do not
provide as complete a basis for evaluating very long range (greater than 120 nmi) en
route air-to-ground surveillance. The results of these studies contribute to a better
understanding of the ability of the 1090 MHz Extended Squitter technology to satisfy
certain of the other requirements for which the test configuration was not optimal.

Additional data were collected from radar sites throughout Germany during the
flight test intervals. Such data served to document the aircraft density and distribution
present during the flight tests.

7.2 ENVIRONMENTAL CONDITIONS

Extensive measurements were made of the RF environment in the airspace
surrounding Frankfurt. ADS-B air-to-air and air-to-ground performance within this same
airspace was also characterized. The RF environmental measurements were compared to
measurements conducted previously in Frankfurt and at other locationsin U.S. airspace.

The results confirm that Germany continues to have very high channel occupancy
on the SSR interrogation (1030 MHz) and reply (1090 MHz) channels, relative to
measurements made at other sites throughout the world. The ATCRBS fruit rate
measured in Frankfurt was 30 to 50 % higher than that measured in Los Angelesin 1999.
Mode A and Mode C interrogation rates remain at the same level as 1995 while Mode S
and Airborne Collision Avoidance Systems (ACAYS) intermode interrogation rates
increased significantly with the European ACAS Il mandate. Traffic countsindicate a
traffic increase of about 50% over Germany since 1994. Although comparable fruit
measurements were not made in 1995 and 2000, and thus a direct comparison of airborne
fruit ratesis not possible, it appears that increases in fruit that would correspond to
increases in traffic were offset to some extent by areduction in the number of active radar
sitesin southern Germany.

The measured Mode S fruit rate was less than 10% of the ATCRBS fruit rate.
Seventy-three percent of Mode S 1090 MHz transmissions were repliesto TCAS
surveillance interrogations and 23% were acquisition squitters. Extended squitter
transmissions account for about 1% of the Mode S fruit rate, while repliesto the single
Mode S ground sensor account for less than 3%.

Fruit rates depend on both the interrogation rates seen by each aircraft and the
distribution of aircraft within reception range of the affected receiver. Thereforeit was
an essential part of the Frankfurt trials that detailed measurements be made of the number
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and distribution of all aircraft that could be a source of interference to the ADS-B
receiverslocated in the Frankfurt area. It was estimated that at least 520 aircraft werein
view of the sensitive receiver installed on the FAA aircraft.

Analysis of multiple ground radar recordings reveals most aircraft were below
10,000 feet. Higher dtitude aircraft were approximately uniformly distributed between
10,000 and 40,000 ft. Above 30,000 ft, the distribution was seen to be concentrated at
the odd thousands, which is consistent with air traffic control practicesin Europe. The
median atitude Frankfurt was observed to be about 11,000 ft on work days. On the
weekend this value decreased to some extent. However, thiswas still significantly higher
than the altitude distribution in Los Angeles, where the median altitude was measured to
be about 4000 ft. It was also observed that the fruit rates did not vary with altitude in
genera as much as interrogation rates.

Interrogation rates vary with location, time and altitude. A significant difference
was observed in the atitude dependence of ATCRBS and Mode S interrogation rates.
While ATCRBS interrogation rates increased with altitude, Mode S interrogation rates
were observed to peak at an intermediate altitude in the Frankfurt area.

ATCRBS interrogations rates have decreased in southern Germany since 1995,
but remain at the same level in the Frankfurt area. Anincreasein Mode S interrogations
was observed, which likely arose from the European ACAS mandate.

Germany, like other States in core Europe, mandated Mode S equipage for IFR
traffic from 2003 onwards and for VFR traffic from 2005. Thiswas done to mitigate the
current Mode A code shortage and to be able to cope with the increasing air trafficin a
safe manner (reduce RF load). Currently most of the aircraft flying in Germany are
Mode S equipped and an increase in the Mode S equipage is to be expected. In the near
future about half the DFS radar sensors will transition from ATCRBSto Mode S. This
will reduce the fruit load under the same traffic density conditions.

More specific results are listed below:

(@ The RF environment surrounding the Frankfurt area continues to exhibit
very high rates of SSR interrogations and reply rates. The measured
ATCRBS interrogation rates in the immediate Frankfurt area peaked at well
over 300 interrogations per second (probably in part due to alocal radar
with sub-optimum sidel obe suppression); the interrogation rates within
approximately 30 nmi of Frankfurt averaged 250-300 interrogations/second,
which is nearly afactor of two higher than rates measured in the LA Basin
airspace in June 1999. These interrogation rates reflect the high density of
ground military interrogators, many of which are configured with relatively
high pulse repetition frequencies, as well as the high density of airborne
TCAS interrogators. TCAS equipage in particular has increased
dramatically since the previous measurements made in the Frankfurt area
(1995).



(b) Mode Sinterrogation rates averaged between 150-200/second throughout
the measurement period. Note that because of the point-to-point nature of
Mode S protocols, each Mode S interrogation elicits asingle reply rather
than the many replies that an ATCRBS interrogation reply may dlicit.

(c) Thecombination of high interrogation rates with moderate to high traffic
density produces very high ATCRBS reply rates. ATCRBS reply rates of
35-40K /second (cumulative rate of replies whose power at the receive
antenna exceeded —87 dBm) were observed in the immediate Frankfurt area;
these rates are approximately 30-50% higher than ATCRBS reply rates
measured in the Los Angeles Basinin 1999. These reply rates in southern
Germany (near Munich) dropped to less than half the rates measured over
Frankfurt.

(d) Mode Sreply rates were amodest fraction of the ATCRBS reply rates.
Even with the substantial increase in the number airborne TCA S-equipped
aircraft near Frankfurt, Mode S reply rates were under 1000/second
throughout the measurement period. The May 2000 interference
environment for the 1090 MHz channel in the Frankfurt area is dominated
by ATCRBS replies.

7.3 EXTENDED SQUITTER PERFORMANCE

Three sources for the ADS-B performance requirements have been considered for
thisstudy. Currently the most comprehensive source for ADS-B performance
requirementsisthe RTCA Minimum Aviation System Performance Standards for
Automatic Dependent Surveillance Broadcast (ADS-B), DO-242 [Ref. 6]. The second
source of ADS-B requirements considered was the ICAO Manual of Air Traffic Services
Data Link Applications, ICAO Document 9694 [Ref. 18], and the third source of
requirements considered were preliminary European requirements for ADS-B (Tamvaclis
et a) provided by the Eurocontrol ADS Programme, which still require harmonization at
the time of thisreport (May 2001).

The performance evaluation focuses on regquirements concerning the maximum
acceptable state vector and intent (Trgectory Change Points — TCP) update intervals (to a
specific confidence level =95%) as well asinitial acquisition range and tracking range.
Performance requirements are taken from the RTCA ADS-B MASPS (DO-242) and a
draft proposition from the Eurocontrol ADS Progtamme referring to air-to-ground
surveillance and air-to-air autonomous operations-~ Analysis took into account the
bearing of the target aircraft since MASPS performance requirements for flight path
deconfliction specify the required range per target quadrant (forward, aft, side).

The flight tests took place in a high-density terminal and en-route airspace. It can
be argued that the most demanding air-to-air range DO-242 requirements for flight path
deconfliction were not specified for such an environment. Nevertheless, one of the

! Both the RTCA and Eurocontrol requirements are undergoing further development. It is therefore possible
that new or revised requirements may emerge from these ongoing activities
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desired goals of the evaluation was to determine the range at which such an application
might be feasible over extended squitter in ahigh traffic density and high RF interference
environment.

The three project aircraft and the British Airways (BA) targets of opportunity
broadcasted position, velocity and in most cases Flight 1D squitters but not TCP or
mode/status squitters. None of the 1090 MHz receivers were fully MOPS compliant.
Consequently update interval and tracking/acquisition range performance was estimated
from the per message reception probability measurements using a theoretical model
described in Chapter 6.

In al cases analyzed in more detail, the airborne receivers were either LDPUs or
TCAS 2000 avionics, while the ground receivers were the ANS-MAGS station and the
ERA station at Langen and two LDPUs (one at Langen and one at Wiesbaden). All
ground stations at Langen shared the same sector antenna. However, only the dual-
channel LDPUs were connected to both sector beam antennas, while the ANS -MAGS
and ERA receivers were connected to a single sector beam antenna.

No errors were observed that would have appeared in the report of ADS-B MOPS
compliant avionics. A few errors were observed only in the LDPU logs in both air-to-air
and air-to-ground reception (described in 4.4). The frequency of such errorswas lesser in
the air-to-ground case and regardless such errors did not affect the performance
measurements.

It should be noted however that the Frankfurt 1090 MHz Extended Squitter trials
involved a small number of Extended Squitter equipped aircraft, and hence they cannot
show how the 1090 MHz system would perform with alarge number of aircraft. These
trials were performed in areal environment with many sources of TCAS acquisition
squitters and severe ATCRBS interference. However, additional investigations including
simulations will be necessary to address other issues like self interference.

7.3.1 Air-to-Air Performance

In the Frankfurt environment the measurements are consistent with the state
vector and intent requirements and 40 nmi range requirements for the separation
assurance application. At ranges beyond 40 nmi, as required to support along range
deconfliction application, the measured update rates would typically support the MASPS
application requirements (state vector and intent information) up to arange of 75 nmi,
and state vector information alone to 90 nmi reliably, in most cases.

Concerning the Eurocontrol proposed criteria for autonomous operations to 150
nmi range, which include the reception four TCPs, reception probability was observed to
be generally adequate for ranges up to 75 nmi.

Performance measurements with the TCAS based receiver were generally similar
to that measured with the LDPUs. However, the ranges were consistently shorter due to
the less sensitive receiver and time sharing with TCAS surveillance functions.

There were certain exceptions to the effective air-to-air reception range observed
showing both shorter and longer range performance. The worst case performance
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observed during the evaluation was an effective air-to-air range on the order of 40 nmi.
However, it was subsequently demonstrated that by applying the advanced reception
techniques the effective reception range in this worst case situation would have been
extended to approximately 60 nmi.

The air-to-air data and performance eval uations indicate the following more
specific conclusions:

@

(b)

(©)

(d)

(€)

(f)

(9)

Update requirements for intent information dominate long range
performance.

The observed reception probabilities would be adequate to meet State
V ector tracking MA SPS requirements up to 80 to more than100 nmi.

The observed reception probabilities would be adequate to meet TCP and
TCP+1 update MASPS requirements, as applicable to long range
deconfliction in the forward quadrant, up to 60 to 90 nmi.

The obﬁerved reception probabilities would be adequate to meet four-TCP
update™Eurocontrol requirements, applicable to autonomous operationsin
the forward quadrant, up to 50 to 90 nmi.

Update rate and range requirements for long range deconfliction were
supported for side and aft quadrants.

Generally Extended Squitters broadcast from BA targets of opportunity
were received with higher probability than were the broadcasts from project
aircraft at similar ranges. Thisis probably because the BA aircraft flew
essentially high altitude, level, straight trgjectories and the BA aircraft
antenna installations are expected to have fewer antenna gain variations than
the installations on the smaller project aircraft.

There were some short periods, notably on the 24 May, where significant
performance drops were observed (35 versus 60 nmi range for two TCP and
60 versus 90 nmi range for state vector tracking). These degradations were
linked to reductions in the received signal level. Experimental 1090 MHz
antenna placements on the FIl and NLR aircraft and possible intermittent
connections may have contributed to the observed signal level reductions.

2 A requirement for four TCPs has been proposed by the Eurocontrol ADS Programme and is not supported
by the current 1090 MOPS. For the calculations, it has been assumed that each of the four TCP is broadcast
as a separate squitter every 1.7 sec.
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7.3.2 Air-to-Ground Performance

Air-to-ground reception capabilities were generally line-of-sight limited and an
air-to-ground effective reception range in the Frankfurt environment of at least 150 nmi
appears feasible with a properly sited, sectorized ground antenna.

Air-to-ground reception performance while the aircraft were on final approach to
land at Wiesbaden, based on measurements from the 1090 MHz ADS-B ground station at
Wiesbaden, indicate that 1090 MHz ADS-B is capable of satisfying the requirements for
aPRM application.

(a) Three different receivers were evaluated at two sites. Differences were observed in
the performance of the LDPU, ANS-MAGS and ERA receivers, with the LDPU the
most capable and the ERA receiver the least. Thisis believed to be due the fact that
the LDPU was the only receiver that implemented error correction. All three
receivers demonstrated performance adequate for terminal operations; the differences
were most apparent in long range, en route scenarios. The air-to-ground performance
evaluation indicates the following more specific conclusions. .

@ Terminal Surveillance

1. On both Langen and Wiesbaden LDPUs as well as on the ANS-MAGS
station, the observed reception probabilities would be adequate to meet the
Eurocontrol classical and enhanced ATS surveillance state vector and four-
TCP update interval maxima up to more than the required 60 nmi.

2. The only exception observed may have resulted from issues with the NLR
aircraft avionics or its antenna patterns. Even under those circumstances 35 to
40 nmi coverage were achieved.



(b)

(©)

7.3.3

En-Route surveillance:

1. Performance of the LDPU stations at Langen and Wiesbaden would be

adequate to meet Eurocontrol requirements up to 150 nmi, including the four
TCPs.

. The observed reception performance of the ANS-MAGS station would be

adequate to meet ICAO and Eurocontrol state vector update requirements up
to 100-140 nmi. It would also be adequate to meet Eurocontrol four TCP
requirements up to more than 100 nmi.

. The only exceptions observed concerned low altitude flights, which were

affected by the elevated radio horizon of the ground stations, and the return
flight of NLR on the 24 May, which has been mentioned earlier.

. Note that the Eurocontrol classical and enhanced ATS surveillance

performance requirements are stricter than those specified ip ICAO 9694, and
they are dominated by the range requirement for four TCPs~

Parallel Runway Monitoring (PRM)

1. Thelocation of the Langen station was not suitable as a PRM site (not situated

with appropriate visibility to arunway end). The Wiesbaden station, which
was near the Wiesbaden runway, was sited appropriately for PRM.

. The datarecorded at Wiesbaden was analyzed with respect to the ADS-B

standards for supporting PRM. The analysis considered ranges out to 30 nmi
or the point at which aircraft turned onto final approach. The five days of
testing included atotal of 8 landings at Wiesbaden.

In every case analysed air-to-ground surveillance was 100 percent, in the
sense that the aircraft was alwaysin track. LDPU state vector updates were
generated by the LDPU at a steady rate of 1/second with very few exceptions.
The standards for update reliability were satisfied in every case.

Factors Affecting Extended Squitter Reception

Successful reception of Extended Squitters is fundamentally dependent on the

signal-to-interference (S/1) ratio and on the type of decoding algorithm used within the
Extended Squitter receiver. Examination of the measured ADS-B reception performance
generally demonstrated that factors that affected the S/l ratio had corresponding effects
on the squitter reception probability. Either decreasing the received power level at the
receiver antennaor increasing the interference level reduced the probability of reception
of the particular squitter. Thisis particularly important in assessing the factors likely to
affect the air-to-air Extended Squitter reception performance.
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The received power referred to the receiving antennais directly affected by all the
elementsincluded in any link budget calculation, which include transmitter power at the
Extended Squitter source, transmit antenna gain, and receive antennagain. In particular,
antenna gain variations may substantially degrade and ultimately limit the long range
squitter reception performance. Datafrom the Frankfurt measurements demonstrated
variability in squitter reception probability that varied directly with received power at
constant range against asingle target. Where this variability is substantial (asinthe NLR
and FI1 transponder installations) the range at which acceptable squitter reception
probability is observed is reduced.

Conversely, the interference environment effectively raises the minimum
threshold at which Extended Squitters may be received reliably. An example of thiswas
demonstrated by examining the reception of squitters from a British Airways target of
opportunity using the LDPU on N40 on two different days. N40 was orbiting over
Frankfurt on both days, but the measured interference environment was substantially (20-
30%) higher on May 24 than on May 20. Correspondingly, the minimum power level at
which squitters were successfully received from a common target was increased by 2-3
dB.

Receiver architecture and the implementation of the decoding agorithm also
affect squitter reception. Comparisons between the various ground-based receivers at the
Langen ground station demonstrated that while performance was enhanced when more
sophisticated error detection and correction algorithms were used, surprisingly good
performance was obtained even with a ground-based receiver with very limited error
detection and correction. In the airborne environment a similar comparison was made
between the TCAS-integrated squitter receiver and the stand alone LDPU where the
advantages (in the LDPU) of greater sensitivity, an antennawith an integral preamplifier,
and no sharing of the listening window with whisper-shout TCAS interrogations, resulted
in substantial improvement in the long range squitter reception performance.

Although useful performance was obtained from both the LDPU and the TCAS-
based squitter receiversin the Frankfurt trials, additional analysis was performed to
assess whether these as-built units represented the best performance possible. In fact,
offline analysis of Frankfurt data (specifically the digitized 1090 MHz video recordings)
demonstrated that the enhanced reception techniques (as described in Appendix B and as
defined in the Appendix | of the 1090 MHz ADS-B MOPS and beyond the a gorithms
implemented in the trials equipment) appear to be capable offering a significant
performance gain, in terms of the effective air-to-air reception range of extended
squitters. Based on the Frankfurt measurements such algorithms would not be necessary
to support separation assurance applications in current interference environments, but
would be necessary to meet the longest range application (long range deconfliction)
should those applications be implemented in current and future high interference
environments.

Factors which affect the S/I interference ratio may be exploited to improve squitter
reception performance. For instance, shaping antenna patterns to provide azimuth
dependent gain can reduce the effective interference environment while maintaining
constant link margin in a preferred direction. Thisis particularly useful for ground
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installations where the use of sectorized antennas have been demonstrated to provide long
range reception performance even in a high interference environment such as Frankfurt.
The use of directional airborne antennasis aso under consideration within RTCA SC-
186 to enhance airborne, long range reception.

7.4 RECOMMENDED FOLLOW-ON ACTIVITIES

The use of aircraft derived data for surveillance and traffic management will
improve the overall system. ADS-B is an opportunity for improvements with additional
challenges. Any surveillance technique that is intended as a future replacement for the
current secondary surveillance radar system in support of ATC activities must provide at
least the same level of performance as the existing system. In addition, a safe
implementation of new techniquesis required.

In high density European airspace, it is expected that near term benefits will result
from the use of ADS-B in terminal and ground movement areas, where applications like
precision runway monitoring or advanced surface guidance and control systems may be
considered. Depending on the geographical environment it is assumed that at least four
sensors would be required to cover an airport or terminal area. Inasimilar way it is
assumed that ADS-B en route applications in core Europe would be based on a multi-
sensor system. Any requirement for a specific surveillance application would have to be
considered under severa conditions including the assumption of an appropriate sensor
configuration.

In U.S. airspace ADS-B is expected to play a key role in supporting near term
improvements in airborne terminal operations and for increasing situational awarenessin
surface operations.

The Frankfurt measurement activity was a very successful effort that provided
detailed characterization of avery high interference RF environment and documented
Extended Squitter performance in that environment. However, some of the original
detailed questions have not been fully answered, and the results from the trials have
suggested additional research areas that were not apparent at the outset.

The environmental measurements from the Frankfurt trials represent a valuable
source of validation for simulations that will extend the limited Extended Squitter
performance measurements to future ADS-B aircraft and ground equipage scenarios. In
collaboration with FAA- and European-sponsored simulation efforts, the trials data may
be used as a basis for modeling the 1090 MHz interference environments and as a
benchmark for estimating Extended Squitter reception performance. Such simulations
should include an accurate model of radar/transponder interactions, including realistic
transponder suppression effects. The recorded environmental data will also serve asthe
basis for development of test procedures for advanced squitter decoding algorithms
included in the 1090 MHz MOPS (Rev. A). Other work sponsored by FAA and
Eurocontrol isin progress to address concerns regarding the impact of full fleet equipage
with Extended Squitter and the deployment of TIS-B. The measurements recorded in the
Frankfurt trials are a valuable source of validation for those simulations and anal yses.
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Data was collected at Wiesbaden that would enable estimates to be made of the
fruit rate seen by a ground, omnidirectional antenna. These data have not yet been
analyzed, and the task of completing this assessment is another valuable follow-up area.
Data were also collected during over flight of Paris and London by the FAA aircraft.
Analysis of this data could yield estimates of fruit rates at these additiona sites.

Further ground station devel opment is necessary to support various air-to-ground
applications proposed for ADS-B. Development of angle-of-arrival techniques for
sectorized antennas may allow ground stations to provide independent azimuth estimates
for recelved squitters. Integration of Mode S interrogation and data link protocols can
provide a combination of range validation and support for Downlink of Aircraft
Parameters. Investigations of a means by which such ground stations may provide
backup surveillance capabilities are another area of fruitful ground station development.
The output of such activities may be guidance material for inclusion and update to
existing ICAO and other standards.

Various detailed anal yses may be performed using the Frankfurt trials data and
follow-on flight data to assess the effects of antenna pattern variations on air-to-air
squitter reception performance. Quantifying the observed antenna gain effectsin the
trialsdatawill assist the 1090 MOPS effort in determining the criteriafor antenna
installation in Extended Squitter installations. The development of a broad database of
such effects will also assist in developing appropriate link budgets used in estimating
Extended Squitter reception performance given a distribution of transmitter power and
antennainstallations that accompany fleet-wide Extended Squitter equipage.

Measurement of squitter reception on the airport surface remains necessary.
Quantification of the effects of multipath and local blockage is crucial to understanding
of how to site ground receiver stations and what airport coverage may be expected.

Analysis of Extended Squitter reception performance in airborne, short range,
high update rate geometries was not conducted. The review of existing Los Angeles and
Frankfurt data, and augmentation of simulation tools to assess the performance of
Extended Squitter in such applications will be necessary prior to their deployment.

Detailed analysis of the interrogator characteristics and their effects should be
conducted to identify the causes of interrogation rate “hotspots’. This may also include
an investigation of the general effects of various radar operational parameters on the
resulting fruit environment and a more detailed look at specific effects related to the
military radar shutdown conducted during a portion of the Frankfurt trials
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A.l Example Extended Squitter M essage Receptions

The following figures show examples of 1090 MHz raw video signal data
recorded with the RMF. The signals were recorded on May 24 at 10:56:25 UTC using
the RMF installed on N40. At the time, N40 was reporting an altitude of 22075 feet
positioned at latitude 49.98999 and longitude 8.871388 flying in a westerly direction.
Each of the messages is extended squitters that were successfully decoded using an
enhanced decoding technique. The messages shown were arbitrarily chosen to represent
varying yet typical degrees of interference encountered in the Frankfurt environment.

Figure A-1 shows an Identification message received on the bottom antenna from
ICAO address A6F486,,. Thiswas aLincoln Laboratory transponder configured to
broadcast extended squitters located at the Wiesbaden ground site. Adjacent position
messages from A6F486 indicate an atitude of 100 feet at arange of just over 21 nautical
miles. This message shows no significant interference.
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Figure A.1. Identification Message Reception - Bottom Antenna

Figure A-2 shows an Airborne Position message received on the top antenna from
A6F486. Markers were added to the figure to identify the start and end of the message.
Because A6F486 was located on the ground, most of the messages that were successfully
decoded from A6F486 were received on the bottom antenna. The amplitudeis
significantly lower on the top antenna.
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Figure A-2. Airborne Position Message Reception - Top Antenna

Figure A-3 shows an Aircraft Identification message received on the top antenna
from the FlI aircraft, ICAO address 3CCE6E;,. The FIl aircraft was on the ground at a
distance of just under 21 nautical miles from N40 at the time. There is clearly a stronger
ATCRBS reply overlapping near the end of the message.
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Figure A-3. Aircraft Identification Message Reception - Top Antenna

Figure A-4 shows a Surface Position message received on the bottom antenna
from the FIl aircraft. Thereisinterference near the middle of the message.
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Figure A-4. Surface Position Message Reception - Bottom Antenna

Figure A-5 shows an Airborne Position message received on the top

aBA target of opportunity with an ICAO address of 400652;,. The decoded
from the extended squitter messages indicate that the aircraft was at an altitude of 36950
feet and latitude 50.36563 and longitude 6.854457. Its range from N40 at the time was

over 81 nautical miles,

antennafrom
position data
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Figure A-5. Airborne Position Message Reception - Top Antenna
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Figure 4A-6 shows an Airborne Velocity message received on the top antenna
from the BA aircraft with overlapping interference.
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Figure A-6. Airborne Velocity Message Reception - Top Antenna
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B.1 I ntroduction

B.1.1 Background

The 1090 Radio Frequency Measurement Facility (RMF) was developed as a
means to analyze the 1090 RF environment. The RMF hardware consists of dual channel
A/D converters that sample an incoming analog video signal at a 10 MHz rate and store
the digitized data on high-density digital tape recorders. The video signa is provided
from areceiver external to the RMF. In Frankfurt, the receiver video signal was provided
by the Link-Display Processing Unit (LDPU) from both the top and bottom antennas.
RMF software was devel oped to analyze the recorded data to characterize the 1090 MHz
RF environment, measure the extended squitter performance in high fruit rate
environments, and evaluate the performance of the improved Mode S processing
techniques. The RMF datais processed off-line to detect extended squitter messages and
other Mode S messages. The software processes the data using an enhanced reception
technique like those defined in the RTCA DO-260, Appendix I. The software is also
capable of processing the data using the TCAS reception method. The details of the RMF
reception software are contained below.

B.1.2 Pulse Positions and L eading Edge Positions

The RMF samples at arate of 10 samples per microsecond, therefore each
preamble pulse and each data chip is nominally seen by 5 data samples. Each data sample
has a digitized amplitude value ranging from the receiver noise level to the maximum
signal level expected, precise to afraction of adB.

Of fundamental importance to the message decoding processis the location of
pulses and their leading edges. With the RMF software implementation, a pulse consists
of 4 or more successive samples above threshold. A valid pulse position is any sample
that is above threshold and is followed by 3 other samples above threshold. Since the
RMF samples at a 10 MHz rate, each sample is 100 nanoseconds apart. A minimum pulse
is at least 300 nanoseconds in duration.

A leading edgeis avalid pulse position that is 4.8 dB or more greater than its
preceding sample and less than 4.8 dB lower than its succeeding sample.

B.1.3 Threshold

The software allows the user to select either afixed threshold at specified level in
dBm or an adaptive threshold at a specified level (dBm) above noise. The adaptive
threshold method uses a process to monitor and track the current noise level, the
threshold will maintain a user-defined level in dBm above the noise. The adaptive
threshold was devel oped to provide a stable threshold when DC fluctuationsin the signal
level from the receiver are present.
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B.2. Enhanced Reception Techniques

B.2.1 Preamble Detection

All pulses above the receiver threshold are detected. The preamble detection logic
advances through the digitized data one sample at atime until a pulse position or lead
edgeisfound. The pulse position or lead edge establishes a potential preamble reference
position. For a preamble to be declared, there must be at least one lead edge or pulse
position located within +/- one sample period of the nominal position of each of the three
remaining preamble pul ses.

The pulse sample timing tolerance is limited to either one sample plus or one
sample minus but not both in the same preamble. If one pulse of a preamble set is present
only inthe - 1 clock position and another pulseis only present in the + 1 clock position
then the preamble is not declared.

Timing offset islimited to one direction during preamble detection. If there are 2
or more lead edgesin either the +1 clock offset or -1 clock offset direction, then the
reference position will be shifted in that direction. Otherwise the center position will be
used. However, if the center position is selected and there are no lead edges declared in
the center position a preamble is not declared.

It isrequired that there is at least 2 lead edges declared within the + or - 1 sample
tolerance range of the four pulses with at least one of them in the reference position.

B.2.2 Reference Level Generation

The reference level generation process determines the amplitude of the incoming
message from the preambl e pulses, and then sets a dynamic threshold 6 dB below the
reference. The reference level generation process begins by selecting amplitude samples
from each of the preambl e pulses that are considered appropriate candidates, namely only
those that have leading edges declared in their reference positions.

The three amplitude samples after each valid lead edge position are entered into
the reference level declaration algorithm (up to 12 samples are possible).

For each qualified sample amplitude, the amplitude is compared to all other
qualified amplitude samples and the number that lies within plusor minus2 dB is
counted. If the highest count is unique, then the reference level is set to the amplitude of
that sample. If thereisatie, it isresolved by removing al amplitudes from the tied set
that are greater than 2 dB above the lowest amplitude in the tied set. The reference level
is set to the average of all remaining samples.
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B.2.3 Preamble Validation

The reference level generation step is performed prior to preamble validation so
that the dynamic threshold determined by the reference level process can be applied
during preamble validation. It is required that there is a pulse position or lead edge
declared within + or - one sample period of the start of the 1 chip or the start of the O chip
for each of the first five data pulses of the message. In addition, it is required that the
peak amplitude of the pulses found must exceed the dynamic threshold. The dynamic
threshold is set to 6 dB below the amplitude of the preamble.

B.24 Enhanced Bit and Confidence Declar ation

The RMF enhanced reception technique uses a multiple sample method that is a
variation of the 4-4 multiple amplitude approach defined in appendix | of the ADS-B
MOPS. Since there are 10 samples per bit with the RMF data, a 5-5 multiple amplitude
method was implemented. Each of the 10 samples per bit are quantized into four levels:

0: below threshold (-6 dB relative to the preamble)

1: above threshold but below the +/- dB preamble window
2: within the +/- 3 dB preamble window

3: above the +/- 3 dB preamble window

The 5-5 method forms two estimates of the bit data and confidence values, one
using the odd samples (1-3-5-7-9) and the other using the even samples (2-4-6-8-10). The
lookup value for the odd and even patterns are built from the five 2 bit quantized values.
Therefore, thereis alookup table of size 1024 for both the odd and even patterns. The
lookup tables provide one of the following values:

H1: the pattern occurred 90% or more when the bit wasa"1"
M1: the pattern occurred 70% - 90% when the bit wasa"1"
L1: the pattern occurred 50% - 70% when the bit wasa"1"
LO: the pattern occurred 30% - 50% when the bit wasa"1"
MO: the pattern occurred 10% - 30% when the bit wasa 1"
HO: the pattern occurred 10% when the bit wasa"1"

The lookup tables were generated by recording millions of bit patterns from Mode
S messagesin at least a 40,000 fruit per second environment. The odd and even values
resulting from the lookup tables are used to index another table that provides the bit and
confidence value. The odd / even pattern combining tableis as follows:
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Odd and Even Sample Combination Table
Odd (1,3,5,7,9) Even (2,4,6,8,10)

H1 M1 L1 HO MO LO
H1 |H1I H1I H1 LO Hl1 H1
M1|H1 H1 L1 HO LO L1
L1 |H1 L1 L1 HO LO LO
HO [LO HO HO HO HO HO
MO |H1 LO LO HO HO LO
LO {H1I L1 LO HO LO LO

B.25 Enhanced Error Detection and Correction Techniques

The RMF enhanced reception implementation utilizes both the conservative and
the Brute Force error detection and correction techniques. The method applied follows
that recommended in Appendix I.

B.25.1 Conservative Technique

This technique is attempted only if the span of al low confidence bitsin a
message is no more than 24 bits. There must also be alimit of 12 low confidence bits
total. Error correction is successful when a conversion of some or al of the low
confidence bits results in a zero error syndrome.

B.2.5.2 Brute Force Technique

The brute force technique is applied only when the conservative technigue has
failed. The brute force technique is applied only if there are 5 or less low confidence bits
in the message, but the low confidence bits are not limited to a 24 bit span. Error
correction is successful when a conversion of some or al of the low confidence bits
resultsin azero error syndrome.

B.2.6 Re-trigger able Preamble Detection

The decoder will only re-trigger when asignal is aready being processed if the
determined reference level and the amplitude of all 5 data pulses of the new signal is at
least 3 dB above the declared level of the existing signal. When in are-trigger situation,
the preamble validation step will require that there exists not only a pulse position or |ead
edge in the start of either the 1 chip or O chip, but that the amplitude resulting from the
average of the three amplitude samples following the lead edge or pulse position found
must exceed the amplitude of the reply in progress by at least 3 dB. Thisis required of all
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five pulses and all lead edges or pulse positions within + or - 1 clock of the start of both
the one chip and the zero chip will be tested until avalid pulse amplitude is found or
determined not to exist.

B.2.7 TheRMF " Gold Standard"

The RMF 1090 environment analysis software was devel oped using the enhanced
reception techniques to measure the Mode S fruit rate in high-density fruit environments
such as Frankfurt Germany. When utilizing any of the methods described above, there are
ahigh number of false triggers especially when using alow threshold. To counteract this
effect, modifications to the technique and a number of filters were applied. The filter
settings are selectable via a user menu and were optimized to reduce triggering to occur
only on real Mode S signals with as little false trigger rate as possible. Thiswas critical in
order to provide accurate Mode Sfruit rate data.

Data analysis has shown that the filters that reduce false triggers for environment
analysis also enhance extended squitter reception. A new version of the reception
algorithm was devel oped to simulate a detection process that could be implemented by
emulating the reception limitations of a real-time application. With some of these filters
incorporated into the real-time emulation, the recovery time from false triggers can be
reduced, therefore maximizing message reception performance.

A real-time emulation is required to determine reception performance that is
realistically achievable. The term "RMF Gold Standard" applies to this optimized yet
real-time simulated reception technigue. The RMF gold standard modifications and real -
time simulation method are described below:

B.2.8 Real-time Design Approach

In order to emulate a reception process that could be applied to areal-time
application, a basic design philosophy had to be developed. Figure B-1 illustrates the
design approach used for the RMF Gold Standard.
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Figure B-1. The RMF Gold Standard Design Approach

Since the RMF Gold Standard reception is used to set a standard for extended
squitter reception, it isimportant that the technique applied is able to maximize its
capability to trigger on valid messages and to minimize the time required to recover from
falsetriggers. To achieve this, the digitized video is continuously clocked into a preamble
decoder and a message decoder in parallel. The preamble decoder contains parallel
circuitry that compares delayed versions of the incoming signal in order to trigger when
pulses align properly in the 4 preamble pulse positions and the first 5 data bit positions.
At the same time the reference level is determined from the 4 preamble pulses. When the
preamble decoder triggers, it triggers the message decoder and provides the reference
level. Once the preamble decoder triggers, it continues to operate but in are-trigger
mode. When in re-trigger mode the preamble decoder will only trigger again if the new
set of pulses exceed the previous trigger by at least 3 dB. After triggering, the preamble
decoder will operate in re-trigger mode until the message end signal is received from the
message decoder, at which time, it will return to normal trigger mode.

When enabled, the message decoder will continue to decode the message until the
end of the message or one of the early termination filters determines that the message is
not valid, at which time, the message decoder will signal the preamble decoder to return
to normal trigger mode. There are four early termination filters and are described below.
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Low Confidence Limit Filter - Message decoding is terminated if more than 12
low confidence bits are declared.

Indeterminate Bit Limit Filter - Message decoding is terminated if 3 consecutive
data bits contain a sample pattern of all zero's (all 10 of each bit samples are more
than 6 dB below the reference level).

Pulse Position Gap Filter - Message decoding is terminated if within the data
block portion of a message thereis greater than 30 consecutive samples without a
pulse position declared.

DF Code Filter - Message decoding is terminated if it is determined that the
message cannot produce a DF code between 16 and 23. Thisis accomplished by
testing the first two data bit and confidence values. If any or all of these bits that
are declared high confidence can not produce a value of 10 (binary) then message
decoding is cancelled.

With this design approach, the preamble detector provides continuous triggering
capability that is only desensitized by the occurrence of a preamble in combination with
preamble validation. With the feedback from the message decoder, the amount of time
that the preamble detector is desensitized is minimized when the trigger is determined to
be false or a message type that is not wanted.

B.3 RMF TCAS Reception Technique

Software has also been developed that performs 1090 MHz signal analysis using
the current TCAS reception technique as defined in DO-185A. The system calibration,
receiver threshold, and the definition of pulses and their leading edges are performed the
same as for the enhanced reception method described above.

B.3.1 Receiver Desensitization and DMTL

For the TCAS reception technique, in accordance with the ADS-B MOPS section
2.2.4.3.4.1 aDMTL isimplemented that will desensitize the system due to pulse events
or preamble decode events. When a pulse is detected (at least 300 nanosecondsin
duration) with an amplitude at least 8 dB above threshold, the DMTL is set to the
amplitude of the pulse -6 dB for aduration of 5 microseconds. If avalid preambleis
detected, the DMTL is held for 115 microseconds.
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NOTE: The DMTL that resultsfroma single pulseis held for 5 microseconds
unless, before it recovers, it isre-triggered by a stronger pulse. In
which case the new DMTL is set and held for 5 microseconds. If a
subsequent pulse occurs within 5 microseconds that is above DMTL
but of lower amplitude than the preceding pulse, the DMTL continues
to be held at the level determined by the original pulse until it expires.
At which time, the DMTL adjusts to the level determined by the
subsequent pulse. This secondary DMTL will expire 5 microseconds
after the lead edge of the subsequent pulse. However, if the subsequent
pulse turns out to be a P1 pulse of a valid preamble, the resulting
DMTL that is held for 115 microsecondsis set to 6 dB below the
subsequent pulse amplitude

B.3.2 Preamble Detection

The software locates each preamble by treating all pul ses above the receiver
threshold as a potential P1 pulse. Therefore, each sample that is determined to be a pulse
position or lead edge is tested to have a corresponding P2, P3 and P4 pulse. These
subsequent pulses must have at least 1 pulse position or lead edge within 100
nanoseconds of its nominal position with respect to the current P1 reference position. To
be declared valid pulse positions, each of the P2, P3, and P4 pulses must have at least 4
consecutive samples above the DMTL set by the P1 pulse. There must be at least 2
leading edges declared within the P1 pulse center reference position and within + or - 100
nanoseconds of the nominal position of the remaining preamble pul se positions.

B.3.3 Bit and Confidence Declar ation

Once a preambl e has been detected, the data is declared for each bit by awarding
the bit value according to which chip center sample has the highest amplitude. The
confidence value for each bit is declared by counting the number of samplesin each half
that are above DMTL. If the count differs by at least 3 and it agrees with the bit value,
high confidence is declared, otherwise low confidence is declared. If there are more than
7 consecutive low confidence bits, the message is discarded. If thefirst bitisal, the
message is processed as along reply, otherwise it is processed as a short reply.

B.3.4 Message Re-Triggering
The message reply processor will re-trigger if areply that is at least 3 dB stronger

than the reply in progress is detected. The amplitude of the first pulse of each reply is
used for comparison.
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