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E~CUTI~

SWRY

This report sumarizes a program conducted to design and evaluate TCAS II
avionics, focusing on the air-to-air surveillance subsystem.
Concept of TCAS
The Traffic A2ert and Collision Avoidance System (TCAS) is a system Of
airborne equipment bei~ developed by the FAA for the purpose of preventing
mid-air collisions. TCAS is intended as a collision avoidance backup to the
existing system of air traffic control.
In one mode of operation, illustrated in Fig. 1-1, TCAS would prevent a
collision between two aircraft, each equipped with a unit called TCAS 11.
Each TCAS II would sense the presence of the other aircraft, measure its
location (in range, altitude, and bearing), detect a hazardous situation if
one develops, and then display a resolution advisory (such aa “climb” or
“descend”’)to the pilot, after tirat carrying out an automatic coordination
between the two aircraft to assure that the action taken by one aircraft till
complment the action taken by the other aircraft.
As illustrated in Fig. 1-1, the TCAS II also affords protection against
aircraft equipped tith either Mde S or =isting Secondary Surveillance kdar
(SSR) transponders. For Mode S transponders, air-to-air surveillance is
carried out in Mode S. For misting transponders, air-to-air surveillance ia
carried out in Mde C* (using Mode C-ody interrogation, to which Mode S
transponders do not reply). Mode S is used for surveillance of other
TCAS II-equipped.
The TCAS II also afforda protection againat aircraft equipped tith TCAS I
which is a simpler fom of TCAS. In these caaes, there is no automatic
coordinationbetween the two aircraft; when necessary, the TCAS II generates a
resolution advisory unilaterally, and in all respects behaves as if the other
aircraft were equipped tith just a transponder.
A TCAS II installation can conceptually be divided into two aubsyatema:
(1) surveillance and (2) control logic. The fomer is the subject of t~a
report.
Air-to-Air Surveillance
Mr-to-air surveillance ia accomplished by transmitting interrogations
and receiving replies. The range between the two aircraft is detemined from
the time elapsed betwaen interrogation transmission and reply reception. The
altitude of the target aircraft is obtained from the altitude code, which is
contained in the reply. Bearing relative to the nose of on aircraft is
obtained by a direction finding antenna which is part of the TCAS II
installation. Beari~ measuraents are coarse (standard deviation of about
10°), and are used in a traffic display but not in the control logic.

* The distinction between.Mode C and Mode S is explained in Ref. 1.

-1-

The FAA is also developing, separately from the work documented here, an
“Enhanced TCAS II” which uses a more accurate direction finding antenna
(standard deviation of about 1”). The goal of that development ia to achieve
the capability for including horizontal resolution adviaoriea in the control
logic.
The altitude of the target aircraft ia required by the TCAS II unit in
order to generate vertical resolution advisories. Thus transponder-equipped
aircraft that are not altitude reporting cannot participate in TCAS in this
aenae. For such aircraft, however, TCAS II can provide a measure of
protection in the fon of traffic advisories. Here the display indicates to
the pilot the range and relative bearing of the target aircraft. Mode C
surveillance of such non-altitude reporting aircraft ia more challenging than
in the altitude reporting caae; the abaence of an altitude measurement along
with each range measurement makes it more difficllltto fom tracks from the
aet of received replies. This difficulty has been addresaed in the TCAS
development program, and a special fom of’surveillance processing, tailOred
to this mode, haa been developed. This work is being documented separately.
Surveillance in Wgh

Mrcraft

Densities

The design of the air-to-air surveillance function of TCAS 11 builds on
the previous development of BCAS (Beacon Collision Avoidance System, Raf. 2),
by the addition of a number of improvements to accommodate higher aircraft
densities. The BCAS design was intended for operation in low to moderate
denaitiea up to 0.02 aircraftfmiz . This value of density is not exceeded
throughout most of the airspace in the United Statea. But it is exceeded
locally in mj or metropolitan areas. Currently in parta of the Loa Angeles
Basin, the density averagea about O.1 aircraft/mi2 . In 1981, the FM adOpted
a change in the airborne collision avoidance concept, signified by the change
in name from BCAS to TCAS. The design goal for aircraft density was changed
to include the major metropolitan areas plus an allowance for future growth in
air traffic. A density of 0.3 aircraft/mi2 was adopted as the specific
goal.
In cha~ing the BCAS design to accommodate this higher density, a number
of issues had to be considered. Primary among these ia the issue of
synchronous garble in Mode C, illustrated in Fig. 1-2. Here, TCAS ia
perfoming surveillance using omnidirectional Mode C interrogation. men
received, the replies from a particular aircraft-of-interestfill be
overlapped by replies from other aircraft at approximately the same range.
This ia called aynchronoua garble because the desired reply and the
interfering replies are triggered by the same interrogation. If, for example,
the aircraft-of-interest ia at a range of 5 mi and tha aircraft density is
0.1 aircraft/sq. mi, then the average number Of Other aircraft near enOugh in
range to cauae synchronous garble is 11. It is impossible to reliably detect
a reply in the presence of 11 overlapping replies.
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Design Issues Addressed and Win

Results

A conceptually straightforward technique for reducing synchronous garble
is directional interrogation. A 4-beam antenna can be used, for example, and
this is the design addressed in detail in this report. A directional
interrogation eliciting a reply fro,nthe aircraft-of-interest (Fig. 1-2) will
not elicit replies from other aircraft far away in azimuth, so synchronous
garble is reduced. Additional interrogations transmitted in the other 3 beams
make it possible to track these other aircraft as well.
Another technique that has been investigated for reducing synchronous
garble is an increase in the number of whisper-shout interrogation levels.
Whisper-shout is a multiple interrogation technique that was developed during
the BCAS program (Ref. 3).
The methodology of the TCAS II design progra,ncan be described in terns
of a number of improvements applied to BCAS, such as directional interrogation
and extended whisper-shout, to make it capable of operating in high aircraft
densities. Initially, the physical mechanism (synchronous garble for
example) that would cause performance degradation as density increases were
identified. For each mechanism, several possible design changes were
considered and evaluated by analysis, simulation, and airborne testing.
The TCAS II design that was developed has the following main
characteristics:
Directional interrogation using a 4-beam antenna, with 90” beams,
pointing foward, aft, left, and right, and including tranamit
sidelobe suppression. The antenna used in airborne testi~ is about
1/2 inch high and about 8 inches in diameter.
24-level whisper-shout, which is considerably more capable than the
4-level design in BCAS.
Role of bottom antenna. The bottom antenna playa a relatively minor
role in this design. It is an omnidirectional monopole, whereas the
top is directional. The bottom interrogations have lower peak power
than the top by 18 dB, and a shorter whisper-shout sequence, 4
interrogation as compared with 24 for the top-forward beam. The
role of the bottom antenna was reduced for two reasons. One is the
reduction of false tracks (arising from multipath). The other
reason involves the efficient tlseof the limited number of
interrogations permitted in high density regions.
Changed squitter fomat. The Mode S squitter (which is the
spontaneous tranamisaion emitted by Mode S transponders, used in
TCAS for detection of discrete addresses) was changed in message
content. In its current fore,
the 24 parity bits appear
in the clear, that is, not overlayed by the addresa as had been the
case previously. This change was instituted primarily so that error
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detection can be applied upon squitter reception. Error detection
essentially eliminates the possibility of deriving false addressea
from squitter receptions, which could otherwise become a mjor
problem in high density airspace.
rocessin~ Mode S interrogations are
transmitted individually to each target aircraft, and thus have to
be carefully mnaged to prevent their becoming excessively numerous
in high density airspace. This managing is done by the Mode S
surveillance processor, which was redesigned extensively during the
TCAS development program.

~

Revi,sionof interference limiting standard. The interference
1initing standard developed in the BLAS program placed limits on
interrogation rate and power for the purpose of keeping all
interference effects caused by BCAS to a negligibly low level. In
transitioning to TCAS, the interference limiting standard had Co be
revised for several reasons. One concerns self suppression of om
transponder (sometimes called “mutual suppression”). Because of
directional interrogation and the expanded form of whisper-shout, a
TCAS II unit will transmit interrogations at a considerably higher
rate than that of BCAS. This could lead to a problem in the form of
excessive self suppression. To manage this, a second inequality has
been added to the interference limiting standard. In addition, the
replies triggered by TCAS will constitute interference to other
systams. Operation in high density airspace makes this effect
potentially mch more significant in TCAS than it was in BCAS.
Accordingly a third inequality has been added to the interference
limiting standard to limit the maximum amount of fruit generated by
TCAS.
Performance
TCAS II performance was assessed in a number of ways including airborne
measurements focusing on individual techniques and simulation of the Wde S
surveillance processor. A primary step in the performance assessment process
was a series of airborne maaurements in the Los kgeles Baain aimed at
evaluating the tide C surveillance design as a whole. The LA Baain is know
to have the highest density of aircraft in the United States. These teats
were conducted in a Boeing 727 equipped with an experimental TCAS 11 unit
having a 4-beam directional interrogator as well as the other TCAS 11 design
characteristic listed above.
Performance was assessed by analyzing the data in several ways. One
study focused on afrcraft targets-of-opportunity that by chance passed by in a
relatively close encounter. Surveillance reliability was good. In such cases
the percentage of time during which the target aircraft was in track was about
97% (during the 50 second period prior to the point of closest approach in
each encounter).
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In a second study the detailed pattern of replies waa analyzed to derive
a quantitative estimate of the effectiveness of 4-beam directional
interrogation in alleviating synchronous garble. ~ese results shOw an
improvement factor Of 2.4, which is in agreement with the amount predicted
according to the geometry of directional interrogation.
A third study was statistical, baaed on all of the aircraft that passed
within 5 mi in range while being within 110° in elevatiOn angle. The purpose
of this study waa to detemine the functional dependence of surveillance
reliability on aircraft density. The results indicate that there was not a
significant degradation in performance as a function of density. The density
valuea experienced in the LA Basin during these teats, although very high in
an abaolute sense, were not high enough to significantly degrade surveillance
performance.
Conclusion
A TCAS II design which incorporates a top-mounted directional antenna and
a bottom-mounted omn~.directionalantenna and which employs a 24-level
whisper-shout sequence and proven Mode S surveillance algorithms is capable Of
excellent surveillance reliability in today’s high-density Los Angeles Basin
environment and is predicted to continue to provide excellent performance in
similar environments through the end of the century tithout detectable
degradation to the performance of the ground-baaed beacon s~lrveillance
eystem.
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1.

INTRODUCTION
1.1 Concept of TCAS

The Traffic Wert and Collision Avoidance System (TCAS) iS a system Of
airborne equipment, being developed by the FAA, for the purpose of preventing
mid-air collisions. TCAS is intended as a collision avoidance backup to the
existing system of air traffic control.
In one mode of operation, illustrated in Fig. 1-1, TCAS wOuld Prevent a
collision between two aircraft, each equipped with a unit called TCAS II.
Each TCAS 11 would sense the presence of the other aircraft, measure its
location (in range, altitude, and bearing), detect a hazardous situation if
one develops, and then display a resolution advisOrY (such as “climb” ‘r
“descend”) to the pilot, after first carrying out an autonatic coordination
between the two aircraft to assure that the action taken by one aircraft will
complement the action taken by the other aircraft.
Aa illustrated in Fig. 1-1, ,theTCAS II also affords protection against
aircraft equipped tith either Mode S or existing Secondary Surveillance Wdar
(SSR) transponders. For Mode S transponders, air-tO-air surveillance is
carried out in Mode S. For existing transponders, air-to-air surveillance ia
carried out in Mode C* (using Mode C-only interrogations, to which Mode S
transponders do not reply). Mode S is used for surveillance of other
TCAS II-equipped.
The TCAS II also affords protection against aircraft equipped with TCAS I
which is a eimpler fom of TCAS. In these cases, there is no automatic
coordinationbetween the two aircraft; when necessary, the TCAS 11 generates a
resolution advisory unilaterally, and in all respects behaves aa if the other
aircraft were equipped with just a transponder.
A TCAS 11 installation can conceptually be divided into two subsystems:
(1) surveillance and (2) control logic. The former ia the subject of this
report.
1.2 Air-to-Air Surveillance
Air-to-air surveillance is accomplished by transmitting interrogations
and receiving replies. The range between the two aircraft is detemined from
the time elapsed between interrogation transmission and reply reception. The
altitude of the target aircraft is obtained from the altitude code, which is
contained in the reply. Azimuth relative to the nose of owo aircraft is
obtained by a direction finding antenna which is part of the TCAS 11
installation. Azimuth measurements are coarae (standard deviation of about
10”), and are used in a traffic display but not in the control logic.

* The distinction between Mode C and Mode S ia explained in Ref. 1.
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The FAA is also developing, separately from the work documented here, an
‘“EnhancedTCAS 11” which uses a more accurate direction finding antenna
(standard deviation of about 1”). The goal of that de.~elopmentis to achieve
the capability for including horizontal resolution advisories in the contrOl
logic.
The altitude of the target aircraft is required by tile-TCAS II unit in
order to generate vertical resolution advisories. Thus transponder-equipped
aircraft that are not altittldereporting cannot participate in TCAS in this
sense. For such aircraft, however, TCAS II can provide a measure Of
protection in the fom of traffic advisories. Here the display indicatea to
the pilot the range and relative bearing of the target aircraft. Mode C
surveillance of such non-altitude reporting aircraft is more challenging than
in..
the alt.it.ude
reporting case; the abaence of an altitude measurement aloog
with”each range measurment- makea it more di”f
ficult tO fom tracks from the
setof received replies. Mis
diff.icoltyhas been addressed in the TCAS:
development .pcogram,and a special fom of”surveillance processing,:tailored :
to this mode, has beendeveloped .“ This work”is being documented separately.
1.3

I
I

Surveillance in Ugh

Mrcraft ..Densities

The design of the air-to-air surveillance function of TCAS II builds On
the previti~sdevelopment of BCAS..(Eeacon..
Collision Avoidance System, Ref.,:
2),
by the add”itionof a number of improvements to accommodate hfgher aircraf”t‘
densities.
The BCAS design was intended for operation in low to moderate
denai~~es “P t@O.02 aircraft/msi2. ...Thisvalue of.density Is not eXCeSded””
throughout most of the airspace in the United States.. But it is exceeded
locally in major metropolitan areas. Currently in parts of the bs Angeles
Basin, the density averagea about O.1 aircraft/mi2 . In 1981, the FAA adopted
a change in the airborne collision avoidance concept, signified by the change
The design goal for aircraft density was changed
in nme from BCAS to NAS.
to include the major metropolitan areas plus an allowance for future growth in
air traffic. A density of 0.3 aircraft/~i2 was adopted as the sPecific
goal.
In changing the BCAS deeign to accommodate this higher densfty, a number
of issuee had to be considered. Primary among these is the issue of
synchronous garble in Mode C, illustrated in Fig. 1-2. Here, TCAS is
performing surveillance using omnidirectional Mode C interrogations. men
received, the replies from a particular aircraft-of-interest will be
overlapped by replies from other aircraft at approximately the same range.
This ie called synchronous garble because the desired reply and the
interfering replies are triggered by the same interrogation. If, for =ample,
the aircraft of interest is at a range of 5 mni and the aircraft density is
0.1 aircraftlsq. nmi, then the average number of other aircraft near enOugh in
range to cause s~chronous garble is 11. It is impossible to reliably detect
a reply in the presence of 11 overlapping replies.
A conceptually straightforward technique for reducing synchronous garble
is directional interrogation. A 4-beam antenna can be used, fOr examPle, and
this is the design addressed in detail in this report. A directional
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interrogation eliciting a reply from the aircraft-of-interest (Fig. 1-2) will
not elicit replies from other aircraft far away in azimuth, so synchronous
garble is reduced. Additional interrogations transmitted in the other 3 beams
make it possible to track these other aircraft as well.
Another technique that has been investigated for reducing synchronous
garble is an increase in the number of whisper-shout interrogations. The
whisper-shout technique is described in depth in Sec. 3.1.
.

1.4

Purpose and ~erview of This ~port

The purpose of this report is to document the results of the TCAS II
surveillance development program. Chapter 2 outlines the issues that were
addressed and the surveillance techniques that were considered. The other
chapters describe the individual investigations and their results.

I
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2,

OVERVIEW OF DESIGN ISSUES

The TCAS II design program can be described in terms of a number of
improvements applied to BCAS to mke f.tcapable of operating in high aircraft
densities. The physical mechanisms (such as synchronous garble) that would
cauae performance degradation as density increaaes are listed in Table 2-1.
For each mechanism, several design changea were considered. These are alaO
listed in the table. The entries in Table 2-1 are described in the paragraph
that follow.
2.1. Mode C Synchronous Garble
Synchronous garble is a problem inherent in Mode C surveillance
attributable to the all-call nature of the Mode C interrogation. Synchronous
garble results in incorrect demodulation of altitude codes or complete
inability to detect replies. These effects reduce the probability of tracking
aircraft and produce false tracks.
2.1.1

Directional Interrogation and Whisper-Shout

The two min techniques identified for alleviating aynchronoua garble are
directional interrogation and a more capable form of whisper-shout. These are
both intended to partition the set of target aircraft into smaller sets of
aircraft that reply to a single interrogation. Chapter 3 describes the
development work on this subject that led to a particular design and describes
the validation of this design through airborne measurements.
2.1.2

j

Interference Limiting

The introduction of directional interrogation in TCAS 11 required that
changes be mde in the interference limiting standard. Interference limiting
provides bounds on permisaable combinations of interrogation rates and powers
for the purpose of aasuring that any interference effects on other systems
(such as SSR) are small enough to be negligible. In BCAS, interference
limiting conaiated of a condition, involving an interrogator‘S rate and power,
that had to be satiafied by each BCAS interrogator. The condition was based
on a criterion limiting the reduction in transponder reply ratio to 2 percent
or less. Omnidirectional interrogation was a standard condition in BCAS, and
this condition was used in deriving the interference limiting inequality. TO
provide for the possibility of directional interrogation in TCAS, it waa
neceaaary to re-examine the interference limiting issue. The work done in
revising the interference limiting standard and in validating the results iS
presented in Chapter 5.
—2.1.3

Surveillance Processing Improvements

Several additional techniques were considered for improving the ability
to track aircraft in a synchronous garble environment without actually
reducing the aynchronoua garble itself. Such techniques include the uae of
relative bearing angle, and whisper-shout index, in fOrming and extending
tracks.
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TABLE 2-1.
POSSIBLE DESIGN CWNGES

POSSIBLE CWNGES
TCAS II DESIGN

MECWNISMS WT
MAY
LIMIT PEWOWNCE
-—

.

*———

POSSIBLE CWNGES
SYSTEM DESIGN

IN

——---

.—————

synchronous garble

* interrogate
directionally
o increase whisper-shout
resolution
e improve surveillance
processing
● increase number of
reply decoders

fruit

e key MTL to
whisper-shout
a improve surveillance
processing

false squitter
detections

o test confidence
o test relative bearing
and/or amplitude
o reduced use of
bottom antenna

Omni ~quitter reception
limited by fruit

●

●

use multiple beams and
receivers
use error correction

interference to
other systems

o adaptively reduce power
0 limit beam
e optimize Mode S
algorithms
o reduce use of
bottom antenna
0 key suppression time to
antenna andlor power
e improve interrogation
decoder
e reduce scan rate

false tracks

o reduce role of bottom
antenna
o improve surveillance
processing
——

———
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o revise interference
limiting standard

e change squitter fomat

o chsnge squitter fomat

0 revise interference
limiting standard

—

Another technique is the optimization of the valuea of tracking parameters,
such as the number of coasts permitted before a track is dropped. These
techniques were not explored simply because it was possible to achieve
acceptable performance without them.
2.1.4

Increased Wmber

of Raply Decoders

bother idea considered was an increase in the number of reply decoders.
Four decoders were used in the BCAS equipment built by Lincoln kboratory
compared to three decoders in the BCAS equipment built by Dalmo Victor
(Ref. 3, p. 82-3). Conceivably the large number of replies received in high
density airspace could overload the bank of reply decoders and real rePlies
would be lost simply because of insufficient space in which to save them. on
the other hand, an increase in the number of reply decoders would not be
expected to yield a major improvement in tolerance to aircraft density, since
the additional replies to be saved in the added decoders would have been
received in a severe overlap condition and would in most cases be corrupted by
synchronous garble. Based on this reasoning, it was decided to not pursue
this possible improvement in favor of the more promising improvements that
directly reduce synchronous garble.
Appendix A gives the results of measurement of tbe reliability Of
correctly decoding a reply in the presence of interfering replies.
2.2. Fruit
Aaynchronoua replies received by a TCAS unit are called “fruit.
”
These
are replies triggered by other interrogators, and they appear in all reply
modes. men a ~de C fruit reply is received during the listening period
following a TCAS II interrogation in Mode C, then by itself it is
indistinguishable from a desired synchronous reply. It is the function of the
surveillance processing algorithms to distinguish between fruit and
synchronous replies in establishing tracks.
In the BCAS program it was found that distinguishing fruit and
synchronous replies is readily accomplished, with the result that fruit
effects did not significantly degrade either the reliability of tracking real
aircraft or the false track rate. These BCAS results apply in the low to
medium density airspace for which BCAS was intended.
The transition from BCAS to TCAS changed the fruit conditions
considerably. The higher aircraft densities into which TCAS can operate
increase fruit rates proportionately. Furthermore, both the uae of
directional interrogation and the increase in the number of whisper-shout
interrogations increase the number of reply listening periods, and tbua
increase the number of received fruit replies for a given fruit rate.
The overall increase in fruit can be estimated quantitat vely aa follows.
k increase in aircraft density from 0.02 to 0.3 aircraft/nti$ ia a
fifteen-fold increase. The particular directional whisper-shout design that
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was developed in this program uses a 4-beam antenna and a total of 83
interrogations per scan (where a scan is the surveillance update period,
nominally 1 sec.). Since BCAS used 8 interrogations per scan, the number of
reply listening periods is increased by a factor of about 10. Thus in each
scan, the TCAS II unit my have to contend with 150 times as mny fruit
replies as BCAS.
2.2.I

~ying ~L

to Misper-Shout

One way of reducing the number of fruit replies received is by keying or
retching the receiver MTL (minimum triggering level) in each listening period
to the power level of thst whisper-shout interrogation. Many of the
whisper-shout interrogations are transmitted at very low power levels. In
such a case, the aircraft that reply are for the most part those for which the
antenna gains are high. For example, these aircraft my be at high elevation
angles, where their bottom-ounted transponder antenna is transmitting in a
favorable direction, and where the topmounted TCAS 11 antenna is receiving in
a favorable direction. It is also to be expected that for come targets the
antenna pattern ripples will by chance line-p in such a way that the combined
antenna gain is substantially greater than nominal. For these reasone the
desired replies following a whisper-shout interrogation of low power are
tYPicallY received at relatively high power levels. Thus a raised value of
MTL is appropriate in eliminating fruit while atfll allowing the desired
replies
to be received. This technique wae adopted for use in the
experimental equipment tested and was found to operate successfully aa ahom
in Sec. 3.5, which presents the results of airborne testing tith this
equipment.
2.2.2

Surveillance Processing Improvements

If the greatly increased fruit background were to cause the falae track
rate to become unacceptable, it would be appropriate to modify the
surveillance processing algorithms to create a more favorable balance between
false track rate and probability of tracking real aircraft. These possible
improvements bve not been explored because the falae track rates experienced
in airborne tests have remained at acceptable levels, as reported in
Chapter 3.
2.3

False Squitter ktectiona

A aquitter is a self-identifying message transmitted spontaneously by a
Mode S transponder. men received by a TCAS II unit, a squitter indicates tbe
presence of that aircraft and its discrete addresa, which can then be used in
interrogating the aircraft in Mode S. In the BCAS development program, it was
realized that there was some possibility of receiving false aquitter
information. That is, the process of receiving squirters and declaring the
presence and address of an aircraft would occasionally be incorrect; an
aircraft would be declared tith the wong addrees. How this could happen ia
described in some detail in Sec. 4.2. As a consequence of false squitter
declarations, unnecesasry interrogations would be transmitted based on these
incorrect addresaes, and these interrogations would uae up part of the
allowable total interrogation rate, thus reducing the number of real aircraft
that could be tracked.
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In BCAS several design features were adopted to minimize the rate of
false squitter declarations. One was simply a duplicate test that was
satisfied only when at least 2 squitter reception indicated exsctly the same
address. Another BCAS feature was a confidence test in which the Mode S reply
detector circuit declared a confidence bit along with each data bit in a
detected reply. The reception was used in squitter declaration only if 21 or
more of the 56 bits were flagged as high-confidence (Ref. 3, p. 29-32). An
assessment of the final deeign of BCAS indicated that false squitter
detections, while possible, were infrequent enough that no significant problem
would result.
The transition from BCAS to TCAS opened this issue again. me very much
higher aircraft densities into which TCAS is intended to operate will Increaee
the rate of false squitter declarations substantially. One reason for an
increase is tbe larger number of Mode S aircraft transmitting squitters, each
of which can potentially become a false equitter detection. Another reason is
the higher fruit environment.
2.3.1 Squitter Format Changed
The design change that was adopted was a change in the squitter message
formst to include error protection coding. Section 4.2 explains how this was
accomplished. This change essentially eliminates the falae squitter problem
altogether. The other techniques that were considered (as listed in
Table 2-1) thus became unnecessary and are not included in the TCAS II
design.
2.4

Omnidirectional Squitter Reception Hmited

by Fruit

It is appropriate to use omnidirectional reception for squitters since
their bearing angles of arrival are not knom in advance. In the BCAS
development program it was recognized that the fruit rates received by
omnidirectional BCAS equipment are allbstantiallygreater than fruit rates that
are typical for SSR ground stations. This difference is attributable to the
omnidirectional reception in BCAS as compared to narrow-beam reception in SSR
ground stations. Furthermore, the omnidirectional fruit rates in medium and
high density airspace are high enough that they may significantly impact
reception of Mode S replies and squitters. Tbia impact can be described as a
deterioration of receiver sensitivity, an effect described quantitatively in
Sec. 4. Study of these effects during the BCAS program showed that no
significant degradation in performance would result in the aircraft densities
for which BCAS was designed.
The adequacy of omnidirectional squitter reception in high-density
airspace waa investigated ae part of the transition from BCAS to TCAS.
~

Directional reception would reduce the fruit rate during squitter
listening periods. A single receiver could be used with a multi-beam
directional antenna, in which case the receiver would have to be time-shared
among the different beam positions as is typical in SSR. For squitter
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reception, however, this may lead to a problem since mny squitters would
arrive at the TCAS II aircraft from directions other than the one currently
being received. tie solution to this problem would be to Increase the
standard squitter rate above the value l/see. adopted in BCAS. But such a
change would have an undesirable impact on the interference aspects of TCAS
design. A more costly approach would be to use multiple receivers, one for
each antenna beam.
2.4.2 Error Correction

I

The change in squitter fomat discussed in Sec. 2.3 (which adds error
protection coding to the squitter fomat) brings about an improvement in the
performance of omnidirectional squitter reception, if an error correction
function is added in the TCAS 11 design. The error correction capability is
useful in several respects and has been adopted in the TCAS 11 design. As a
result, the omnidirectional squitter reception (Sec. 4.7) performance is
satisfactory, and It is not necessary to invoke directional reception.
2.5

i

Interference to Other Systems

Since TCAS interrogation and replies will be transmitted in frequency
bands already in use, the possibility that TCAS might interfere with and
degrade the performance of existing equipment was considered. It is necessary
for the TCAS development program to limit its interference effects and to
assure that such electromagnetic compatibility will in fact be achieved. In
BCAS, this interference issue was addresaed by the interference limiting
function (described in Sec. 2.1), and by a comprehensive computer simulation
perfomed by the Electromagnetic Compatibility Analysia Center (ECAC). But
the fact that TCAS is intended for use in high density airspace made this
interference issue much more challenging than it waa in BCAS.
2.5.1 Limiting Standard Revised
Becauae of directional interrogation and an expanded fom of whisper
shout, a TCAS 11 unit till transmit interrogation at a considerably higher
rate than that of BCAS. This could lead to a problem in the fom of excessive
self suppression of own transponder (sometimes called “mutual suppression”).
To manage this, another inequality has been added to the interference limiting
standard. Tbia is described in Sec. 5.1.
Another effect ie that the replies triggered by TCAS will constitute
fruit interference to other syateme. Operation in high density airspace makes
this effect potentially much more significant in TCAS than it was in BCAS.
Accordingly, as is described in Sec. 5.1, another inequality has been added to
the Interference limiting standard to limit the maximum amount of fruit
generated by TCAS.
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2.5.2 Adaptive Power Reduction
There is a fundamental difference between BCAS and TCAS regarding the
conditions under which interference limiting is envoked. BCAS could operate
in the low to mdium density airspace for which it was designed without
reaching the lititing point of the standard; thus the limiting standard served
mainly as an overload control. In TCAS, however, the interference limit WY
be raached at a density considerably less than the mximum design density.
Thus when TCAS operates in an”area of maximum density, it will be functioning
with reduced interrogation rate or power or both. The reduced power is still
sufficient to achieve acceptable performance because of the mtural
correlation between density and closfng speed. The reasoning for this
statement is as follows.
Closing speeds in high density airspace are sfgnificanty less than values
tYPical in low density airspace, as confirmed in airborne measurements (Ref.
3, p. 100-102). The goals for TCAS II design have been selected accordingly.
In low density airspace, TCAS II till be capable of handling closing speeds UP
to 1200 knots. In the highest density airspace, TCAS II till be capable Of
handling closing speeds up to 500 knots. Lower closing speeds Imply shorter
range surveillance because sufficient time is avsilable for the pilot and
aircraft to react to a resolution advisory. A shorter range requirement
implies, in turn, a lower interrogator pOwer. Thus, if interference limiting
in high density causes the interrogator power to be reduced, it iS still
possible to achieve satisfactory performance.
This qualitative reasoning provided the guidelines fOr the TCAS II
development effort. Several things remined to be worked out quantitatively:
(1) b interference limiting algorithm, which is a part of a TCAS II
unit. The algorithm performs power reduction as necessary to keep within the
interference lititing standard, but does not reduce power mre than necessarY
and sacrifice long range performance. The development of this algorithm is
described in Sec. 5.2.
(2) Estimtion of the amount of power reduction that will occur in high
density. This has been eatimted through simulation to be about 3 to 6 dB at
low altitudes in the high densities for which TCAS II is being designed. The
detailed result ia described in Sec. 5.2.

I

(3) Assessment of surveillance reliability when operating at the reduced
power. This has been addressed in several waYs: airbOrne meaauremsnts in
Mode C using targets of opportunity (described in Sec. 3), reprocessing of
Mode S airborne data recorded, using a simulation of high density effscts
(described in Sec. 4.7).
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2.5.3 Beam Umiting
Directional interrogations in Mde C can be beam limited by the sidelobe
suppression action that results from the use of P2 pulses. ~is improves the
ability to reduce synchronous garble, as discussed in Sec, 3.2. It alsO
reduces the level of fruit interference generated by TCAS.
2.5.4 Mode S Algoritti Optimization
Mode S interrogations are controlled by algorithms that decide such
things aa: when to begin interrogating an aircraft whose squitters have been
received, and when to stop interrogating an aircraft after It reaches long
range or its replies become unreliable. The TCAS 11 design was more
challenging in this respect than the BCAS design because of the needed
capability for high deneity operation. Accordingly, a Mode S design study waa
undertaken, with the goals of assesaing the need for improving the algorithms
and then specifyi~ improvements as necessary to make high density operation
possible. ~is work is described in Chapter 4.
2.5.5 Reduction of Bottom Antenna Role
In BCAS the top and bottom antennas were used equally: the same number
of interrogations were transmitted from each and with the same power levels.
However, the bottom antenna waa found to be significantly inferior to the top
for purposes of air-to-air surveillance, ~ia observation suggested that a
more efficient design would be achieved by reducing the role of the bottom
antenna relative to the top, and that such an improvement would be
particularly aigfificant in the context of TCAS II where interference limiting
places a conetraint on interrogation rate and power. WOrk OD this issue iS
described in Sec. 3.3.
Z.5.6

Keying Self Suppression Time To ktenna

and/or Power

In BCAS the self suppression time (auppresaion of own transponder
functions at the time of each interrogation transmission) was 200 P sec. This
constant value was used regardless of which antenna was being used for the
interrogation and regardless of the interrogation power. The interrogation
itself has a duration of abOut 20 Msec, but the suPPreasiOn waa made ~OWer
becauae of multipath effects (Ref. 3, p. 20-23). Since the multipath effects
may be expected to be more severe for bottom antenna transmissions and more
severe for high power transmiasiona, the design could be made more efficient
by keying the suppression time to antenna and/or power. ~is iaaue ka been
addreseed in the TCAS program through airborne measurements of the duration of
multipath backscatter. This work is described in Sec. S.3.
2.5.7

Improved Interrogation Decodin~

The long self suppression used after a TCAS interrogation is intended to
prwent own transponder from decoding an interrogation when multipath
backscatter is received immediately following the transmission of an
interrogation. Part of the problem is due to the fact that own transponder’s
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I
interrogation decoder may accept an erratic multipath reception that has
little resemblance to a valid interrogation. Stricter standards could be
written for the interrogation decoding function of on transponder, so that
real interrogations would be decoded ~th essentially the same reliability and
yet the frequency tith which multipath would qualify as an interrogateOn wOuld
be greatly reduced. ~is WOUld
make it possible to reduce the duration of
self suppression, “hich in turn would increase the allOwable interrOgatiOn
rate permitted tithin the interference limiting standard. It was found that
varying the self-suppression time was sufficient to avoid over-suppression of
the on-board transponder. Thus, transponder design changea are not
necessary.
2.5.8 Reduction of Scan Rate
BCAS was designed tith a scan rate Of l/secOnd, which means that each
track of an aircraft would be updated with a new position measuraent
nomInallY once each ~eco”d. An obvious change that might be considered in
tranaitioning to TCAS is to reduce the scan rate, which would make ft possible
to conduct surveillance on a larger number of aircraft tithin the same
interference limits. It was detemined that after other i~nprovementshad been
made, the capability of the resulting TCAS II design was sufficient tO meet
the interference limiting goals with a one-second scan rate.
2.6

False Tracks

A false track is a surveillance track that is delivered to the control
logic aubaystm but that dOes nOt correspond tO a real aircraft. In TCAS 11
as in BCAS, there are no false tracks in mde S, but in MOde C false tracks ‘0
occur. The mechanism that prevents Mode S false tracks is tbe selectively
addressed interrogation functiOn; unless a received interrogation agrees
exactly in all 24 bits with a transponder’s unique address, the transponder
will not reply.

~

False tracks in I@de C ars of concern because of the possibility that a
resolution adviaory (BA) my be triggered by a false track, Or that an ~ that
was triggered by a real aircraft may be modified by a false track. Such
“falae RAs” “ere vary rare in BCAS. At the time of the BCAS Conference in
January 1981, not a single falae W had occurred in all Of the airborne
experience which consisted of several hundred flight hours. But in tbe
context of TCAS the false track rate is expected to be higher for several
reasons: one is the Mgher density of aircraft and higher fruit rate, and
another is the increaae in the nmber of fruit replies that reaulta simply
from the increased number of interrogations. Thus design changea aimed at
false track reduction were needed.
2.6.1 Reduction of Bottom Antenna Role
Since many of the false tracks observed are due tO multipath. and since
multipath effects are consistently more severe when using the bOttOm antenna,
a reduction in the role of the bottom antenna is a straightforward way of
reducing false tricks. This technique has been addreased by means of airborne
measurements, as described in Sec. 3.3.
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2.6.2 Surveillance Processing Improvements
The falae track rate can be affected by changes in the surveillance
algorithm.
For -ample the fundamental tradeoff between false track rate and
probability of miss is affected by tracking parameters, such as the numbe,rof
scans in which a reply must be received before a track ia established. Aa
described in Sec. 3.5.7, changes were made in the handling of mLlltipathtracks
and provision were added to filter out-of-beam replies. ~ese reduced the
false track rate sufficiently in high density ao that other tracking parameter
changea, which would have reduced the probability of track, were nOt
required.
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3.

SmVEILLANCE IN MODE C

This chapter describes the investigations of whisper-shout, directional
interrogation and the other surveillance improvement techniques outlined in
the preceding chapter. Results of experiments are given, followed by a
definition of the TCAS II design that resulted. me chapter cOncludes with
quantitative performance results obtained from airborne measurements in the
Los Angeles Basin.
3.1

~isper

Shout

The purpose of whisper-shout is to partition or subdivide the set of
synchronously garbling aircraft so that fewer will reply to any one
interrogation.
The simplest fom of whisper-shout is illustrated in Fig. 3-1. In this
2-level whisper-shout, the purpose is to divide the synchronous garble
population into two approximately equal s!lbsets. The first interrOgatiOn* is
transmitted at a relatively low power level so that approximately half of the
aircraft in the synchronous garble range band will receive it above threshold.
Thus only these till reply to the first interrogation, and the synchronous
garble problem will be reduced by a factor of about 2 in this first rePIY
listening period. The second interrogation is transmitted at full power so as
to be detectable by all of the aircraft. But this interrogation is preceded
by an additional pulse, denoted S1, of power level nearly equal to that of the
first interrogation. The purpose of S1 is to trigger the suppression function
this
in those transponders that replied to the first interrogation. ~US
first set of aircraft will not reply again, and so in the second listening
period, the synchronous garble problem till again be reduced by a factor of
about 2. To make sure that each aircraft replies to either the first or the
sacond interrogation, the power of S1 is made slightly @
than that of the
first interrogation, thus overlapping the two reply bands.
In the BCAS design, a 4-level fom of whisper-shout was used, illustrated
in Fig. 3-2. It may also be noted in this figure that there are two
suppreaaion pulees instead of the one (S1) shown in the preceding figure.
This alternative way of accomplishing the whisper-shout suppression was used
in BCAS because it allowed more time to change the transmitter power level.
It will be shown in Sec. 3.2 that when directional interrogation is used, the
single pulse suppreaaion is preferable.
3.1.1 More Capable Fores of Nhisper-Shout
To handle the very much higher aircraft densities associated with
TCAS 11, higher resolution whisper-shout sequences were investigated. It iS
to be expected that increasing the number of interrogation in the
whisper-shout sequence will further reduce the number of aircraft that reply
to a single interrogation.

* P1 and P3 constitute a Mode C interrogation. The purpose of P4 is to cause
Mode S transponders to not reply; these aircraft are tracked separately in
Mode S.
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To verify this expectation, airborne measurements were undertaken
comparing the BCAS fom of whisper-shout, in which the interrogation spacing
is 6 dB,-to a higher resolution form of whisper-shti~tin which the
interrogation spacing is 2 dB. ~ereas the “overlap” was 3 dB in BCAS (that
ia, the suppression was 3 dB lower in power than the preceding interrogation),
a I dB overlap was used in the higher-resolution whisper-shout sequence. The
experiment was conducted by alternating between the two sequences so that data
of both kinds were recorded in each l-see. scan. Results from these airborne
measurements are ahon in Fig. 3-3. The plot shows the average number of
replies per interrogation for each of the interrogations in the eequence. The
results indicate that the higher-resolution sequence was successful in
reducing the reply,c,ou.nts
and thus would significantly alleviate synchronous
garble effects. ~~~
In a further experiment of this kind, five fores of whisper-shout “were
compared. Adescription
of this experiment is best stated” in terns .ofthe
whisper-shout “bin tidth,!!which is.the.difference..
in dB between an
interrogation and the aasoctated suppression.. In the original BCAS design,
foi example; the:bin tidth was 9 dB, andi”fithe higher-resolution sequence
represented in Fig. .3-3,.
the bin width was 3 “dB.““~is experiment was inteded
to determine if the number of..
replies to a whisper-shout interrogate.ori
would
be roughly proportional to bin tidth.
Airborne measurementswere conducted alternating each second between five
sets of whisper-shout interrogations. The BCAS design was included as one of
the sets, and the others all were.of smaller bin widths, naely 4 dB, 3 dB,
2 dB, and 1 dB. The results are shown in Fig. 3-4, where the average number
of replies per interrogation are plotted as a function of bin width. These
results confim that a reduction in bin tidth causes a significant reduction
ir]the number of replies per interrogation. This relationship holds
consistently in all of the points plotted in Fig. 3-4.
3.1.2

Baaeline Misper-Shout Design

Baaed on these favorable results, a specific whisper-shout design for uae
in TCAS 11 waa selected. This baseline design is defined in Fig. 3-5, where
it is comDared tith the 4-level BCAS design. me new design has 24 levels,
and alternate between bin widths of 2 dB and 3 dB. In selecting this
baaeline design, it was necessary to consider interference limiting (which is
the subject of Chapter 5). men a TCAS II aircraft usi~ this whisper-shout
sequence flies Into an area of aircraft density so high that some modification
in transmitted interrogation rate or power is required, the procedure will be
simply to truncate the sequence beginning at the top. This will reduce the
number of interrogations per second, the peak interrogation power, and the
rate-power product, while still maintaining an effective surveillance
capability for moat of the aircraft in the vicinity.

3-4

To verify this expectation, airborne measurements were undertaken
comparing the BCAS fom of whisper-shout, in which the interrogation spacing
is 6 dB, to a higher resolution fom of whisper-shout in which the
interrogation spacing is 2 dB; ~ereas the “overlap” was 3 dB in BCAS (that
is, the suppression was 3 dB lower in power than the preceding interrogation),
a 1 dB ot,erlapwas used in the higher-resolution whisper-shout sequence. The
experiment was conducted by alternating between the two sequences eo that data
of both kinds %.ererecorded in each l-see. scan. Results from these airborne
measurements are shown in Fig. 3-3. The plot shows the average number of
replies per interrogation for each of the interrogations in the sequence. me
results indicste that the higher-resolution seq~lencewas successful in
reducing the reply counts and thus would significantly alleviate sYnchrOnOus
garble effects.
In a further experiment .ofthis ki”nd,five fores of whi”aper-shoutwere
co~ared. A-description of :thisexpe~iment is best stated in te~a Of the
whisper-shout ‘“bintidth ,“.which is the cliff
erence in dE between an
interrogation and the associated “suppression. In the original BCAS design,
for example, the bin tidth was 9 dB; ..andin”the higher-res~lutiOn sequence
was intended
represented in Fig. 3-3,”the bin width was 3 dB. ~is experiment..
to detemine if the number of:replies to a whisper-shout interrogation would
be roughly proportional to bin wtdth.
Airborne measllrementswere conducted alternatingeach secondbetween five.
sets of whisper-shout interrogations. The BCAS design was includd as one of
the sets, and theuthera all were of smaller bin.widths, naely 4 dB, .3dB,
2 dB, and 1 dB. The results are shown in Fig. 3-4, where the average number
of replies per interrogation are plotted as a function of bin width. ~ese
results confim that a reduction in bin tidtb causes a significant reduction
ir]the number of replies per interrogation. This relationship holds
consistently in all of the points plotted in Fig. 3-4.
3.1.2 Baseline Misper-Shout Design
Based on these favorable results, a specific whisper-shout design for use
in TCAS II was selected. This baseline design is defined in Fig. 3-5, where
it is cmpared tith the 4-level BCAS design. The new design has 24 levels,
and alter~ates between btn widths of 2 dB-and 3 dB. In selecting this
baseline design, it was necessary to consider interference limiting (which is
the subject of Chapter 5). men a TCAS 11 aircraft using this whisper-shout
sequence flies into an area of aircraft density so high that some modification
in transmitted interrogation rate or power is required, the procedure will be
simply to truncate the sequence beginning at the top. ~is till reduce the
number of interrogations per second, the peak interrogation power, and the
rate-power product, while still maintaining an effective surveillance
capability for most of the aircraft in the vicinity.
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Airborne measurements have been carried out using this baseline design.
The data in Fig. 3-6 are typical of ‘theresults ,of these measurements. AS
before, the measurements were set up in the form of a comparison with the BCAS
design. This figure shows range tracks as a function of time. It is seen
that there are numerous cases in which the 24-level whisper-shout achieved
~~g”lffcamtly
be~ter
per~ormance
than BCAS.
Section 3.5 below describes further airborne measurements using this
24-level whisper-shout sequence, in this case in the LA Basin. Flights were
conducted in LA in order to experience very high traffic density conditions.
Perfarwnce was found to be good, and the results support the conclusion that
the baseline whisper-shout design of Fig. 3-5 is suitable for TCAS 11.
3.2. Directional Interrogation
Directional.interrogation is a conceptually straightforward technique for
combatting synchronous garble. A directional interrogator elicits replies
from airdr.aftin one sector at a time, thus-significantlyreducing tha number
of .repli”esper interrogation’
3.2.1...B.eam
Limiting
In developing a specific design,.an initial issue to consider is:whether
or not to use sidelobe.suppreselon (SLS) for beam limit
ing., SLS can be
implemented by ineorp~ratimg P2 pulses in the interrogations,as is nOrmal fOr
ground baaed interrogators(Fig. 3-7)”.:::
men a received interrOg?Ii~n ia
accompanied by a P2 pulse of power greater tha~ the interrogation, the
transponder does not reply. If the TCAS II interrogator transmits p2 Pulses ‘
on a notched pattern, the relative powers in space of P1 and P2 will serve to
limit the region of replying aircraft to just the mainbeam.
If sidelobe auppressfon is not {]sedwith a directional antenna, the
antenna will interrogate to some extent in all directions (Fig. 3-7).
Considering the molest front-to-back ratios that will be achievable with
airborne antennas of reasonable size, it is concluded that directional
transmfsaiona without SLS till not achieve the sector-by-sector separation
normally associated with directional interrogation.
Based on these considerations, translnitsidelobe suppression has been
adopted in the TCAS design.
3.2.2 Mrborne Experimentation
A 4-beam directional interrogator was built by Dalmo Victor and installed
in .an FAA Boeing 727. This aircraft was also equipped with an omnidirectional
TCAS Experimental Unit (TEU, built by Lincoln Laboratory) so that comparisons
could be made to help show the degree of improvement derived through
directional interrogation. Interrogations from the two units were interleaved
in each 1 sec. scan.
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The 3-dB beamidth of the Dalmo Victor directional antenna is about 90°
in each of the four directions, which are aimed forward, right, aft, and left.
The antenna also provides a notched SLS control pattern corresponding to each
of the four directional beams. An omnidirectional transmitting pattern is
also provided.
Both units were capable of transmitting the baseline whisper-shout
sequence (shown in Fig. 3-5) so that directional interrogation and
high-resolution whisper-shout, could be tested together to reveal any
interactions between them. In fact there were some significant interactions
as described belcw.
Both units were configured to record data at the reply level. That 1s,
surveill”a”nce
tracks and control logic products were not recorded,
Surveillance processing wascarried out after the flights. This was done so .:~~~
that the limifsd tape record.sr capacity.could.be used mst effectively”,and sO
surveillance processing...
could be kept.:
flexible by recording data that .di.d
not
depend .onsurveillance processing.

1’
1,

1

The flight plans included “provisionsfor a fission to the ~ Basin in
order to experiencethever.
y.
high aircraft density knon to exist there.
Initial airborne..
experimentation was performedln’ the Boston to
Washington, D.C. area, to validate the experimental eqtipmnt, and to gain
experience with the equipment and data formats. This local experimentation
also yielded qualitative performance .reslllte,
which were supplemented later by
the flights in LA.
3.2.3

Phantom Mode A Interrogation

Aa airborne data began to be collected, one of the first things nOted waa
a problem of unwanted replies appearing at shorter range relative to the
expected replies from certain aircraft. After examining such data in detail,
it was concluded that the mchanism causing these unwanted replies ia as
follows (see Fig. 3-8). The interrogation transmitted by the directional unit
consieted of 6 pulses, as shown. The interrogation is identical to the BCAS
interrogation (Fig. 3-2) with the addition of a P2 plllsefor aidelobe
suppression, Note that for these experiments the whisper-shout suppression
was transmitted as a pair of pulses.

I

Consider a scenario in which there is a particular target aircraft and an
interrogation being transmitted in some other direction. The desired reactiOn
is for the aircraft to not reply, because of sidelobe suppression. But if the
interrogation is received at the transponder near threshold as illustrated, it
becomes possible for a Mode A reply to be triggered by the cOmbinatiOn Of S1
and P2. Such replies would not occur if the transponder threehOld transition
were abrupt, such that a pulse is detected with probability zero when below
threshold and probability one when above. If the threshold were abrupt and
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a) S1 were received below threshold, then it would not be detected, and
could not contribute to an interrogation detection,
b) S1 were received above threshold, then S2 would alao be above
threshold, and the pair would put the transponder into suppression.
Either way, there would be no reply. In reality, however, the threshold
behavior is not abrupt. There is a band caused by receiver noiee, typically 2
to 3 dB tide, over which pulse detection varies from zero to one. Thue when
S1 ia received in this band, as illustrated in Fig. 3-8, it is possible for S1
to be detected and S2 to be not detected. men this occurs, the transponder
will —not go into auppresaion, and a subsequent pulse reception my combine
with S1 to form an accepted interrogation. If, aa in this scenario, P2 ia
received exactly 8 vsec after S1, tbe transponder will reply in MOde A.
The conditions that allow these undesired replies are present only when
directional interrogation are combined with high resolution whieper-shout.
The occurrence of the 8 Maec pulse spacing is a result of the particular
timing in this implementation of S1 relative to P1. Furthermore, because of
the high resolution whisper-shout sequence being used, it ia likely that
several of the interrogations will be received with S1 in the threshold
region.
This problem can be cured in a straightforward mnner by changing the
titing of the whisper-shout suppression. In considering other values of the
time between S1 and Pl, it was necessary to check all of the defined
interrogation modes to be sure that another similar problem did not appear in
place of this one. Among the candidates considered were the single~ulse
auppreaaion, illustrated in Fig. 3-9. Here the first two pulses, S1 and Pl,
act together to auppreas transponders whenever S1 is detectable.
I

I

I

The single~ulae euppresaion was first tested at Lincoln Laboratory using
a rooftop antenna driven by a TEU. This teet employed both the single~ulee
suppression and the two-pulse suppression, interleaved in each l-second scan.
The two techniques were compared against the same aircraft targets and, there
was no difference in surveillance performance. The directional interrogator
unit waa then ~dified by Dalmo Victor to use the aingle~ulee suppression.
In all of the airborne testing that has followed, no unforseen problems have
appeared, and the unwanted early hde A replies have been eliminated.
3.2.4 Beam Limiting Near Threshold
Another observation that was ~de when airborne data first became
available involvee the mechaniam of beam limiting near transponder threshold.
SLS litits the beamwidth over which transponder reply to any one
interrogation. In chosing the P2 power level, it is necessary to ensure that,
for every transponder, the beamwidth Is sufficiently large to prevent gaps
between beams. Because the NationaI Stendard permits a 9 dB tolerance in the
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suppression.

I --

pl-tO-p2
power test*, it was originally concluded that the transmitted ‘2
power would have to be quite low, and that as a result the reply beamwidth fOr
typical transponders would be mch larger than 90°. The end result fight be a
relatively small amount of improvement attributable to directional
interrogation.

As airborne data became available it was realized that there is an
important relationship between SLS and whisper-shout that affects the
uniformity of beam limiting. This is illustrated in Fig. 3-10. The
transponder will reply only when S1 is just below threehOld and pl iS just
above threehold. In thie scenario, P2 is received slightly above P1 - 9 dB.
According to the National Standard, reply ia optional. But in actualftY,
since P2 is well below threehold the transponder will reply.
Based On this realization, the power level of P2 transmissions was
increased from a level 4 dB below P1 to the same level as pl. Furthermore it
wae concluded that reply beamwidths will be more uniform from transponder to
transponder, and that the performance improvement attributable to directional
interrogation will be somewhat better than was originally expected.
The degarbling performance of directional interrogation can be eetiwted
quantitatively as follows. Based on antenna patterns masured in an anechoic
chamber prior to installation, and for an interrogator transmitting with P11P2
= O dB,
reply beamwidth = 125° if THR = O dB
122° if THR = 1 dB
118° if THR = 2 dB
115” if TSR = 3 dB
111° if THR = 4 dB
where THR is the transponder P1/P2 reply threshold. Because of the
whisper-shout action, THR is at most a few dB for the interrOgatiOna eliciting
replies. An average value of THR is about 1 dB, and the corresponding value
of beamwidth can be taken as an estimate of the effective average;
effective average beamwidth = 122°
360”

improvement factor = --- = 2.9
122°
3.2.5 Late Wde

C Replies

The firet airborne data alao revealed another problem. The set of
received replies was seen to contain unwanted replies appearing at longer
range (by about 1/6 tile) relative to the desired replies from certain
aircraft. It was determined that these unwanted replies were caused by the
mechanism illustrated in Fig. 3-11. The combination of P2 and P4 acts like a
Mode C interrogation, producing a Mode C reply that ie late by 2 Usec.
*

-ply

ie required when P2 < P1 - 9 dB.

Reply ie prohibited when P2 > P1.

3-15

——-—

THRESHOLD
ml+lllllllllllljl[

-2

0

L

21

2

TIME

(KS)

SPECIFICATION:
IN ACTUALITY:

Fig.

3-10.

Beam

23

REPLY OPTIONAL.
REPLY LIKELY!

limiting

‘.

3-16

near

threshold.

LATE

MODE

C

THRESHOLD

P1

,

p3

p4

‘~ ~[/////////////

y/////~&
S1

—
-2

0

SCENARIO:

21

2

TARGET

OUT OF MAINBEAM

DESIRED

REACTION:

NO REPLY

ACTUAL

REACTION:

LATE

Fig.

3-11.

23

Late

MODE C REPLY

Mode

(INTERMITTENT)

C replies.

3-17

-—

Such replies had not been anticipated, based on an abrupt threshold
model: If P1 is received above threshold, and P2 exceeds PI aa in the
illustration, then these two pulses would both be detected and they would put
the transponder into suppression (which is the normal SLS mechanism). If PI
is received below threshold, then P4 would also be below threshold and would
not centribute to the late Mode C interrogation.
To understand how these unwanted replies can be triggered, it is
necessary to, once more, view the transponder threshold as a band rather than
an abrupt transition. men P1 is received in the threshold band, it is
possible for P1 to be tissed and yet P4 to be detected. ~enever this
happens, an unwanted late ~de C reply will result.
Such a machanism will of course be intermittent, and this ia consistent
with the observed airborne data: The number of late Mode C replies is
approximately IS% of the number of desired replies received.
Two cures were considered. First, one tight transmit PI at a higher
power level than P3 and P4, perhaps by 1 dB. Alternatively, the unwanted
replies could be removed in surveillance processing, using the 2 Paec spacing
as a means of identifying them. It was found that the experimental
interrogator being used could not readily be modified to change PI power
relative to the other pulses, and for this reason it was decided to remove the
replies in surveillance processing. Hov~ever,the unwanted replies will still
be present in the set of received replies and will constitute additional
synchronous garble.
Since it is the purpose of directional interrogation to reduce
synchronous garble, these late tide C replies will slightly reduce the
effectiveness of the technique. The improvement factor, estimated to be 2.9
in the preceding section, may be expected to be reduced to approximately
net improvement factor = 2.9/1.15 = 2.5
3.2.6 Example from Mrborne

Data

The initial airborne data was also examined for reasonableness in regard
to directional interrogation. It was expected that examplea could readily be
found In which an encounter with a target aircraft produced replies first to
one beam, then another, and then possibly a third. In fact, such examples
were immediately apparant, one of which is shown in Fig. 3-12. This target
aircraft first appeara ahead and slightly to the right (judging from the
azimuth values recorded). It paased to the left, coming as close as about 1.5
nti. Replies are shown in the figure as range va. time, tith replies to
interrogation in different beams plotted separately. This reply data shows
that initially only the.front beam elicited replies from this aircraft. Later
the left beam did, and finally the back beam did, consistent with the flight
path. There are no gaps at the beam transitions.
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3.2.7

Su-ry

These initial airborne experiments proved to be very worthwhile. They
revealed three new mechanisms:
●

early ~de

A replies

o

beam limiting near threshold

Q

late Mode C replies

all of which relate to the combined use of directional interrogation with high
resolution whisper-shout, and whose understanding is important to successful
use of directional interrogation. Understanding these mchanisms led
immediately to several changee in design:
o

change to l-pulse suppreaaion

e

increaae P2 power

@

add filter in surveillance processing to
eliminate late Mnde C replies

With these changes in place, and with the assurance provided by examples as in
Fig. 3-12 that the behavior of directional interrogation ia reasonable, the
next step was to conduct further airborne waaurements in high density
airspace. This was carried out by flights in the LA Baain as described in
Sec. 3.5.
3.3

tile of the Bottom ktenna

Aa of January 1981, there had been no instances in which a false track
caused a false alarm or modified a real alarm. This was encouraging since the
airborne testing had amounted to eeveral hundred hours of experience by that
time. Even ao, it was realized that Mode C false tracks do occur and that
therefore some false and modified alarme would eventually occur. Mring the
next two yeara, the airborne experience increased by many more hundreds of
houre, and in that time, several instances of false and mdified alarma have
been observed. The data recorded in Piedmont* aircraft, for example, includee
about 900 hours, and in this dsta there is one instance of a modified alarm
and no instances of isolated false alarms. In addition, a considerable amount
of testing haa been done by the FAA Technical Center on the &at Coaet and in
the Cbfcago area, and by Lincoln Laboratory in the Boston area. In this
additional data there have been 8 instances of false alarms.

3 In the Piedmont Phase I operational evaluation a TCAS II unit waa installed
The TCAS 11
on two Boeing 727 aircraft and carried during normal operation.
advisories were not displayed to the pilots.
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These false alarms have been studied individually and categorized
according to the mchanisms causing the false tracks. The results are given
in Table 3-1. The results show that the largest single source of false alarms
That is, for a real aircraft that is being tracked, reflection
waa mltipath.
from the ground or water gave rise to a second track.

.

Since mltipath-induced false tracks are minly associated with the
TCAS-11 bottom antenna, it became appropriate to consider reducing the role of
the bottom antenna. By reprocessing the recorded data from all of the
instances of mltipath false alarma, it was found that 4 of the 5 occurrences
would have been eliminated by deleting the 3 highest-power bottom
interrogations (that ia, by reducing the bottom antenna interrogation power by
18 dB).
In considering a reduction of the role of the bottom antenna to reduce
false tracks, it ia necessary to know what the effect would be on the
reliability of tracking real aircraft. An experiment was set up to gather
airborne data for a performance comparison between a design using top and
bottom antennas equally and a design that reduces the role of the bottom
antenna. The interrogation sequences to be compared were selected to have the
same total number of interrogations and the same power-sum*, botb of which are
quantities constrained by interference limiting (Sec. 5.1). The results of
several measurement of thie type showed that reduced-bottom deeigns perform
nearly as well as the equal-use design, having surveillance reliability that
is less by only about 2 or 3 percent while reducing false track rate by a
large factor. In one of the experiments (Fig. 3-13), the reduced-bottom
design ia the whisper-shout sequence being adopted for TtiS 11
(see Fig. 3-15), and here the perfOr~nce reduction iS just 2.3 Percent (Of
track-seconds for aircraft within * 10° in elevation angle).
Since the reduced-bottom desi~ achieves a reduction of about 5:1 in
false tracke with less than a 3% reduction in real tracka, it haa been
included in TCAS II.
3.4

Power Seduction

In very high density airspace, closing speeds are reduced and thus the
range requirements of TCAS 11 are reduced. Under theee conditions it should
be possible to reduce the interrogation power level. Indeed’,to conform with
the interference limiting atandarde, it will be necessary in some cases to
reduce power by as mch as 6 dB. It was important to determine the amount of
degradation in survefllance reliability that will result.
This has been addreased by both analysie and airborne measurements. The
analysis uses the method documented in Mf. 4. The airborne data was obtained
by reproceaaing whieper-shout data already recorded, otitting the higher POwer

* Power sum is the sum over a 1 second period of the interrogation powers.
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TABLE 3-1
S~WILLANCE

FALSE ALAMS

I

Piedmont data
I
(900 hours)

iIsOlated i
lf~lse alama

~

I

I

other
airborne data

I - synch. garble
3 - other

i

I

I

Modified
1 - multipath
real slams

3-22

[ 4 - mltipath

I
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PROBABIL~Y
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Fig. 3-13.
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B
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100013

levels. The airborne results for a 6-dB power reduction are sumarized in
Fig. 3-14 together with the analytical results. me quantity plotted is the
The agreement
amount of decrease in the percentage of aircraft in track.
between calculation and measurement is reasonably good considering the
variability in the data points. The data shows that when interrogation power
is reduced by 6 dB, it is still possible to achieve effective surveillance at
ranees up to about 5 mi.
3.5

Airborne Measurements in the Loa Angeles Basin

After investigation of high deneity surveillance techniques individually,
nwt
step was to assemble these techniques into a baseline design and teat
the
the design by flying in the tis Angeles Basin.
The measurements were conducted as described in Sec. 3.2.2. The baseline
directional design for surveillance in Mode C has the characteristics listed
in Fig. 3-15, with the exception that it was not possible to key MTL to
whisper-shout usine this directional equipment (see Sec. 2.2). The baseline
omnidirectional design is the same except for:
●

full power = 54 dBm

●

full sensitivity = -74 dBm

e

whisper-shout, top bottom -

0

~L

3.5.1

24 levels (see Fig. 3-15, top-foward)
as in Fig. 3-15

keyed to whisper-shout, as in Fig. 3-15
Truth

me measurements were based on targets of opportunity. Uae Of data frOm
ground based sensors for establishing a data base of truth waa considered.
However, in view of the poor surveillance reliability of such ground based
equipment relative to the reliability of the experimental airborne equipment,
and the fact that the test aircraft had two independent operating sensors
using two pairs of antennas, it was decided that truth would best be derived
from the data tapes recorded by the two TCAS interrogators. This was done
using a manual process involving a number of computer-generated ,plotsof
replies and tracks.
3.5.2 Flieht Path
me flight path through the LA Basin is shon in Fig. 3-16. It passed
directly through the Long Beach area which, based on earlier data (Ref. 5),
was expected to be the location of highest aircraft density. The flight path
also passed over u International ~rpOrt (MX), and thrOugh the San FernandO
Vallev.
.,, Daseinq
- between the general aviation airports at Van Nuys and Burbank.
which are well know for high density of general aviation traffic.
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using

reduced

power.

#

4 beams (forward,right, left, aft)
90° beamwidth
. transmit SLS, P1-P2 crossoverat approx. f60°
@ angle-of-arrivalon reception

Top antenna

●
●

Bottom antenna

●

omnidirectionalmonopole

Interrogationpower @ top-forwardradiated power at azimuth peak: +55 dB
relative to a O dBm monopole
● bottom: 54 dsm radiated
Receiver ~

~isper-shout

index
1 (top)
2 (top)
3 (top)
4 (top)
5 (top)
6 (top)
7 (top)
8 (top)
9 (top)
10 (top)
11 (top)
12 (top)
13 (top)
14 (top)
15 (top)
16 (top)
17 (top)
18 (top)
19 (top)
20 (top)
21 (top)
22 (top)
23 (top)
24 (top)
1 (bet.)
2 (bet.)
3 (bet.)
4.(bet.)

●

top-forward,at azimuth peak: -75 dB relative to a
O dBm monopole
bottom: -74 dR relative to a O dBm monopole

e
o
e
e
e

top-forward,24
top-right, 20
20
top-left,
top-aft,
15
4
bottom,

●

levels (O dB, see table)
levels (-4 dB, table dnus first 4 entries]
levels (-4 dB, table tinus first 4 entries)
levels (-9 dB, table minus first 9 entries)
levels (-18 dB, see table)

power levels in dB relative to
full power, full sensitivity
interrogation suppression receiver
~*
power
power

o

0

-3

S..1
S.I
S..I
S.I
S..I
S.I
S..I
S.I
S..I
S.I
S..x
S.I
S..1
S.1
S..I
S.I
S..I
S.I
S..1
S.I
S..1
S.1
S..1
....1
S..1
S..I
S..1
,...1
P
-/0
-10
O dB
*not actually implementedin the Dec. 1982 tests
-1
-2
-3
-4
-5
-6
-7
-B
-9
-lo
-11
-12
-13
-14
-15
-16
-17
-18
-19
-20
-21
-22
-23
-18
-20
-22
-24

-3
-5
-5
-7
-7
-9
-9
-11
-11
-13
-13
-15
-15
-17
-17
-19
-19
-21
-21
-23
-23
-25
none
-21
-23
-25
none

F~. 3-15.

Baeeti

0
0
0
0
0
0
-1
-2
-3
-4
-5
-6
-7
-8
-9
-10
-11
-12
-13
-14
-15
-16
-17
-12
-14
-16
-18

TCAS II desb
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Altitude was constant at 5500 feet for about 50% of the data and 8500
feet for the remairider. In addition, several takeoffa and landinga ware
included in the tission; each day’s flying included two takeoffa from M
(where the Boeing 727 waa based), two landinga at LN, and a low approach at
Long Beach.
3.5.3 Mrcraft

hnsity

The bulk of the flying was on a weekend (4-5 Oecember 1982) ao as to
experience the highest aircraft density. Fortunately, the weather was
relatively clear due to a severe storm that had paased through the region
several daya before. It was good flying weather, conducive to a high density
of aircraft.
The data tapea show that the aircraft density was in fact quite high.
Figure 3-17 shows density values observed during one pasa of the route from
north to south. The average density (including all transponder equipped
aircraft) is seen to be about 0.1 Per nfi2. Peaka over 0.2 were observed
occasionally. About half of these aircraft are altitude reporting. These
values are generally consistent with density measurements made previously
(Ref. 5).
3.5.4 Advisory hte
A number of Instances were observed in which an aircraft passed close by.
In msny of these cases, the aircraft came close enough to trigger a traffic
The test aircraft did not respond
advisory (TA) or resolution advisory (W).
to these Ma.
Four such instances occnrred during the time period plotted in
Fig. 3-17, and these are mrked in the figure.
The overall rate of RAe was 2.2 per hour, which is very high relative to
the rate that would be experienced during an operational flight. For example,
in the Piedmont Phase I flights, tbe W rate was 1/37 hours. This difference
ia largely a consequence of the flight path adoptad for these experiments; the
aircraft remsined in the high density airspace and at low altitude all the
time, whereas an operational flight is in such airspace’only a small fraction
of the time.
3.5.5 htenna

Problem

Several months after the tiaaion, it was discovered that a problem had
developed in the directional antenna subsystem. The problem was a leakage of
water into both top and bottom antenna units. As a result, the antenna
patterns were distorted and msy have also changed with time to some extent.
An estimate of the top antenna patterns as they existed during the M tiasion
is ahom in Fig. 3-18. These patterns were obtained by an indirect technique
that mskes use of detailed whisper-shout data. Figure 3-18 should be regarded
as an approximate
ion since azimuth extimates mde by the same antenna were used
in constructing these figures. The front beam is seen to be mch tigher in
gain than the other three beama, whereae, by design, all four were to be
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identical. It is also seen that the front beam ia narrower than expected.
Nevertheless the antenna did succeed in directionally Interrogating target
aircraft and in producing azimuth measurements that appear to ba serviceable
in spite of the water leak.
3.5.6

Case Studies

Contained in the data rscorded in ~ are a number Of clOse encounters
that occurred by chance. A set of 19 close encounters that occurred in a
2-hour period was analyzed in detail, where the criterion for being a close
encounter was that the aircraft came within 2 nmi in range while being within
1200 ft in altitude.
Performance in tracking these aircraft; each for the 50-second period ~~~
leading.up .to the point of closest approach, is shown in Ylg6.3-19 and 3-20.
In Fig. 3-19 each D signifies the .e~fentthat the target aircreft is in.track.
by the directional unit for one scan (one second). me figure also liste the
sircraftdensity tithin 5 nmi during the encounter. In mst of the encounters
the target was..
in track continually..t.hrOughOut
the 50 sec. periOd. ~ere’were
a few instances of gaps or late track initiations. The overall percentage of
time during which”the target was in track ‘in this.data set is” 97%. In
Fig.
3-20 each :0.reoresentsthe..
condition of .be”inz
in trsck by the
—=, .,...
.
here arethe
omnidirectional unit for one scan. @alitativelyltheresults
cases the
same, and here too the overell reliability is..
97%. In .bot.b
performance is very good.
3..5.7

““”False
Tracks

There were nofalse alarms in the ~ data set. That is, at no time did a
false track satisfy the conditions for generating s resolution advisorv or a
traffic advisory. There were, however, some false trscks. These were studied
to detertine the false track rate for trscks within *1O” in elevation angle
and between 3 and 5 nmi in range. Results from 84 tinutes of data are given
in Table 3-2 (in the row msrked “original design”). AS a percentage, the
false track rates for both systems are much higher than the values seen in the
bulk of earlier data. In particular, the omidirectiofial system percentage ia
larger by 30:1 relative to the B~S performance during the 1980 Eastern tour.
There are a number of factors that would be expected to cause this percentage
to be different.
Factors that would increase false traqk percentage: (1) Wgher
fruit environment, and flight path that stays constantly in high
density. (2) Nore severe mltipath environment in U, and flight
path that remains constantly at low altitude. (3) More
whisper-shout interrogations, and as a result, more fruit repliee
for a given fruit environment. (4) Relatively high proportion of
These contribute to the
non-altitude-reporting aircraft in M.
false track rate* (numerator) but not to the number of
3 Non-altitude-reporting aircraft contribute to fslse tracks, both with and

without altitude. The effect of interest here is the contribution to tracks
with altitude.
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TABLE 3-2
FALSE TRACK WTE , LA BASIN

OMNIDIRECTIONAL

DIRECTIONAL

487 track sec.

ORIGINAL
DESIGN

2.9%

6.7%

139 track sec.

79 track sec.

IMPROVED
DESIGN

I

214 track sec.

1.9%

1.1%

I

Notes:
* traffic = 7350 aircraft seconds
0 For comparison, in the 1980 Esstern Tour,
the false track rate was O.l%.
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altitude-reporting aircraft (dmoninator), and so tend to increase
the percentage.
Factors that would decreaae false track percentage:
of bottom antenna.

(1) Reduced use

Two changes to the surveillance algorithm appeared to be warranted and
were tried. One was a change in the multipath elimination algorithm to pemit
it to work with non-sea-level reflectors. Another change (applicable only to
the directional unit) is azimuth filtering. ~is filtering discards any reply
whose azimuth is inconsistent with the interrogation direction. Together,
these changes reduced the falae track rate considerably, to the valuea given
in the second row of Table 3-2.

I

Such changes would be expected to degrade detection performance to some
extent. However, it was found that the effects on surveillance reliability
were insignificant, and in fact the excellent performance shown in Figs. 3-19
and 3-20 was obtained after these changes were made. Thus these changea have
been adopted into the baseline TCAS II design.
3.5.8

I

Statistical Analysis

A statistical analysis was undertaken tith the goal of assessing
surveillance reliability aa a function of traffic density and estimating the
degree of improvement attributable to the directional antenna. The data set
wae divided into one-minute segments, and for each the maximum traffic density
For this purpose, traffic deneity was computed as the number
was detemined.
of aircraft between 2 and 5 mi divided by Zlm.* The aircraft count included
all transponder equipped aircraft, whether or not they were altitude
reporting. The counting involved a detailed manual procedure based on
computer plots of replies and tracks from both experimental systems.
Probability of track, P(T), was estimated as tbe percentage of
aircraft-seconds during which the aircraft was in track, limiting attention to
aircraft tithin f 10” in elevation, angle between 3 and 5 Mi in range, and for
which both own aircraft and the target aircraft were at leaat 600 feet above
ground level.
This study was perfomed omnidirectionally (that is, without noting the
azimuths of tbe targets), and for this reason the same peak power was used in
each of the four beas.
The baseline TCAS II design, on the other hand, uses
different powers in the four beams: highest in the front, less to the sides,
and still lese aft (Fig. 3-15). ~us relative to the baseline design,
additional interrogations in the back and side hems were added for this
study.
The
measured
obtained
prior to

results are given in Figs. 3-21 and 3-22 along with a curve showing
BCAS performance for comparison (Ref. 3). These results were
prior to the algorithmic changes associated tith false tracks and
a discovery that the lowest power omnidirectional interrogation had

* 21n is the area of the anular ring between 2 and 5 nmi.
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inadvertently been otitted. men the data were reprocessed using a -18 ~dB
interrogation as a replacement for the fissing interrogation and using the
revised algorithms, the overalI average value of P(T) for tbe oomidirectional
design rose from 90% (as marked in the figure) tO g2~. FOr the directional
design the average remined at 90%.
The data In Figs. 3-21 and 3-22 suggeet the following observations: (1)
for both omnidirectional and directional units, performance ia significantly
better than that of the original BCAS design. (2) Because of the scatter of
data points, the rate of degradation vs. traffic density is not evident in
either case. It would take an environment considerably more dense before a
significant degradation would become apparent. (3) me results for the
directional unit do not indicate an improvement relative to the
omidirect ional unit. The degraded antenna performance together with
insufficient aircraft density WY account for this. A mnre detailed
examination of directional performance is deecribed in tbe “whisper-shout
profiles” section below.
3.5.9

Effect of Elevation kgle

In the course of tbe statistical analysis of probability of track, P(T),
it became evident that many of the “target
a-of-interest’i (*lo”) were at verY
low altitude, near the cutoff at -10”. A quantitative study (Fig. 3-23)
confirmed that, in fact, about one half of all targets-of-interestwere in the
band -5 to -1OO. This observation suggested that the *10° definition may lead
to a pessimistic assessment of TWS 11, relative to ite performance in an
operational environment.
Au elevation angle comparison was made of this data vs. the elevation
angles experienced in case atudiea of real tid-air collisions*, and vs. the
resolution advisory encounter in the Piedmont Phase I data. me comparison
indicates (Fig. 3-23) that indeed the *10° analysis is pessimistic; an
ana>ysi~ based on a *5. definition wO~ld be ~ore representative Of operational
performance.
The P(T) analysis was repeated using a *5° elevation angle definition for
targets-of-interest, and a significant increase in the values of P(T)
resulted. The overall average, which waa 89% for *10°, rose to 95% for *5”.
This result is more consistent tith the excellent performance seen above in
the 19 caae studies.
3.5.10 ~isper-Shout Profiles
he of the =in objectives of the airborne measurements in Los kgeles
was to aseess TMS performance using directional interrogation, and in
particular to assess the degree of improvement relative to use of
omnidirectional whisper-shout. The statistical study of P(T) vs. density did
not, however, reveal any significant improvement achieved by the directional
x From a set of 15 actual tid-air collisions, Sef. 6., pp. C-1 through C-3.

3-38

L. A. DATA

ACTUAL

(DEC

MID-AIR

R= 3 to 5 nmi

82).

COLLISIONS.

EL= -10”

*

@

to +10’

R =3t05nmi
@@

t

I

1

PIEDMONT-PHASE

10’

0

-1o”

R=3t05nmi

1.

1
● O

,

[

,

I

0

-10”

ELEVATION

Fig.

●

Q

3-23.

Elevation

angles

10“

ANGLE

of TCAS

targets.
looael

3-39

design. This result was partially true because both designs performed well in
the LA environment. &asurements in a higher density environment (if one
existed) tight have revealed a performance improvement. The hoped-for
improvement was explored further by means of an indirect mthod based on an
analysis of whisper-shout characteristics. This method mskes use of the
whiaDer-shOut Drofilee shown in Figs. 3-24 and 3-25. These figures disDlaY
the number of replies per interrogation as a function of whisper-shout index.
3.5.10.1 Fruit Wte
The first step was to try to distinguish between fruit and synchronous
replies since their effects are very different; it is only the number Of
synchronous replies that may be expected to be reduced through the use of
directional interrogation. To estimte fruit rate, a whisper-shout profile
WaS formed for the range band O.I tO 1.1 nmi, a cIOse-in regiOn where ‘ew
synchronous replies would be received. The results plotted in Fig. 3-24 have
characteristfcs that would be expected: less fruit during sweeps in which MTL
was elevated (Fig. 3-15). @ant itstively, the relationship agrees with a
uniform-in-range model of aircraft traffic.
The fruit rate received by the directional unit, 3200/sec. (Fig. 3-25),
was considerably less than that received by the omnidirectional unit,
11200/aec. (Fig. 3-24). This implies a reduced sensitivity, which is probably
a result of the degradation in antenna performance (dua to water) described
above. The amount of the degradation can be estimated as follows. According
to antenna measurements made by Dalmo Victor prior to installation, the peak
gain of the directional antenna was +2 dB relative to an ideal monopole. Thus
the azimuth-average gain waa about +1 dB relative to a monopole. Cable losses
were 3 dB for both systems. MTL values were meaaured as:
~L,

= -75 dBm

directional unit

MTL, omnidirectional unit = -79 dBm
Togather, tha differences add up to:

Antenna gain
Cablea
Receiver MTL

+1 dB
O dB
-4 dB

Total

-3 dB

That is, the maaaurementa of the equipment prior to airborne testing indicated
that the directional unit would be leas sensitive to fruit by 3 dB. The
airborne results in Figs. 3-24 and 3-25 imply, however, that the directional
unit was actually less sensitive to fruit by about 10 dB (this value obtained
by noting in Fig. 3-24 the omnidirectional ~L shift such that the fruit ratea
are equal). The 7 dB difference between the prediction (3 dB) and the
measurement (10 dB) is an estimate of the degradation attributable to the
water in the antenna.
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It may also be noted from Fig. 3-24 that under notinal conditions
(omnidirectional ~L = -77 dBm, cable ~ 3 dB), the fruit rate would be about
9000 repIfes/sec.
3.5.10.2 Synchronous Replies
The lowest of the three curvaa pIotted in Fig. 3-24 and in Fig. 3-25 can
he considered
to indicate fruit replies. and the differences between the Other
-.
.

data pointa and the lowest curve can be-considered to indicate synchronous
replies. Synchronous reply data are shown for two range banda, 1 to 3 nd and
3 to 5 nti.
3.5.10.3 Results
Examination of the plotted data leads to the following observations.
(1) me directional data resembles the beI1-shaped curve seen
previously in sitilar data (Fig. 3-3) except that the fall-off on the right
aide ia not apparant. This is probably due to the sensitivity degradation
caused by the antenna.
(2) Both units exhibit an alternating high-low characteristic, which
is to be expected aa a result of the alternation between 2-dB and 3-dB
whieper-shout bins (Fig. 3-15). This provides additional evidence that a
change in bin size from 3 dB to 2 dB produces a significant reduction in
number of replies per interrogation.
(3) A dip ie evident in the omnidirectional data around the ragion
where interrogation attenuation is 14 dB. ~is has been explained by
consideration of previous maasurementa showing the accuracy of the
whisper-shout attenuator. This data shows a discontinuity in the attenuator
characteristic, occurring between 15 dB and 16 dB (presumably becauae of the
switching of all 5 bits at that transition). Of all the whisper-shout
interrogations, only those at 13 dB, 14 dB, and 15 dB span this discontinuity,
and because thsy do span it, they would be expected to have bin sizes smaller
than nominal. The dip seen in Fig. 3-24 agreea with this expectation.
(4) For the omnidirectional deaigu, the whisper-shout sequence does
not extend sufficiently low in power to reach a point where reply density is
small. The loweet power interrogation, at -23 dB (inadvertently otitted in
these measurements) would gather an undesirably large number of replies. It
may be concluded that the sequence should be extended at the low end to
approximately -30 dB.
(5) me average number of replies to one interrogation haa in fact
been reduced by the introduction of directional interrogation. The reduction
factor, based on the region of highest reply density, and calculated
separately for the two range banda, is:
Reduction factor = 2.4 for range = 1 to 3 nmi
2.4 for range = 3 to 5 nti
3-43

This is close to the anticipated improvement factor of 2.5 (Sec. 3.2).
In suwry,
examination of these whisper-shout profiles has yielded
several useful results: a meaaure of the fruit environment in the M Basin;
an estimte of the degradation in receiving sensitivity resulting from water
in the directional antenna; additional evidence of the effectiveness of
whisper-shout; a conclusion that the whisper-shout sequence should be extended
at the low end; and an estimate of the degarbling effectiveness of directional
interrogation.
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4.

sWW ILLANCE IN MODE S

4.1

Introduction
4.1.1 Functional Requirements

The function of the Mde S surveillance processor iS to identify and
track Mode S-equipped aircraft. me implantation of this function is
constrained by the requirement that the TCAS transmissions nOt cause undue
interference to other services in the 1030/1090 MRz bands.
In Section 5.1, the above constraint is translated intO limits upOn the
interrogation power and rate of the system. Nben the nomal operation of the
surveillance processor would causa these limits to be violated, the
interrogation limiting algoritti described in SectiOn 5.2 exercises
pre-~ptive control to ensure that they continue to be satisfied. Since the
primary purpose of this control is to protect Other aviatiOn-related
activities it does not ensure that the desired level of collision protection
is maintained. Thus it is important that the design of the surveillance
processor provide satisfactory collision protection in the required Operating
enviromnent when t~s control is present. Since each Mode S aircraft is
individually addresaed, this becmes mOre difficult as the density Of aircraft
increases. me design used for BCAS, which mphasized early interrogation of
all detected aircraft, cannot provide satisfactory collision protection for
the aircraft densities in which TCAS is required to operate.
To satisfy the constraint and provide adequate collision protection in
high aircraft densities it ia necessary to restrict interrOgatiOns tO OflY
those aircraft that might pose a collision threat. The opportunity to
disti~uish between threatening and non-threatening aircraft without
interrogating tha is provided by the receptiOn of MOde S tranamiasiOns that
are either replies to other interrogations or are spontaneously ~itted. me
former are called fruit, the latter are called aquitters. In Particular. a
crude meaaure of an aircraft’s range is provided by the frequency with which
the transmissions received from it exceed a given rate threshold. Also ,
aircraft altitude is contained tithin replies to surveillance interrOgatiOns.
Thus an aircraft need be interrogated ody if these parameters indicate that
it could be a collision threat within the time interval that is required for
planning and aecuting waaive maneuvers.
To see how ttis information can be used by the surveillance processor, it
iS helpful to think of each Mde S-equipped aircraft as falling intO one of
three categories as depicted in Fig. 4-1. Category I containa those aircraft
that could become collision threata to the TCAS-equipped aircraft if evasive
action is not taken. The imediacy of this possible threat dictates that
aircraft in this category be interrogated regularly and tracked so that
evasive maneuvers can be taken. At the other =treme, Category 111 contains
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Fig.4-l.

Levels
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of

threat.

I

those aircraft that are rarely, if ever, interrogated. ~is may occur either
because the unsolicitedtransmissions received from them indicate that they
cannot become collision threats for some considerable time, or because little,
if anything, is known of their presence. For the surveillance processor to
provide acceptable collision protection it must only rarely, if ever, allOw
aircraft that are near-term threats to be aasigned to Category 111.
Finally, Category II contains those aircraft that were previously in
Category III btltwhose threat potential, as assessed from their unsolicited
transmissions, has increased to the point where more information concerning
their trajectory must be obtained by interrogating them. This is a transient
category. Mrcraft are reassigned to either Category I or III after the
interrogation has been made.
To obtain good collision protection tbe unsolicited information received
from an aircraft must be processed so that the transition from Category III to
II to I is accomplished in time to allow evasive maneuvers to be taken.
However, to limit interference, as many aircraft as possible should be kept in
Category 111. If this is not done, the collision protection provided by the
system may itself be seriously degraded by the interrogation limitiog
algorithm. Finally, the nmber of aircraft that are assigned to Category I
should be as small as possible while ensuring that all collision threats are
included in that category.
The algorithms that cause aircraft to be assigned to the three categories
must strike a balance between these conflicting goals. Equally important are
the interrogation patterns used in Categories I and 11. A reduction in the
power or rate of the TCAS interrogations till reduce interference to other
services, but till also reduce the collision protection provided.
In the eections that follow, the design approach that led to a
satisfactory balance is described. First, the broad structure of the system
is specified. Then the design of the blocks within that structure is
discussed in more detail. Most of the system parameters were determined
either by application of design ground roles or by simulation studies.
Finally, the performance of this design is verified by simulation and by using
data from airborne encounters as inputs to a software implementation of the
system.
4.1.2

System Structure

The categories described above correspond to a structure for the
surveillance proceesor that involves four states* to which a detected aircraft

*The term state, rather than category, is used to cliff
erentiate the systemls
assessment of the threat posed by an aircraft from the actual threat.
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can be assigned. The states are:
Monitor state
;: Acquisition state
3. Track state
4. Dormant state
The acquisition and track states correspond, respectively, to
Categories II and I in Fig. 4-1. The two remaining states correspond to
Category III. The monitor state is for aircraft that are judged to be
non-threata based only upon the information gained from the reception of their
unsolicited tranamissiona. The dormant state ie for aircraft that have been
judged to be non-threats after their range has been determined by
interrogation.
The structure of the surveillance processor is related to the four states
aa shown in Fig. 4-2. Detected aircraft are initially assigned to the monitor
state upon the detection of their unique ID. They remain in this state until
the rate of reception of their unsolicited transmissions indicatea either.
that:

1. They are so far removed from the TCAS aircraft that they are not an
imediate threat to it:
or
2.

They may be a threat and the altitude information received from them
re-enforces this conclusion.

In the first instance, the aircraft ID is removed from the system files and
any further receptions of it are treated as though it had not previously
existed. In the second instance, the aircraft is aasigned to the acquisition
state.
Aircraft that have been assigned to the acquisition state are
interrogated until either:
1. An acceptable reply is obtained; or
2.

It appears that such a reply will not be forthcoming.

In the first instance, the additional information obtained from the reply is
used to more accurately asaeas the threat posed by the aircraft. The aircraft
is then asaigned to the track state if the threat is significant and the
aircraft is assigned to the dormnt state if it cannot become a threat for
some considerable time*.
In the second instance, the aircraft is reassigned to the monitor state
since continued interrogations my cause tbe interrogation limiting algorithm
to degrade the collision protection against all aircraft. The reaasignment

*

As discussed in Sections 4.4 and 4.5, the mnitor
aseigned.
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of the aircraft to the monitor state muld be of marginal value if it were
unaccompanied by a change in the conditions under which the aircraft would,
once again, be assigned to the acquisition state. However, for a properly
operating system, the fact that a reply was not obtained from Che aircraft
implies that its range was greater than had been thought. Thus, it should not
have been assigned to the acquisition state in the first place andshould not
be reassigned to the state until the reception of its transmissions indicate
that its range has decreased significantly. Thus, the conditions under which
an aircraft is changed from the monitor state to the acquisition state should
depend upon the number of times it has been re-assigned to the monitor state
after an unsuccessful interrogation. Similarly the number of unsuccessful
interrogations for which the state Is changed to monitor from acquisition
should ..varyaccording to.the.number of times that.change has recently been
made.
men an aircraft has been assign.?dtO the track state it ia inrerrOgated
regularly and tracked. This”process continues until,it is certain that a
colli”aionwith that..
aircraft cannot occur for.some considerable ti”me”.
” The
aircraftfs then assigned to the dormant state*.
Targets aseigned to the dormantatate.are not interrogated since they
cannot become collisi~n .threats.
for some considerable time.. This assignment
is changedto themonitor statewhen there iS any p0ssibi3ity tha~the
aircraft has:becomes near-term threat, as indicated *n Fig* 4-2.
4.2.3

Design Constraints

Given the system structureahowa in Fig. 4-2, it remains to specify:
1. The algorithms that are used to determine when the aircraft state
should be changed, snd,
2.

The operations performed for aircraft in each of the four states.

Both of these specifications are strongly influenced by the information
that the system is allowed to use concerning the position, motion and
capabilities of aircraft and the system parameters that can be varied
dynamically.
To draw upon the experience obtained from flight tests of BCAS it wse
decided to constrain this study of tinimum TCAS II design in a number of
respects. These conetrafnts are listed in Table 4-1 and are discuaaed below.
A major impact of the first group of constraint is to exclude TUS
designs that 1) measure received power levels to estimate aircraft range,
2) utilize on-board information concerning the TCAS aircrsft that ia not
available either from the TUS equipment itself or from the associated Mode S
transponder and 3) measure aircraft bearing.

*~

discussed in Sections 4.4 and 4.5, the monitor state ia sometimes
assigned.
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of the aircraft to the monitor state wuld be of mrginal value if it were
unaccompanied by a change in the conditions under which the aircraft would,
once again, be assigned tc the acquisition state. However, for a properly
operating system> the fact that a reply waa nOt obtained from the aircraft
implies that ita range was greater than had been thought. Thus, it should nOt
have been assigned to the acquisition state in the first place andshould not
be reassigned to the state until tbe reception of ita transmissions indicate
that its range has decreaaed significantly. Thus, the conditions under which
an aircraft is changedfrom the monitor state to the acquisition state should
depend upon the number of times it has been re-aaaigned to the monitor state
after an unsuccessful interrogation. Similarly the number of unsuccessful
interrogations for which tbe state is changed to monitor from acquisition
should vary accordingto the number of times that change has recently been
made.
men an aircraft haa been aeaignedto the track state it la interrogated
regularly and tracked. This procese continues until it is certain that a
coIlieion tith that aircraft cannot occur for some considerable time. The
aircraft is then assigned to tbe dormant state*.

I

Targetsassigned to the dormant state.are not”interrogated since!~ey”””
cannot become collision threats for come considerable time. This assignment
ie changed to the monitor state when there is any possibility that the
aircraft has become a near-term threat.,.
as indicated.in Fig..4-2..
4.1.3

Design Constraints

Given the eystem etructure ehown in Fig. 4-2,”it

remains to specify:

1. The algorithms that are used to determine when the aircraft state
should be changed, and,
2.

I
!

The operations performed for aircraft in each of the four states.

Both of these specifications are strongly influenced by the information
that the system is allowed to uee concerning the position, motion and
capabilities of aircraft and the system parameters that can be varied
dynamitally.
To draw upon the experience obtained from flight tests of BCAS it waa
decided to constrain this study of minimum TCAS II design in a number of
respects. These constraints are listed in Table 4-1 and are discussed below.
A major impact of the first group of constralnta is to exclude TUS
designs that 1) measure received power levels to estimate aircraft range,
2) utilize on-board information concerning the T@S aircraft that is not
available either from the TWS equipment itself or from the associated Mode S
transponder and 3) measure aircraft bearing.

%~

diecussed in Sections 4.4 and 4.5, the monitor state ie sometimes
aseigned.
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TABLE 4-1
DESIGN CONSTMINTS

1.

Collision Information Used by TCAS:

Limited to:

1.

That obtained from on-board transponder

2.

That obtained from data in transmissions from other transponders

3.

Range

11. Design Features Adopted from BCAS
1. Filtering on confidence bits and consistency ckecks
2.

Division of time between interrogation/replies and listening
for unsolicited transmisaiona

3.

We-second

4.

Tracking algorithms

5.

ktenna

6.

tii-directional operation

scana

diversity switching
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The first exclusion was adopted to pemit use of the BCAS reply processor
design in TCAS. The second exclusion was imposed because of the difficulty
and expense of providing interfaces to obtain other information. It is a
significant exclusion, for if the airspeed of the ~AS-equipped aircraft were
available, use of the relative bearing of aircraft would improve the
performance of the system markedly. The third exclusion was adopted for two
reasons. First, without information concerning the airspeed of the
TCAS-equipped aircraft, bearing information is of limited use. Second,
preliminary analysis indicated that the opera&ing requirements could be met
without its use. ~us in the interests of system simplicity it was excluded.
The result of the above constraints is that the information inputs to the
surveillance processor are: the detected bit pattern of solicited and
unsolicited transmissions from Mode S transponders, the measured raLlgesof
aircraft that have been successfully interrogated, and the altitude and
maximum capable airspeed of the TC4S aircraft itself. In all of these regards
the TCAS design is similiar to the BCAS design. Similarities also exist at a
more detailed design level as is indicated in Table 4-1.
In particular, the same filtering of detected bit patterns is employed to
remove those that are clearly erroneo,ls. AISO, the system listens for
unsolicited transmissions whenever it is not engaged in an interrogation/reply
cycle and during such cycles the listening window is that used in BCAS. These
time allocations are organized within one second time-frames called scans.
The BCAS tracking algorithms are also assumed to be employed, although they
have no direct impact on the work reported here. Finally, diversity antennas
are used with the BCAS diversity switching algorithm. Although capable of
directional operation, the antennas are assumed to be used in a
non-directional mode. This last constraint is imposed more for system
simplicty than to capitalize upon the BCAS design.
The TCAS design differs from the BCAS design in the areas enumerated in
Table 4-2. The first difference pertains not to the TCAS equipment itself,
but to the “squatters’.transmitted by Mode S transponders. Tbe reasons for
this change are discussed in Section 4.2. Items 2, 3, and 4 in the table all
reflect the design changes that were made to ensure satisfactory operation at
the high aircraft densites in which TC4S ia intended to operate.
Roughly stated, the sensitivity of the
minimum triggering level (MTL) that is used
transmissions from Mode S transponders. It
aetti~ for which the interference limiting
satisfied.

system is controlled by the
for the reception of ‘unsolicited
is kept at the most sensitive
constants of Section 5.1 are

Since the interrogation and reply links are of roughly equal quality (at
least in the absence of heavy ~de C fruit), tbe power level used to
interrogate an aircraft is related to the ~L at which it was detected. If
the ~1. was 5 dB above the most sensitive (nominal) setting, the interrogation
power used will be 5 dB below tbe maimum (nominal) value. On the other hand,
the maximum receiver sensitivity ia always used in listening for the reply to
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TABLE 4-2
AREA IN WICH

TCAS DIFFERS FROtiBCAS
-—

1.

Squitter Formt

2.

Control of MTL for Unsolicited Transmissions

3.

Programming of Interrogation Power

4.

Information Processing Mgorithms

.5. Error Correction
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an interrogation. Mximum sensitivity is also used in listening for replies
from aircraft that are in the track state, but the interrogation powers to
these aircraft are related to their ranges in order to control interference.
The development of the algorithms that determine the state assigned to an
aircraft is described in Sections 4.3 through 4.6. That development was the
major taak in the design of the surveillance processor.
The final listed change, error correctf.on,was made for two reasons.
First, at the high densities of interest here, Mode C fruit can cause the
reliability of the reply link to be substal~tiallyIess than that of the
interrogation link. The use of error correction reduces the chance that this
imbalance will compromise the collision protection provided by the system.
Second, it is prudent to choose a robust design whenever it does Ilotinvolve
undue complexity. The uae of error correction appears to be such a choice.
4.2

False Address Problem

TCAS equipment only addresses interrogations to aircraft whose ID’s have
been received. However, “false addresses.’will sometimes be generated by
fruit, mItipath, and receiver noise, which corrupt the squitter signal
received from a transponder. In fact, in the high density environments for
which TCAS is intended, the aquitters used by TCAS might generate and
duplicate false addresses at a rate that would overburden the system melnory
and cause a significant number of interrogations to be addressed to
non-existent aircraft.
To ensure that this does not occur, it waa necessary to reduce the
probability that a false address would be received repeatedly. This was done
by changing the squitter to the ~de S N1-Call format so that error detection
could be used. As a consequence, altitude information is no longer contained
within the squitters. Altitude information is now extracted from the hde S
surveillance replies that an already identified transponder transmits in
response to interrogation from other equipment, when such replies are
available. men such replies are not available, for example when over the
ocean, altitude remains unknown until the a3.
rcraft is interrogated.

The decision to change the squitter format was based on flight test data
which suggested that false addressea were far more frequently created by
single bit errors than they would be if the bit errors were statistically
independent and identically distributed. An illustration of this is given in
Fig. 4-3 which shows the number of times each bit of a Mode S reply was
received erroneously, For a total of 18,500 receptions in low-density
airspace, 5.6% of the replies had errors and about 40% of those errors
involved just one out of the 56 reply bits. It is believed that most of these
errors were due to mltipath, aa the fruit rate was low. The increased counts
near the end of the reply also support this conclusion.
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If these errors are not detected, the consequences are two-fold. First,
they increase the computational load and memory requirements of the TCAS
equipment. For example, if the error rate is 10% and 20 seconds elapse before
a false address is purged from the system, there will be roughly twice as mny
false addresaes in memory as real addresses. More significantly, because 40%
of the errors involve anly ol~ebit, the rate of repeating faise addresses will
lead to mny wasted ifiterro~ationsin the high density airspace for which the
system is intended.
The ~~astedinterrogation rate can be red{lcedsomewhat by purging
addresses from the processor sooner, but the detection rate then also suffers.
Detection studies showed that addresses should not...be
purged less than
16 seconds following their,first receipt. The curve of ‘Fig. 4-4 shows that ~
there willbe as mny interrogations transmitted to non-existent..
targets as ~to
real targets when the average single-bit error race reaches 10%. Thie iS
significant since TCAS wilL nl?tachieve..‘thedesired high-density performance
if thewasted interrogation rate approaches.the valid interrogation rat=.
In higher traff:icdensities the Mode S reply rate is higher. and there are
more interference replies to corrupt each Mode S reply. Realizing this, the
aquitter error rate was examiied in.a denser traffic environment= Figure 4-5
showe results frem an encounter flown over New Yo~k City in September 1982.
The top part .of the plot sho”wsthe range .of the.itide””
S afrcraft as a ftinct
ion
of time:. The bottom half shows the raEeef l-bit errors detected by the top
and bottom antennas on the TCAS aircraft. The rates fluctustedconeidirabIy
and exceeded 10% a significant fraction of time.
The falae address problem can be eliminated by using the kde S Ml-Call
formt for Mode S acquisition. In the all-call format, address errors can be
detected and corrected with high probability because the address ia
transmitted as part of the data field of the reply format and it is protected
by an independent parity field, as shown in Fig. 4-6.
Using the Mode S Ml-Call format results in a slight increase in the
Mode S fruit rate because, ~lnlikesurveillance replies, the all-call formt is
not transmitted routinely for other purposes by Mode S transponders. The
periodic transmission of an all-call squitter thus adds to the existing Mode S
fruit background. However, this additfanal fruit causes no significant
degradation of ground surveillance (Ref. 10).
Another disadvantage of using the Ml-Call format for squitters is that
it does not provide altitude information. However, altitude is not necessary
in squitters since (in dense traffic, where altitude information is needed
most) a Mode S surveillance fruit with altitude will usually be received
shortly following the receipt of an all-call squitter. If a surveillance
reply with altitude is not received soon after the squitter, TCAS can
interrogate the target to determine its altitude and range.
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The average value of the sum n scans after its initialization will be
n [zr-Q] ~, where r is the average number of times the address is detected per
scan and Q is the probability that no addreas is detected during a scano From
this it ia apparent that if zr exceeds Q the aum will tend, in time, to exceed
z. If zr is leas than Q, the sum till tend, in time, to fall belcw zero.
Clearly, z muet be chosen so that the first situation prevails for all
detection rates r that can be associated tith threatening afrcraft.
If the values of r and Q were uniquely and monotonically related to the
range of the aircraft, the choice of z would be etraightforwsrd.
Specifical.ly,the dnirsum range at which an aircraft could not pose an
imediate collision threat wnuldbe determined and z would be set equal to
Qm/f; where r
Q for..
aircraft at that..
tinimum
arger
va
ue
f
z
would
actually
be
required
since
the
ran~e. (A eo~st}are
‘~~val:s of r.a.d
tim the algorithm requires to reach “a decision tends””toinfinity as Q/r:
approaches z.)
Unfortunately, the substantial variations that can..occur in transponder
power outputs””
and link losses keep r.from.being uniquely related to the
aircraft “range. Thus z mat” be rode”:
large:enough.to ensure that no
threatening aircraft will go unintsrrogated. Thts meana that a number..
.of
aircraft will be interrogat.edwhose range is so large that they need not.~ham
been int.errogat
ed. These interrogate
ions cannot..
.be avoided when an aircraft is~
first detected; for there is then no way of knawing if the detection is the
result of an unusually large power from a distant traneponder~...
ti the other hand, once an aircraft has been interrogated, a mre
discriminating decision can be made concerning it even if a reply ia not
received, for the absence of that reply indicatee that the reliability of the
interrogation snd/or reply link is not as good as had baen thought and no
further interrogations should be mde until the reliability improves. Since
that improvement can be sensed only by a change in the detection rate of the
aircraft1s squitters and fruit, a higher detection rate should be required for
any subsequent interrogations. Thus the parameter z in this processing
algorithm should not be a constant but should vary from aircraft to aircraft
according to the number of times they have previously been interrogated
unsuccessfully.
Minimum Triggering bvel.,- hother important system parameter is the
Minimum Triggering Level (~ L) used to detect squittera and fruit. Setting
the MTL to about the tinimum received power expected from any threatening
aircraft till both facilitate the rapid interrogation of threatening aircraft
and reduce the number of interrogations to non-threat aircraft. It is the
value of MTL that should be used if only one fixed value is to be employed.
However, the value of the MTL cannot be fixed but moat instead be adjusted
continuously to the most eenaitive value that.satisfies the interference
limiting standard. In this way the collision protection provided is alwaya
maxitized subject ‘to the constraints imposed. ~ether or not the protection
ie adequate is determined by whether or not the resulting MTL is Mre
sensitive than the tinimum value.determined above.
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and
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Part of the answer to this question is clear. Since any altitude
information obtained from an aircraft is less ambiguous and mnre precise than
that obtained from a running sum, an aircraft that is determined not to be an
imediate threat from the available altitude information should not be
interrogated. Ooe tight infer from this that the sum need not be initialized
for an aircraft until the available altitude information indicates that it mY
be a threat. However, this would delay the interrogation of aircraft closing
in altitude by the time required for the sum to build up to the value Z.
This delay coilldconceivably compromise the collision protection provided
against aircraft with mrginal transponder power. Therefore, the aum is
aaaociated with an aircraft when the monitor state ie first assigned to it and
the sum ia allowed to evolve independently of the altitude infor~tion until
the threshold Z is reached. The state will be changed to the acquiattion
state at that time unless the available altitude information indicates that
the aircraft ia not a threat. If it is not a possible threat, the evaluation
of the running sum continues, but the aum is not permitted to exceed z.
The processing sequence that results from the above decisions is shorn in
Fig. 4-8 for a single aircraft ID.
To complete the functional description of the processing for aircraft
aaaigned to the monitor state it is necessary to specify:
1.
2.

The valuea of the running aum parameters C, Z and z,
The processing of the altitude information.

These taaks will now be addreased in turn.
4.3.2

Parameter of the Running Sum A2gorithm

A number of important factors influence the choice of C, Z and z.
factora are discussed below.

These

1. First, Z should be made large enollgh,or z made small enough, so that
several fruit will be detected before the running sum reaches Z. Othemise,
mny aircraft that are separated in altitude will be interrogated when the sum
reachea Z even though no altitude information haa been received. Since it ia
a squitter that causes the sum to be inftialized, it seems reasonable to
require at least two more detections after initialization before Z can be
reached. This will occur if z ia less than Z-C. The probability that some
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altitude infor~tion will be received before the sum reaches Z is then at
least 0.5 if the detection probability is the same for squitters and fruit.
If z is mch less than Z-C, the time that elapsee before a threatening target
is interrogated my become axcessive. Therefore z should be on the order of
z-c.
2. A second consideration is that threatening aircraft should be
asaigned to the acquisition state in a timely wnner even when the detection
probability ia varying tidely, as it will during deep fades. This iS
particularly important before the first acquisition attempt. Clearly, the
performance cannot be acceptable in all situations, but it seems reasonable tO
require that the acquisition state be assigned whenever several detections
occur in a short period of time, even if the value of the running aum is near
zero. This implies that Z be at most a few times z when there is no past
history of interrogation failures, that is, let Z/Z be at most three.
3.
As an aircraft accumulates a hietory of unsuccessful interrogations,
the value of z should be reduced as discussed in Section 4.3.1. These values
need not be limited as described in the previous paragraph, since the
lengthening history of no replies reduces the probability that a short deep
fade is In progress. However, tith one exception, z should always be large
enough that the threshold Z till be reached in a relatively short time If
squitters or fruit begin to be detected on each successive scan. That time is
taken to be 10 seconds and therefore Z/z should not exceed 10.
4.
An exception arises if repeated interrogation of the aircraft fail
to elicit a reply and yet the aircraft continues to be reassigned to the
Acquisition state even after z has been reduced to the tinimum value specified
above. Then it is highly probable that the Mde S transponder being
interrogated is not working properly, e.g., it is abnormally insensitive or
its power is abnormally high, and z should be reduced even further to avoid
wasting interrogations. Indeed, one might argue that no further
interrogations should be addressed to it; however a more conservative approach
is to only relax the constraints on Z/Z by a factor of two, from 10 to 20, and
this only in the extreme situation in which the aircraft has been returned to
the monitor state from the acquisition state three or more times.

5. At the other extreme, in the absence of altitude information, an
aircraft should be assigned to the acquisitionstate if the probability, P, of
detecting its squitters and fruit is sufficiently large, no matter what the
past history of interrogations haa been. It is obvious that this should be
done when the detection probability, P, is one; for there is then no way of
estimating just how close the aircraft my be. That assignment should proably
also be mde when P is as small as 1/4 or 1/8 since the antenna switching on
the two aircraft could cause three out of four transmissions to occur on an
antenna pair for which the path loss ia high. The conservative value of 1/8
was chosen. However, even if P exceeds 1/8, there is no certainty that the
assignment to the acquisition state will always be made; all that can be
specified is the probability of its being made. The parameters were selected
so that the transition from the monitor state to the acquisition state will be
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made wfth a probability of at least
transition is not mde on the firet
continue to be received, the entire
probability that it is assigned the
iterations will be 99%.

90% whenever P exceeds 1/8. Thus, if the
attempt and the aircraft!s transmissions
procees will be repeated and the
acquisition state on one of the first two

Finally, an aircraft should not be purged from the system while there
6.
is any significant chance that it soon will be reassigned to the monitor
state; for if that occurs the history of past interrogation will be lost. On
the other hand, to reduce the memory load, an aircraft’s ID should be purged
when there is little chance of receiving further transmissionsfrom it. A
requirement was imposed that aircraft for which P is less than 1/50 be purged
from the system with s probability of 90%.
These factors lead to the set of constraints listed in Table 4.3. These
constraintscan be translated into numerical limits by drawing upon the
performance expressions for Sequential Probability Satio Tests. The
expressions involve
Pl, the value of P above which it is desired that the acquisition
state be assigned,
6, the probability that this assignment ia in fact not rode,

Po, the value of P below which it is desired that the address be purged
from the system and a, the probability that this is not done.
These valuea are P1 = 1/8, P. = 1/50 and a = 6 =0.1.
Approximate e~ressions for C, Z and z in terms of Pl, po, a and 6 are
available in kf. 8 for the situation in which at most one squitter, or fruit,
is received from an aircraft per scan. Tbia situation will arise when the
ground interrogation rate of Wde S transponders is small. It fa a “worst
case” situation for the issues of concern here. The expressions are
-in@
c = --------(l-PO)
In ----(I-P1)
in (a@)
--------(l-PO)
In —---(l-P1)
-

z=

z-

in (P1/pO)
---------(l-PO)
in -----(l-P1)
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TABLE 4-3
CONSTRAINTS ON THE VALUES OF C, Z AND Z.

z = z-c
2/2 ~ 3

Prior to first interrogation

2/2 ~ 10

After first interrogations but,

Zfz ~ 20

If it appeara transponder is malfunctioning

For P ~ 1/8

Acquisition state assigned with probability Of at least 90%

For P < .02

Mrcraft

ID purged with probability of at leaat 90%

Introducing the values of PI, Po, a and 6 into these expressions yields
c=20.3, 2=40.6, and z=16.2, which are rounded off to
C=20
2-40
z=l

6

Note that the theory also states that the mean time required to reach a
decision when P = PI is aeerOximatelY C/(l+plZ), Or abOut 7 seconds.
These values satiafy the constraints that apply before the first
interrogation has been made. Thus they may also be used for that situation.
The remaining issue is how to reduce z on subsequent returns to the monitor
state from the acquisition state. Table 4-3 implies that z should be no less
than four for the first and second return and no less than two for any
subsequent return. This suggests that the sequence of values for z be
16,x,4,2 where x is a value to be determined.
Simulation studies of the kind discussed in Section 4.7 have indicated
that the performance of tbe system is not very sensitive to the choice of x.
~us it is appropriate to continue the geometric pattern and take it to be 8.
4.3.3

Altitude Processing

For a target aircraft that may possibly be a threat in range, the
function of monitor state altitude processing ie to detemine whether
available altitude information indicates that the aircraft is not a threat in
altitude. The processing divides naturally into two parts. In one, estimates
of the relative altitude rate ara derived from the sequence of fruit replies
received from an aircraft that has been assigned to the monitor state. In the
other, the threat that an aircraft represents in altitude is evaluated
whenever the value of the sum “describedin Section 4.3.2 becomes at least as
large as the threshold Z. These two aspects of the processing are discussed
in more detail below.
me Information available is the seq!lenceof altitude reports contained
within the fruit that have been received from the aircraft. However, otiy a
few of the most recent values are significant. Because Of that (and tO r~uce
the storage requirements), the threat assessment is based upon the most
recently received altitude and the most recently calculated estimate of the
altitude rate. The two primary design questions are then: HOW ehould the
altitude rate be estimated and how should be threat be asaessed?
Sste Estimation.- ~te estimation involves a cmspromiae. An up-to-date
estimate of the rate is desired, which implies that the twu most recently
received values of the altitude should be used in the estimate. On the other
hand, the values used must be separated by enough time to ensure that the
estimate is not corrupted by the quantization of the altitude reports.
Finally, the time separation should be small enough to ensure that the true
altitude rate is being measured. The compromise may be struck in a nmber of
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the approach used in the simulation described ‘n ‘ection 4’7 ‘s as
follows:

WaYS,

For each aircraft assigned to the monitor state, an altitude, an altitude
rate, and the time at which they aPPly is ‘etained ‘n a ‘ile. Initially, the
first altitude report received frOm the aircraft iS stOred in the file. Each
aubaequent altitude report replaces the one that is stored unless the time
between the two reports is leas than 20 seconds, in which case the newly
received report is discarded. When a new altitude is to be stored, it and the
altitude it is to replace are used to re-estimate the altitude rate. The new
rate then replaces the previously stored rate unless the time separation Of
the two reports exceeds 120 seconds, in which case nO rate estimate ia
retained.
The above procedure does not always ca[lsethe mOst recentlY received
altitude to be saved in the file. If the most recent altitude were saved, and
no other altitudes were recorded, the elapsed time between the stored and
newly received altitudes could at times be so small that a useful estimcte of
the altitude rate could not be obtained. Of course, this could be remedied by
retaining additional altitude information in the file, but the apprOach
described here provides satisfactory perfor~nce.
With this apprOach, the
stored altitude and the altitude rate were valid less than 20 s@cOnds agO
unless allaltitude report has not been received for 20 seconds in Which caae
they were valid less than 20 seconds before the last received repOrt.
Having chosen the means by which an aircraft’s altitude and altitude rate
are determined, it remains to specify the means by which the aircraft threat
is assessed.
Altitude ~reat Asesament. - k aircraft should not be considered a
threat if the altitude separation from it ia large and will continue to be so
for the immediate future. Stated more precisely, an aircraft should be
col~sidereda threat and it should be assigned to the acquisition state if
either 1) no altitude information is available, Or 2) the altitude separation
is, or has recently been, less than some critical separation, or 3) the
separation could become zero within some critical time. In the simulations
reported in Section 4.7 a critical separation of 3,000 feet and a critical
time of 60 seconds were used.
In particular, when the sum associated with an aircraft becOmes aS large
as the threshold Z it is assigned to the acquisition state unless the
following conditions are aatisified:
1.

h

altitude has been received from it and

2.

When the altitude was stored the vertical separation exceeded
3,000 feet and either

3a. The altitude rate was estimated within the laet 60 seconds and at
that rate the vertical separation of the aircraft could not become
zero for at least 60 more seconds or
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3b. h altitude rate was not estimted within the last 60 seconds but,
assuming that the aircraft has been closing in altitude since the
last altitude was stored and that the closure rate does not exceed
the sum of 6,000 feet per tinute plus the m~itude
of the rate for
the TCAS aircraft, the present vertical reparation either exceeds
9,000 feet or the additional time required for it to reach zero
exceeds 60 seconds.
The last condition, 3b, pertains to situations in which a recent estimate
of the rate is not availeble, and should not erise often since the parameters
of the mnitor state proceeding have been chosen so that several altitude
reports will usually be received before the threshold Z is reached. Moreover,
it affects the performance of the processor significantly only when there are
many aircraft for whom the vertical separation from the TCAS aircraft is
rather large but from whom few altitude reports are received.
Condition 3b can occur when the fruit rate is low either because few
surveillance replies are requested by other interrogators or because the link
geomtry is such that they do not reach the TCAS aircraft. since the former
situation can be encountered on oceanic flights and the latter can be
encountered in overflights of high density terminal areas, the condition has
been retained in the design and is included in the simulations reported in
Section 4.7.
4.4

Acquisition State
4.4.1 Functions

The processing of aircrsft in the acquisition state is similiar to that
used in BCAS (Ref. 7) and need be described only in broad outline and in
contrast to the BCAS processing.
Tbe functions of the processing are to determine the range of aircraft
and to asaess the threat they represent. If that threat is significant, the
aircraft is assigned to the track state. Otherwise, the aircraft is assigned
to the dormant state or the monitor state. In making these assignments it is
necessary to limit the number of interrogations to aircraft from whom replies
are not received. This litit mst balsnce the goals of ensuring that all
threatening aircraft are assigned to the track state and of avoiding
unnecessary interrogations that could cause the interrogation limiting
algorithm to compromise the collision protection provided by the system. The
means of achieving these goala are discussed in turn below.
4.4.2

Threat Acseasment

In the acqutaition state the threat represented by an aircraft is
determined,from its altitude separation from the TCAS-quipped aircraft and
its slant range.
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Altitude Separation.- The altitude information is used in much the same
way as it is for the monitor state. The two processes differ only in that
altitude information will be obtained from replies to interrogation, rather
than from fruit. Thus, except for some tinor changes, the altitude processing
for the acquisition state is ae described in Section 4.3.3. In particular, an
aircraft is removed from the acquisition etate and reassigned to the monitor
state whenever the altitude information indicates that it cannot become an
immediate threat.
It my be noted that a transition from the acquisition state to the
monitor state ia not allowed in Fig, 4-2. It was otitted from the figure and
the accompanying text to simplify the initial description. A more complete
description which distinguishes between the use of altitude and range
information ie shown in Fig. 4-9.
Slant Wnge and Time-to-Endanger.- The range information is used to
determine the length ot time durin~ which a collision cannot occur when there
is no vertical reparation between the two aircraft. This time ia called the
time-to-endanger and ia denoted by TE. The available information upon which
the calculation of TE is based is the range, the mximum capable airspeeds of
the two aircraft and the knowledge that a 250-Kt speed limit exists at
altitudes below 10,000 feet. Because this epeed litit is sometimes waived, it
is aesumed that the interrogated aircraft does not obey it. It is assumed
that the TCAS aircraft does conform to the speed limit. Thus, above 10,000
feet, TE ia the range divided by the eum of the mximum capable airspeede, and
below 10,000 feet, it is the range divided by the sum of the speed limit and
maximum capable speed of the interrogated aircraft. A conservative speed
limit of 300 knots is used in the system simulation discussed in Section 4.7.
The msgnitude of the threat represented by an aircraft is inversely
related to TE. The question is: what is the value of TE for which an
aircraft should be assigned to the track state? The value mst be large
enough to ensure that the track state is assigned before the aircraft reaches
the threat boundary used by the CAS logic. For 1200-Kt and 500-Kt head-on
encounters this boundary is reached when TE equala 33 and 27 seconde,
respectively.
Since the two times given above are comparable and since some additional
time is required to establish a track that can be used by the ~S logic, there
ia little advantage in letting the threehold value of TE depend upon altitude.
Instead, a single threshold value of 41 seconds was used in the simulations
described in Section 4.7. In the abaence of the interrogation limiting
constraint, the use of a larger threshold would provide added collision
protection by cauaing aircraft to be tracked at greater ranges. However,
action of the interrogation limiting algorithm could in fact reduce the range
at which aircraft are detected if this threshold were mde larger.
4.4.3

Interrogation Parameters

The above discussion assumea that the interrogations mde by TCAS elicit
replies. It remains to discues the selection of the rate and the power of
interrogation addreseed to an aircraft.
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Parameter Selectica Considerations.- Several factors enter into the
choice of these parameters. The interrogation rate and power should be
sufficient to ensure an adequate reply probability. However, neither the rate
nor the power should be excessive, for the resulting action of the
interrogation Itmiting aleorithm my then ‘compromise the collision protection
that is provided.
It is not necessary for replies to be received from all aircraft assigned
to the acquisition state. Some assignments my have resulted from unusually
high power etitted by aircraft whose ranges are so great that they cannot be
threats. Fsilure to elicit a reply from such an aircraft will cause the
increment z to be changed when the monitor state is reassigned to the
aircraft. Th~~, in turn, will prevent its being returned.t.o the acquisition
state and..
reinterrogated untilits level”of squitter/fruit activity has
increased.
The designcho”ices to be made are then: what power level should be used ...
for int.e.rroeations
..sndhow..
m.ny incerrog.stionsshould be mde before tbe
acquisition attempt is declared a .failt~re?
Power kvel. - me choice of.the power.reflects the fact that the
Interrogationlfnk”is nominally as reliable as the link for the reception.~f
squitters andrepli.
es to interrogations. Thus if the presence of an aircraft
were detected with an MTL”6 dB above the.tinimum value, an interrogation power
6 dB below .the mximum vdfie should suffice to elicit a reply.

I

I
1

The balance.:betweenthe two links 4s not exact; in any specificeitua.tion
consistent rationale for less..
a substantial”imbalance my exist. ~eonly
interrogation power is thst Wde C fruit is not present on the interrogation
link. But this doee not justify a general reduction in the interrogation
power since the proposed power fight be inadequate to elicit a reply from a
threatening aircraft whoee transponder sensitivity is low relative to its
power output. Such an aircraft would seem to benefit from an increased
interrogation power. However, simulation studies of the type discussed in
Section 4.7 indicate that such an increase is not needed to obtain
satisfactory performance. Moreover, to adopt an increase in the interests of
conservatism could be ill-advised since the constraints imposed by the
interrogation limiting algorithm would then be tightened. Hence the decision
to mstch the interrogation power to the ~L.
Interrogation &te. - The following factors were considered in choosing
the wximum number of interrogations allowed during an acquisition attempt.
The number mst be large enough to ensure that a threatening aircraft is
acquired in time for evasive =neuvers to be taken. On the other hand, the
number should be small enough to prevent unnecessary restriction of the
collieion protection by the action of the interrogation limiting algorithm.
The choice between the extremes.is not critical since the mximum number of
interrogations will rarely be employed.

I
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Some @idance in inking the choice is provided by the conditions under
which the acquisition state is assigned by the monitor state processing.
Examination of that processing shows that the acquisition state is assigned n
scans after the sum has been initialized only if the number, nr, of squitters
and fruit received is approximately equal to (20 +B)/z where B is the number
of scans during which there were no receptions. If only squitters were
received, B would equal n-r and, for the state change to occur in n scane, nr
would be approximately equal to (20 + n)/(z +1). Then one could conclude that
the reliability of the reply link was (20 ti)/(z +l)n.
As noted in Section 4.3.2, the mean vaIue of n is about 7 for the
situations in which it is desired to assign the acquisition state with z equal
to 16; thus the link reliability is on the order of 1/4 when the acquisition
state
is
first
assigned.
Consequently,
if the interrogation and reply links
are balanced, an averege of about 4 interrogations should be needed to elicit
a reply. If fruit are SISO received, the link reliability will be less than
this estimate and more interrogations my be needed. Conversely, the antenna
switching for acquisition is not random, as it Ss during monitor processing,
but is determined by the history of successful receptions. Thus, fewer
interrogations than four tight suffice.
Faced with these uncertainties, and the knowledge that there is little
penalty in erring on the high side, it was decided to allow a msximum of 6
interrogations during an acquisition attempt after one or two previous
attempts
have
failed.
A larger
value, 9, is allowed for the first attempt to
reduce the chance of faiIing to acquire a truly threatening aircraft with a
substandard transponder. At the other extrema, after three previous failures,
each accompanied hy a decrease in z, it is assumed that there is little chance
a reply will ever be received. This would suggest that the aircraft not be
interrogated further, but conservatism indicates one interrogation on each
acquisition attempt after the third.
I

i
1

Simulation studies of the kind discussed in Section 4.7 were used to
explore the change in system performance that would result from smIl
variations of the numbers of interrogations presented above. Little change
was observed so the choices were adopted.
4.5

Track State

Ao aircraft that has been assigned to the track stete is interrogated
regularly and tracked. These operations differ from those used in BCAS in
onlv two regards. First, the interrogation Power is varied according to the
aircraft ra~ge and, second, the altit;de processing has been reedifiedto
incorporate the improvements introduced in the processing of other states.

I
The decision to vary the interrogation power with aircraft range stemed
from two factors. One was that there is no reason to use the msximum possible
power to interrogate aircraft in the track state when a lower power sufficed
to obtain a reply in the acquisition state. The other was that the power used
for acquisition interrogations is as large as allowed by the interrogation
lititing algorithm. If that power provided s detection range of 20 nti.,
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there is little point in using it to interrogate a target at a range of 2 nti.
If excess power is used to track a close-in aircraft, the range at which other
aircraft are acquired will be reduced by the interrogation limiting algorithm,
thereby reducing the overall collision protection provided by the system.
The mnner in which the interrogation power should be varied with range
is not immediately clear. In the absence of any channel fading, a reasonable
procedure would be to vary it as (R/R0)2 where R is the range of the aircraft
to be interrogated aIldRn is the surveillance range for maximum power
(30 nti). That is, the power used for a range R should be reduced by
20 log(Ro/R) dB from the power used at the maximum range Ro. Since link fades
due to mltipath and aapect angles occur frequently, this manner of varying
the interrogation power is not acceptable, but it becomes mch more promising
when an adequate fade margin is included in it.
Examination of link propagation data indicated that a margin of about
10 dB was more than adequate. Thllsthe interrogation power to an aircraft at
a range R tight reasonably be taken to be 10 + 20 log(30/R) dB below the
maximum possible power. This power tight still exceed that used to
(successfully) acquire the aircraft, so we limit the interrogation power to
the lesser of the above expression and the power used for acquisition.
The resulting variation with range is shown in Fig. 4-10 and is
summarized in the statement: the interrogation power used for tracking is the
maximum power for ranges greater than 10 nmi and decreases as the square of
the range for ranges of less than 10 nmi: however it never exceeds the
interrogation power used for acquisition.
For the issues of interest here, the altitude processing in the Track
state is identical to that used for the acquisition state. Thus the monitor
state is assigned to an aircraft under the same conditions as it would be if
the proceeding were occurring in the acquisition state. These properties were
summarized in Fig. 4-9. Detailed descriptions of the system implementation
are given in (Ref. 7).
4.6

Dormant State

This state is assigned when the reply to an interrogation indicates that
the target cannot be a threat in range for a time that exceeds the threshold
TH . In such situations the aircraft should not be interrogated further until
a time TE-TH &s elapsed. It is for this time that the aircraft is assigned
to the dormant state.
At the end of the interval TE-TH the aircraft may possibly become a
threat again so its activity mst then be monitored as is that of other
aircraft. That is, it ~st be assigned to the monitor state or purged from
the system. Somewhat better performance is obtained by assigning it to the
monitor state. This is particularly true if the file on the aircraft’s
altitude and altitude rate ia updated during the time it is assigned to the
dormant state and that information is retained when it is assi~ed to the
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power.

This approach will result in a larger number of aircraft being
assi@ed to the monitor state than would be if it were purged when the
interval TE-TH has elapsed. However, after assignment to the monitor state
from the dormnt state, most aircraft are aeon purged from the system in any
caae. Thus assigning the monitor state to them does not atreaa the storage or
procesafng capabilities of the system.

monitor

4.7

state.

Performance Evaluation

The performance of tbe surveillance proceaaor is indirectly coupled to
the operational environment through the interrogation limiting algorithm.
That coupling mnifeats itself through the value that ia asaigned to the MTL
used for the detection of squittera and Mode S fruit. Thus the performance of
the processor can be evaluated by first determining the MTL values for which
satisfactory collision protection ia provided and then determining the value
that the MTL will asaume in the operational environments of interest.
The reaulta of the first step of that process are diacusaed here. The
conclusion is that satisfactory protection ia provided when the MTL is raiaed
as high aa 6 dB above the nominal value of -74 dBm. As dlacuaaed in
Section 5.5, in the intended operational environments the MTL till not be
raised by more than 6 dB at low altitudes or 3 dB at high altitudes. Thus the
ayatem can provide the desired collision protection in the intended operating
environments.
4.7.1 Performance @ala
TCAS II ia intended to provide collision protection in several different
operational environments. Here the extremes represented by the low-altitude
high~ensity environment and the high-altitude, low-density environment will
be used to measure the acceptability of the design described in Sections 4.1
through 4.6. The transition from low to high altitude occurs at an altitude
of 10,000 feet.
Below 10,000 Feet.- At altitudes below 10,000 feet TWS 11 ia intended to
provide colliaion protection from aircraft on head-on collision couraea at
relative airspeeds of 500 kta. In such encounters the “Threat kundary” used
in planning evaaive mneuvers is crossed 27 aeconda before collision. It ia
mandatory that tbe aircraft be asaigned to the track state before that
boundary is crossed. To allow some time for the planning of evasive mneuvers
it ia desired that, tith a 90% probability, it be assigned at leaat five
seconds earlier.
The above goal should be met when the TCAS II ia in an environment of
transponder-equipped aircraft that are uniformly distributed in an area out to
a range of 5 nfi with a density of 0.3 per nfiz, and are uniformly distributed
in range beyond 5 nmi. That ia, the number, N(R), of aircraft within a range
R is given by:
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N(R) = 0.3 R2
for R<5 nmi ana by
N(R) = 7.5
for R

(R/5)

5 mi.

Above 10,000 Feet.- At altitudes above 10,000 feet TCAS II is to proviae
protection against head-on collisions at closing speeds of 1200 kts, but the
peak density of aircraft is only 0.06 per nmi2 At these speeaa the threat
bounaary is crossed 33 aeconas before collision. Again to allow some time for
the planning of evasive maneuvers, it is desires that the aircraft be assignea
to the fiack state at least five seconas before the Threat Boundary is creased
with a probability exceeding 90%.

I

The aensity of aircraft in which this requirement must be met is uniform
in area for ranges less than 10 nmi, and is uniform in range for larger
ranges. mat is, the number of aircraft, N(R), titbin e range R of the TCAS
ia given by:
N(R) =

R2

for R<1O ana by
N(R) = 100
for R

(R/10)

10 nmi.

Other Considerationa.- Several other factors influence the systm’s
performance. These incluae: the nmber of other TCAS units operating in the
area, the fraction of the tranaponaer-equipped aircraft that carry Mode S
transponaers, the aistrlbution of altituae ana airspeea for those aircraft
and, finally, the number of aircraft that are generating Moae C fruit. Ml
but the last factor Influence only the value of the MTL uaea for the aetection
Since the NTL is treated aa a free parameter in this
of squitters and fmit.
section, only tbe fruit level needs to be specifies. A worst case assumption
is maae that no Moae S ground sensors are operating naar the TCAS-equipped
aircraft so the fruit environment is that associate tith the given spatial
aiatribution of aircraft when all of tham carry ATC~S transponaera.
4.7.2 Moaels
Simulation models were combined tith non-real time processing of flight
test aata to evaluate the system performance. Thosa evaluations involve 1)
the probability that a received signal of a given power level will be aetected
in a given ATCSBS fruit environment, 2) the rate at which aquitters ana Moae S
fmit are generated by a transponder ana 3) the distribution of the power
“levelsreceives by the ~AS and by the Nnae S transponders it interrogates.
The model for the distribution of power levels was essentially that uses
in earlier atuaiea of BCAS (Ref. 4). The exception was that the random

4-34

scan-to-scan variation in the TCAS power and sensitivity was eliminated so
that the dynamic performance of a single TCAS unit was described rather than
the static performance of an ensemble of such units. Squitters are generated
at the rate of one per second, by design, but the generation rate for Mode S
fruit depends upon the operational environment. ~is rate ia conservatively
estimated at one per second.
The expression for the detection probability was derived from the results
available for an environment in which the ATCRBS transponders are unifomly
distributed in area. That expression is (Ref. 7, p. g).
PD = Po(P) Pf [P-10 10g(p/O.06)1
where P is the received power level, Po(P) is the detection probability in the
absence of fmit, P is the (uniform) density of ATCRBS transponders and Pf[.]
is a function that accounts for the effects of ATCRBS fruit. The above
expression is for the situation in which error correcting decoding is not
employed. The approximate effect of error correction decoding is to replace P
by p/2, i.e., to reduce the fruit density by a factor of two.
me function pf[.1 has been dete~ined by careful aimulatiOn ‘or a
unifom ATCRBS environment but not for the environment of interest here.
However, a simple analysia suggests that in general Pf[.] is given
approximately by the expression
Pf[y]

=

WP

-

N(Y/2)

where N(y/2)
ia the average number of ATCRBS fruit that overlap a Mode S
signal and that are received at a power level exceeding Y/2.
For a unifom density of ATCRBS transponders the above approximation to
Pf[.] agrees reasonably well tith the result obtained by simulation (Ref. 7,
p. 9). Therefore it waa used for the non-unifom distributions specified in
Section 4.7.1.
4.7.3 Results
The performance of TCAS in the head-on encounters described in
Section 4.7.1 waa evaluated by simulating the operation of the Mode S
surveillance processor and driving that simulator either tith an RF link
eimulator that generated the models described in Section 4.7.2 or tith flight
test data recorded by the Mrborne Measurement Facility (ANF) (Ref. 7).
The RF link simulator was used as the driver during much of the TCAS
development because it could be used to model a wide variety of situation.
Since those models did not include a nuber of poaaibly important effects such
as mltipath, the available flight test data recorded on AMF tapea duri~ the
BCAS development was used to validate the overall performance of the system.
In particular, for the collision encounters specified in Section 4.7.1, the
probability that the aircraft would be assigned to the track state at leaat
t seconds before the projected collision time was detemined from both the
flight teat data and the link simulator.

4-35

——

,...,.—.--—.———

—

The desired probability was obtained by configuring the simulator and
driver for a head-on collision at the desired airspeed, altitude, and fruit
environment. men the W link simulator was used as a driver, this merely
entailed setting the parameter values to the desired level. men the AMP
tapes were used, the rate at which the recorded encounters were sampled,was
adjusted to scale the apparent relative speeds to the desired value, and some
of the samples were corrupted to simulate the desired ATCRBS fruit
environment. A series of encounters were then run and analyzed to determine
the probability of interest. The results are discussed below.
4.7.3.1 Low Ntitude

Encounters

Figures 4-11 through 4-14 show the probability that an aircraft whose
maximum capable airspeed ie 300 kts will be assigned to the track state at
least t seconds before collision when it is on a head-on collision course with
the TCAS aircraft at an altitude of less than 10,000 feet with a relative
airspeed of 500 kts. A larger maximum capable airspeed would cause the
aircraft to be assigned the track state even sooner.

I
,

Tbe results are for the situation in which the peak aircraft density ie
0.3 per ntiz and bOth power programming and error correcting decoding are
employed. As will be discussed subsequently they are also valid when the peak
density is 0.15 and neither power programing nor error correction is used.
In each figure tbe projected collision time ia taken to be zero and the time
at which the threat boundary is crossed is indicated by a vertical line.
Performance with the RF Link Simulator.- Figures 4-11 and 4-12 were
obtained by mnning 300 encounters with the RF link simlllatorand plotting the
fraction of the mns for which aircraft were assigned the track state at leaat
t aeconda before the projected collision. Thus for the encounters described
by ,the rightmost curve in Fig. 4-11 all of the aircraft were assigned to the
track state about 20 seconde before the threat boundary waa crossed.
Figure 4-11 applies to normal operation of the surveillance processor
with ~ts
raieed 6, 9, and 12 dB above nominal for the detection of Mode S
sq”itters and fruit. For ~L’s raised by 6 and 9 dB, 90% of tbe aircraft are
assigned the track state about 20 seconds before the threat boundary is
crossed. The performance differs little for these values because nearly all
of the aircraft are aasigned to the dormnt state well before the threat
boundary is crossed and are reassigned to the monitor state only when they are
close to the threat boundary and the link reliability is even higher. Thus
the performance for these MTL’s is determined by the time required to asaign
an aircraft to the track state when the link reliability ia high. In such
situations one can cause the aircraft to be assigned to tbe track state
T seconds earlier by merely increasing the threshold TB from its nominal value
of 41 seconds to 41 + T Seconds. This can be done so long as the aircraft are
still detected and asaigned the dormant state well before the new threshold is
crossed.
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The situation changes when the MTL is increased by 12 dB. Then a
significant number of aircraft ara not datected until the time-to-endanger is
less than TS and the performance curve is determined by the tima at which the
aircraft are first detected. Even then the performance of the surveillance
processor is satisfactory in that 90% of the aircraft are assigned to tbe
track state 15 seconds before the threat boundary is reached. To provide a
scale of reference, it will be seen in Section 5.5 that the MTL increase does
not exceed 6 dB in the environments for which TCAS is designed to operate.

.

As indicated earlier, the RF link simulator used to obtain the above
reaulta does not realistically model the effects of multipath and fades due to
shadowing. Some measure of the magnitude of these affects can be gained by
introducing a 20 dB fixed loss in the simulatad bottommounted antenna. The
probabilities that were obtained when the encounters described above were
repeated with this loss inserted are shorn in Fig. 4-12.
It is apparent from Fig. 4-12 that the loss of the bottom antenna has
very little effect upon the track probability when the MTL is raised 6 dB.
Essentially all of the aircraft are still assigned to tha track state about
20 seconds before the threat boundary is reached. The effect of the addad
leas is more pronounced when the MTL is raised 9 or 12 dB, but even then, at
least 90% of the aircraft are assigned to the track state before the threat
boundary is crossed. However, for an MTL increase of 12 dB, small changes in
the model for the system noisas my cause significant changes in the time at
which 90% of the aircraft are in track. That is, the performance will be nmch
more robust when the MTL is raised 6 dB than when it is raised 12 dB.
Performance with M
Data.- Further evidence that the Mnde S surveillance
processor will provide satisfactory collision protection for tha head-on
encounters under discussion was obtained by driving the simulated processor
with ~
tapes of thirteen head-n encounters. The characteristics of the
encounters are deacrfbed in Table 4-4. As discussed abova tha relative
airspeed and fruit environment were scalad to the values of intereet here. In
particular, the encounters were speedad up to a closing spaed of 500 kta
rather than tha actual airspeeds of the aircraft listed in the table.
The six encounters flom over water exhibited substantially inferior
performance compared to the flights that occurred over land at the same
altitude. This was probably due to mltipatb interference, but other cauaes
such as equipment failures cannot be ruled out. Becauae of tha disparity In
performance between the two kinds of flights, the track probability was
determined for each set separately. Figures 4-13 and 4-14 show tha results
obtained from the over-land and over-ater flights, respectively, for MTL
increaaes of 6, 9, and 12 dB. Each figure also containa the curve from
Fig. 4-11 for an MTL increase of 12 dB.
The performance obtained with the over-land ~
tapes is very simflar to
that obtained with the RF link simulator. This implies that the link
reliabilities in the over-land flights were large enough that the Dormant
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TABLE 4-4

CHARACTERISTICS OF mCORDED FLIGHT ENCOUNTERS.

I

I

Note:

I

AIRCRAFT
TCAS

OTHER

B727
C580
C580
C421
C421
c421
c421
B727
C580
C580
C421
c421
c421

BONANZA
C421
c172
BONANZA
C172
CHERO~E
CHEROKEE
BONANZA
C421
c172
BONANZA
BONANZA
CHERO~E

All encounters were headwn
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SURFACE
LAND
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..
..
..
..
..
WATER
..
..
..
..
..

at about S,000 feet MSL.

was assigned well before the threat boundary was reached. In contrast,
the performance obtained with the over-water flights differed mrkedly from
the over-land performance at ~L increaaes of 9 and 12 dB, but was comparable
at an MTL of 6 dB. Detailed examinations of the records indicated that the
difference was caused by signal fades for which the link was unreliable at MTL
increaaes of 9 and 12 dB”Y”
but for which it was still reliable at an MTL
increase of 6 dB.
state

.
.

Conclusions.- Satisfactory collis$on protection against the stipulated
head-on encounter is provided in all situations when the MTL is no more than
6 dB above notifial,and is not provided when the MTL is raised by 9 dB. If
the over-ater ~
tapes were not included in the analysis, an MTL increase of
12 dB ti2ht be acceptable but the protection would then be sensitive to the
detaila of the link disturbance.
The above conclusions ar.e.:b~sed
upon ..aimulations
in wk+ch the peak.
aircraft density was 0;3””per.nti and both power progradng and error
correcting decoding wereused in the surveillance processor. However, they
are also valid for aaituation .inwhich the peak aircraft density is O.1.5per
n~2. and neither .PQYer
PrOgrsm~.ng.,nor error correcting decoding “is uae”d.”
~~~
There aretwo .reaaons for this.
First, the parameters of tke power programming were chosen so that they
did notcamprotise the collisi.oaprotection provided by the system when the
MTL is fixed.””Thus, the removal of power programming does not effect tke
results presented in Figs:..4-l
1“tkrough..4-14. Second, the aircraft demity
influences the collisionprotection afforded at a 2iven .MTL setting only
tkrough the ATC~S fruit asso&iated with it. Thus changing the peak density
from 0.3 to 0.15 will improve the performance by reducing tke interference
from such fruit. & discussed in Section 4.7.2 that improvement haa been
estimted to be equivalent to a factor-f-two increaae in the argument of the
function Pf[$]. 0s the other hand, the elimination of error correcting
decoding has been estimated to be equivalent to a factor-of-two decrease in
the argument of Ff [.]. Thue the two factors cancel and the link simulator
parameters re~in unchanged.
4.7.3.2 H2h

Mtitude

Encounters

The collision protection provided at altitudes above 10,000 feet was
determined in moth the came way aa it was for lower altitudes.
Performance with the M Link Simulator.- Figures 4-15 and 4-16 give the
proba%ility that an aircraft will be aaai2ned to the track state at leaat
t seconds before collision when it is on a head-n collision course with tke
TCAS aircraft at an altitude of more than 10,000 feet with a relative airspeed
of 1200 kts and both aircraft have a mximum capable airspeed of 600 kts.
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The results were obtained with the W link simulator and are for the
situation in which the peak density is 0.06 per nti2 and both power
progradng
and error correction decoding are employed. For tbe reasons given
at the end of Section 4.7.3.1 they also apply to the situation in which the
peak density ia 0.03 and neither power programming nor error correction is
used.
The interpretation of the figures ia similiar to that of Fig. 4-11 and
requires little elaboration. It is clear from Fig. 4-15 that when both
antennae are operating normally, the performance is satisfactory for MTL
increases of O and 3 dB, but not for 6 dB. For purposes of comparison in the
high-altitude environments for which TCAS ia intended, the ~L will not exceed
3 dB.
A msaaure of the robustness of the above result is provided by Fig. 4-16
in which it is assumed that a fixed loss of 20 dB is inserted in one of the
antennas. Even with this loss, at least 90% of the aircraft are assigned to
the track state before the threat boundary ia crossed when tbe MTL la raiaed
by O or 3 dB.
Performance with W
Wta. -tily two of the encounters listed in Table 4-4
were started at large enough rangea to be useful in evaluating the performance
of the surveillance processor againat high-speed aircraft. For one of these
(c421, Bonanza, land) the track state was aaaigned 40 seconds before collision
for all three valuea of the MTL. For the other (B727, Bonanza, water) it was
aasigned 40 seconds before collision when the ~L wae raieed by o and 3 dB and
33 seconds before collision when it waa raiaed by 6 dB. These times are
consistent with those obtained with the SF link simulator.
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5. INTERFERENCE LIMITING
Interference limiting is carried out by each TCAS II unit to keep
interference effects to other ayatems at an acceptably low level. As
described in Chapter 2 (Sec. 2.1 and 2.5) the interference limiting standards
previously developed for BCAS had to be modified in the TCAS development
program for several reasons: (1) to provide for directional interrogation,
(2) to control self suppression, and (3) to control the fruit generated by
TCAS.
Interference limiting standards have been developed in a form suitable
for adoption as a National Standard. These standards, described in the next
section, are inequalities that specify maximum valuee of interrogation power
and interrogation rate. A given TCAS 11 unit conforms to these standards by
meane of interference limiting algorithms (Sec. 5.2), which are not
standardized in detail. For example, a directional unit and an
omnidirectional unit may employ different interference limiting algorithm, as
long as the standards are satiafied.
5.1

Interference

Limiting Standard

The interference limiting standards consist of three inequalities to be
satisfied by each airborne interrogator. They are summarized in Fig. 5-1.
The three inequalities correspond, respectively, to three interference
phenomena: (1) air-to-air effects on transponder reply ratio, (2) suppression
of the on-board transponder, and (3) generation of Mode C fruit.
These inequalities were originally derived analytically. Subaequantly
they have been tested through a comprehensive and detailed simulation study at
the Electromagnetic Compatibility Analysis Center (ECAC) in Annapolia.
5.1.1

Derivations

The folloting derivations illustrate the nature of the issues involved.
5.1.1.1 Reply htio
A limit of 2% has been placed on the reduction in transponder reply ratio
by TCAS II. This is a conservative basis for interference limiting
since a drop in reply ratio of 2% would not significantly affect the
reliability of tracking aircraft from a ground-based interrogator.

caused

An initial question is bow to allocate the 2% total into ita two parts,
(1) effects on transponders in other aircraft, and (2) effects on om
transponder. The total could be divided into two fixed equal parts (1% each),
or into two fixed unequal parts, or into variable parts at the discretion of
each manufacturer.
A variable allocation would be undesirable since it could result in the
followi~ eituation. Imagine two population of TCAS 11 interrogators, type A
in which 1.9% of the 2% drop in reply ratio ia allocated to suppression of
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(1)

(2)

(3)

280
I P(i)
----- < the smaller of [ ------ , 18 ]
I
NT+ I
i-l 250

j M(i) <0.01 SeC,
i=l

1 K PA(k)
- 1 -----< the smaller Of [ ------ t 51
NT+l
B k=l 250

where the variables in these inequalities are defined as follows:
I = total number of interrogation transmitted hy own TCAS 11 in a
l-second period.
i - index number for all interrogations; 1 = 1, 2,..., I.
P(i) = total radiated power (in watts) from the antenna for the ith
interrogation.
NT = onboard estimate of TCAS 11 interrogators tithin 30 d,
obtained by
counting TCAS Broadcaat Interrogations, detected with a transponder
receiver threshold of -74 dBm.
B = beam sharpening factor (ratio of 3-dB beamwidth to beamwidth
resulting from interrogation sidelobe suppression).
M(i) = duration of the self suppression (or “mutual sup ression”)
interval for on transponder associated with the itE interrogation.
K = total number of Mode C interrogations transmitted by own TCAS 11 in a
l-second period.
k = index number for Mode C interrogations; k = 1, 2,..., K.
PA(k) = total radiated power (in watts) from the antenna for the kth Mode
C interrogation.

Fig.

5-1.

Interference limiting standard.
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on transponder, and type B in which 1.9% of
allocated to air-to-air effects. It follows
the type A aircraft would experience a total
than 2%. Such conditions are avoided if the
effect is fixed ad standardized.

the 2% drop in reply ratio is
that the transponder on al~ of
degradation considerably more
allocation associated tith each

The next question is whether the division should be into equal or unequal
parts. No reason has become evident to prefer allocating more than half of
the totsl to either of the two mechanisms, so the allocation adopted as the
standard is simple equality: 1% for each.
Derivation of the inequality to limit air-to-air effects to 1% begins
with an idealized situation, and then in a series of steps, r~oves the
idealization one-by-one.
Step 1. Idealized Model. Imagine a population of airborne TCAS
interrogators, unifomly distributed with a density D (interrogators/mi2),
all transmitting unidirectionally, all transmitting at a power of 250 watts
(the total mount radiated from tbe antenna), and all interrogating at a
common rate I (interrogations/see). The question is: what ia the maximum
value of I such that the rate of interrogation received at a victim
transponder of MTL = -74 dBm, referred to the antenna (which ie the nominal
MTL), satifies:
(average reception rate)

(35

s)

0.01

To anewer this, it is neceesary to know how many interrogator are tithin
range . Under the stated conditions, the interrogation range is 30 d*.
Thus letting T(30) be the number of interrogators within a 30 mi radius:
aversge reception rate = T(30)

I

where,
T(30) =

(30 mi)2

D

Thus the maximum value of I is:
280
I = ----T(3O)
Step 2. Other Power Levels. Generalize the situation by allowing the
interrogation power P to be any value, but the same for all interrogation.
The interrogation range becomes:
R=30mi

(P/250)1/2

*Interro~ation rawe refers to the ranEe at which the power margin is O dB.
Its value can be c~lculated (and confi-med to be 30 mi) using the method
given in Ref. 4, page 2.
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and the maximum interrogation rate becomes:
280
I = ---T(R)
But since
R2

T(R) = T(30)

P

= T(30)

(---)
30

(---)
250

the relationship limiting interrogation rate can be written:

Step 3. A Mx of Powers and tites. Generalize further by allowing
different rates and powers for cliff
erent interrogators. Each interrogator is
constrained to operate at some rate and power whose product satisfies the
result in Step 2. The issue is to show that the reception rate is still the
same aa in Step 2, namely 280/sec.
Let fl, f2, f3,... denote fractions of the interrogator population
corresponding to different rate-power values.
The interrogators constituting the fraction fi transmit at a rate = Ii
and power = Pi, where:

(::-)
250

Ii

280
- ----T(30)

and where:
f1+f~+f3+.

..-l

fi, it follows that the
Since the density of type i interrogators is D
reception rate from ell of the type i interrogations is 280fi. ~us the total
reception rate is just:
280fl + 280f2 + 280f3 + ... = 280

Step 4. Different Powers From Each Interrogator. Generalize further hy
alloti~ a dx of powers to be transmitted by any one interrogator providing
they satisfy:
P
--250

280
----T(30)
5-4

where the summation includes all the interrogations In 1 second. The issue ia
to show that the reception rate is still 280/aec.
Let fl, f2, f3,... be defined aa in Step 3, and let Pij and Iij denOte
the power and rate of the interrogations transmitted by an interrogator of
type i and power level j. Since the result in Step 2 can be stated:

(reception rate
at victim)

.

P
--- X I X T(30)
250

it follows that the receptions due to the i-j interrogations occur at a rate:

(::1) x Iij x T(30) x f~
250
The total reception rate is the aum of such contributions:
(total

reception
rat e)

.;

X

;X::l

Iij X T(30) X fi

250
Since the constraint on each interrogator causes the j-aumation to equal
280/T(30), the total reception rate iS just:
(total reception
=;
rate)

;~~jxT(30)x

fi=280/sec.

Step 5. Elevation Patterns. The results ao far apply to idealized
omnidirectional antenna patterns. Now consider realistic elevation patterns
for aircraft antennas mounted on the top and bottom of the fuselage (etill
omnidirectional in azimuth).
Elevation effecte depend on which antennas are involved: whether
interrogations are transmitted from top and bottom, and whether reception is
via the top and bottom antenna. The bottom-to-bottom caee approximates the
ideal omnidirectional characteristics, since aa elevation is increased above
O degrees, the gain of the transmitting antenna decreases (due to increasing
obstruction by the fuselage) while the gain of the receiving antenna increases
(due to an improvement in the geometry relative to the ground plane). These
two effects tend to counteract each other, and the came ie true as elevation
is decreased. The resulting coverage pattern is similar to omtdirectional,
except for being less at very high and very low elevation angles. Thus tbe
limiting fomula developed above may reasonably be applied to bottom-to-bottom
interrogation, and may be expected to be conservative in the sense that the
total received rate till be somewhat reduced by the departures from the ideal
at very high and very low elevation angles.
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In the case of transmission from a top antenna to a bottom ?ntenna, the
coverage pattern is considerably different. It agrees titb the
bottom-to-bottom coverage at O degreee but has more margin above aod leas
margin below. These two departures from omnidirectional behavior may be said
to counteract each other: for a given receiving transponder, those
interrogators st lower altitudes contribute more (relative to omnidirectional
behavior), and those interrogator at higher altitudes contribute lese. Here
again, the limiting formula developed above appears to be a serviceable
control on the total reception rate.
In regard to coverage, top-to-top links behave like bottom-to-bottom
links, while bottom-to-top linke behave like top-to-bottom links. Thus it
seems reasonable to use the formula developed in Step 4, applying the fomula
independently of whether the interrogations are transmitted from top or bottom
antenna.
Step 6. Azimuth Patterns. The results developed up to this point apply
to interrogations transmitted omidirectionslly in azimuth. Now the situatiOn
is generalized to include directional interrogation. Given that the
interrogator all satisfy the fomula given in Step 4, the issue is two show
that the aversge reception rate is still 280/sec.
Decompose the total population of interrogations into:
*

types of interrogators, i - 1,2,3...

e

classes of interrogations from type i interrogators:
j = 1,2,3..., each class having a power Pij and rate Iij

e

subdivisions of the i-j interrogations into azimuth sectors smell
enough to have approximately constant sntenna gain, Gijk; let
Aijk be the azimuth tidth of this sectOr.

Since the result from Step 2 can be stated:

(reception rate
at victim)

P
= --250

X

I

X

T(30)

it follows that the receptions due to the interrogation associated tith Gijk
are at a rate
Pij
(Gijk receptiOn rate) = ~~~ x Gijk Iij x

(total raception
rate)

= T(30) ~

fi ~

i

j
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Aijk
------x T(30) x fi
360°

Mjk
pij
--- x Ifj X [~ Gijk -;;;;-1
250

1

i

The k summation is just the average antenna gain in azimuth, which is unity.
~us this expression reduces to the fom treated in Step 4, and simplifies tO:
total reception rate = 280/sec.
Step 7. Imperfect howledge of Density. UP tO this pOfnt, the
constraint on rste and power:
~

;;; <

-:!!T(30)

has been expressed in tema of the density D of TCAS interrogators, through
the fsctor
T(30) =m

(30 mi)2 D

The next
which is the average number of interrogating aircrsft within 30 mi.
question addressed is how to implement this constraint, or an approximation to
it, on board each interrogating aircraft where an exact knowledge of D is not
available.
One obvious approach is to have each aircraft count the actual number of
interrogatorswithin 30 mi and use this count N as an estimate of T(30). ~is
would probably work well when T(30) is large, since some aircraft would by
chance obtain a higher than sverage value of N and others would obtain a lower
than average
value. Nben T(30) is large, these chance deviations would be
small fractions of the mean value, so that the penalty restlltingfrom a
larger-than-average value of N would not be severe, and furthermore the total
reception rate would be nearly the same as if each interrogator had used the
exact value of density. There is, however, a bias, due to the fact that:
1
1
average - > ----------N
average (N)
the bias is in the direction which would increase interference if this simple
rule were used. The bias ia emall when T(30) is large, but can become
exceedingly large when T(30) is small. Consider the caae in which some
interrogating aircraft obtains a count N-O. men usiw the constraint:
P
--- <
250

280
--N

this aircraft would be able to interrogate at arbitrarily high rates and
powers, and ao a reception rate of < 280/sec. could not be aasured. Tbia fom
of limiting standard would be unsatisfactory.
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Consider the simple change of adding 1 to N.

This change effectively biases the total interferences back in the other
direction (reducing interference). It also eliminates the problem associated
with occurrences of N=O. Futhemore, this change haa a negligible effect when
T(30) becomes large, under which cOnditiOns thete was no need fOr such a
change. This formulation, therefore, seems to be a satisfactory way of
dealing tith the imperfect knowledge of density.
Step 8. Non-Uniform Mrcraft Density. In reality, of course, aircraft
densiCy is not uniform as has been the idealization throughout the above.
Higher densities around metropolitan areas are to be expected and have been
observed through measurements (Ref. 5).

I

Even where density ia not constant, it seems reasonable to use the same
interference limiting standard as derived in Step 7. This limiting inequality
has a built-in adaptability to density; rather than being based on any
prespecified density, the inequality ceuses each interrogator to adjust to the
local density eround that interrogator. For example, in any region where
there is a uniform rate of change of density, each interrogator would be
controlled by the average density in a region centered at that aircraft. A
victim transponder would receive interrogation from a higher density eide and
a lower density eide. The higher density side wnuld have more numerous
interrogator, but with each transmitting at a proportionately reduced rate;
and vice versa for the low deneity side. Thus the total effect at the victim
transponder would be approximately the same as if the density were unifom.
5.1.1.2

I

Suppression of on
constraining

SUpP ression of Own Transponder

transponder can be limited to 1% or less by

~M(i)
------ G 0.01
1 sec.

!

where the amation
is over 1 second, and where the extent of the on-board
tranapouder suppression period accompanying the ith interrogation, M(i), MY
vary as a function of i. ~is ie rewritten to appear in the limiting standard
in the form
~M(i) <0.01

sec.

5.1.1.3 Fruit
The baais for the fruit-limiting inequality is that the Mode C fruit
generated by TCAS should not be greater than 20% of the preeent peak
transponder reply rate. Such an increase till not significantly affect the
5-a

performance of the ground-based surveillance system. Furthermore, the peak
reply rate has steadily declined over the last decade as a result of progrms
to reduce overinterrogation. It is expected that this trend till continue and
that the rates till decline even more when existing sensors are replaced with
Mode S sensors.
Currently, the peak Mode C reply rate in areas of intense ground
interrogation activity ia approximately 200 replies in a one-second period,
provided that all interrogators are operating nomally (Ref. 8).
(Omnidirectional sensors interrogating at high rates, or sensors operating
tithout sidelobe suppression can result in reply rates considerably higher
than 200 per second; but these are not nomal operating conditions).
Thus , for any transponder, the F!odeC reply rate due to TCAS
interrogations, RRT, must be less than 0.2 times 200 per second. That is,

RRT < 40 per sec.
RRT is proportional to the number of detectable whisper-shotltsequences
received by the transponder each second (reduced by a transponder
beam-sharpening factor) and it ie proportional to the average number of
replies transmitted by the transponder in reaponae to each whisper-shout
sequence.
That is,
1
RRT = - x (SW) x (RPW) 6 40 per sec.,
B
where B is the bem sharpening factor, SW is the total number of whisper-shout
sequences detected by the transponder each second, and RPW ia the average
number of replies transmitted by the transponder in response to a
whisper-shout sequence.
The significance of the beam sharpening factor is illustrated in Fig. 5-2
for a four-beam directional antenna. The area in which transponder replies
are generated is a subset of the area in which the whisper-shout
interrogations can be detected, because the P2 beam-sharpening control pattern
suppresaea transponders outside. (For =ample, measurements of the
DaImo-VictOr four-beam antenna indicate that the detection area is
B = 1.2).
approximately 20% larger than the reply area. So, for that antenna,
Using reasoning identical to that of the derivation of the first
inequality presented above, the sum of the whisper-shout sequences detected
each second is
Fmax

Sw =

(NT+

1) ~ ----,
250
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factor,

B.

where NT is the number of other TCAS units tithin a nominal 30-1
detection
range, and tiax is the power (in watts) of the highest-power interrogation
transmitted in each whisper-shout sequence.
In the specific whisper-shout sequence used in the December 1982
Loa Angeles testing, tiax is one-fifth of the sum of the total radiated powers
for the individual ~de C interrogation, PAi. That is
Pmax
---250

= ::

f;:!

whisper-shout sequence has been experimentally determined to generate
aPPrOxfmatelY 2.5 rePlies per transponder on average; thus ~W = 2.5.

This

Substituting these factors into the above equations and rearranging tema
gives the third inequality in the standard fore:
::

!;:!<

__!:- .
NTA+l

TO this inequality, a fixed upper limit is added to control
interrogations in cases when NT ia small. This limit is based on the power
sum values (left hand aide of the above inequality) for the particular designs
developed in this program, the designs teated in December 1982 in ha hgelea
(Fig. 3-15). Tbeae power aum values are
PA(i)
! I ‘---- =
B i
250

5
2.5

omnidirectional design
directional design

The third limiting inequality becomes

1
Thus the limit on the right hand side rmains
15.

constant aa NT increaaes up

to

A similar fixed upper limit is added to the first limiting inequality.
Here again the value of the limit for ~ = 15 is taken as a fixed upper limit
even for lower valuea of NT.
P(i)
280
\ ~~- < the smaller of [ ------ , 18 ]
NT+l
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5.1.2 Interference Simulation
Following the analytical derivation of interference limiting standards..
these standards are being tested through an Interference simulation conducted
by ECAC. ~is is a large scale simulation encompassi~ an extensive W
environment of many transmitters and receivers, while also including a
detailed representation of events at the microsecond level. A number of
scenarios in the Los Angeles Basin were simulated. The emulation includes
specific ground-based SSRts whose locations and transmitting characteristics
(such as transmitter power, antenna scan rate, and interrogation repetition
frequency) sre taken from a Master File of existing interrogators. Mrcraft
traffic is represented as e set of specific aircraft locationa and types,
taken from the traffic model in Ref. 9. A very large amount of computer time
ia required to run tbe simulation for each scenario. A detsiled description
of the simulati.nnis given in Ref. 10.
The simulated scenarios are in pairs: with and without TCAS activity.
The subject whose performance is being examined is the SSR at Long Beach. The
simulation deteminea for each scenario:
0

% in track, the percentage of aircraft in track at a given time

●

% updated, for the aircraft in track, the percentage whoee tracks
are are updated tith a new measurement of range and altitude in a
given scan

The main simulation results are in this form, relating to performance
attributes that may be evident to users (that is, tO air traffic controller
using the SSR dieplays). Simulation results were also generated for more
detailed performance attributes, such aa reply ratio and fruit rate, which
would not be directly evident to ueers.
1030 ~
Broadcaet. At an early stage in the simulation study it was
observed thet there was a potential problem tith interference limiting in
~ is the means by which a TCAS II unit
regard to the estimation of ~.
estimates the local density of TCAS II interrogators (Fig. 5-1). At that time
in the study, the concept for estimating ~ was to count aircraft according to
receptions of their aquitters (which are transmitted at 1090 ~z).
It was
soon realized that this counting was made quite inaccurate by the effects of
fruit. As a result it was decided to change the concept for estimating ~ to
a technique based on 1030 _
broadcasts. me interference conditions in the
1030 ~
band are mch less severe. In this concept, each TCAS II unit
spontaneously transmits self-identifying broadcasts at a rate of one in 10
seconds. me simulation study showed that the ~ inaccuracy problm was
overcome usi~ this concept.
Main results. The simulation study is not yet cmnplete. Interim results
for the maim perfomence attributes are given in Table 5-1. Results are given
for three traffic models, the highest density caae having 743 aircraft within
The middle case, 474 aircraft,
60 mi of M International Mrport.
correspotis approximately to the high density condition for which TCAS 11 ia
being designed.
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TABLE 5-1
INTERIM ~SULTS FROM INTERFERENCE SWULATION

Scenario
Msin results
------------------------------------------- ----------------Avionics tix
% updated
Total number ---------------------------% in track
of aircraft
Mode A,C Mode S TCAS II

328

75%

25%

o

79

95

328

75%

14%

11%

79

9s

474

75%

2s%

o

80

92

474

75%

14%

11%

80

92

743

7s%

25%

o

73

91

743

7s%

14%

11%

73

91
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~ese results show that the TCAS activity hss no effect on SSR
performance. The baees from which the interference limiting standards were
derived are in fact low enough so that the presence of TCAS II aircraft in
lsrge numbers would not be evident to users of ground surveillance equipment.

5.2

Interrogation Mmiting Mgoritti

For the specific TCAS 11 designs developed for testing in LOS Angeles,
the full power Mode C interrogations are at:
250 watts, omnidirectional design (Fig. 3-5)
80 watts, directional design (Fig. 3-15)*
The corresponding values of the Mode C power sum as limited by the
standard are:
l~PA
--- -;;z = 4.9, omnidirectional design
B
4.8, directional design.*
These are within the maximum limit of 5, but are not far below. Thus
these peak power levels are nearly the maximum values pemitted by the
standard.
The purpose of the interrogation

limiting algorithm is to ensure thst the

TCAS equipment confoms to the interference limiting standard of Section 5.1.
This is accomplished by controlling the nominal range at which the presence of
an aircraft is first detected.
TO control the Mode C detection range the number of transmitted
whisper-shout levels is vsried. If the range is to be reduced, the highest
power interrogation last used ia otitted, therby causing some distant aircraft
not to receive an interrogation.
The detection range for Mode S-equipped aircraft is controlled by varyi~
the MTL used to detect squittera and fruit. Aa discussed in Section 4.4.3,
this variation is retched by a change in the power used to interrogate
aircraft aasigned the acquisition state. The two controls are coordinated to
keep the detection range in the forward direction comparable in Mode S and
Mode C.
5.2.1

Structure

me algorithm exercises control through the application of the four steps
that are discussed below and which are mbodied in the flow diagram shown in
Fig. 5-3. fie steps involve interference limiting inequalities (1), (2), (3)
given in Fig. 5-1. In evaluating these inequalities, 16-second averages of
the Mode S parmeters are used, and current or anticipated valuea of the
Mode C parmeters are used.

* Obtained using Pmax - 320 watts x (90”/360°)= 80 watts, and B =
900/(3600/2.5), from Sec. 3.2.5.
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given

In evaluating these inequalities, 16-second averages of
in Fig. 5-1.
the ~de S parameters are used, and current or anticipated valuee of the
Mode C parmeters are used.
The first etep in the control process is to reduce the number of
whisper-shout levels tentatively scheduled for use during the present scan if
either
a) Inequality (3) is violated, or
b) Inequality (1) or (2) is violated and the Mode S surveillance range of
the last scan does not exceed the Mode C surveillance range that would
result from use of the scheduled whisper-shout sequence.
~isper-shout levels are eliminated in the order dictated by the design of the
Mode C processor and the number of levels eliminated is just large enough to
ensure that neither of the above conditions ie satisfied. The whisper-ehout
level tentatively scheduled for use is initialized at that used on the last
scan.
The relative ranges for Mode S and Mode C suweillance are detemined
from the estimated maximum power densities seen by head-on collision targets
tith Mode S and Wde A,C transponders respectively. If the transponder
sensitivities were identical, the Mode S range wodd be more or lees than the
Mode C rauge accordiog to whether the tide S power density wae more or less
than the Mode C density. Since Wde A,C transponders may have somewhat lower
sensitivities than Mode S transponders, the Mode C range is aesumed to be
greater than the Mode S range if, and o~y
if, the Mode C power density
exceeds the Mode S power deneity by 3 dB. The power density ie detemined by
the power input to the antenna and the antenna radiation pattern.
The second step in the controlling process is to reduce the ~de S
interrogation power laet used for acquisition by 1 dB and to increase the ~L
used to detect Mode S squitters and fruit by 1 dB if
c) Inequality (1) or (2) is violated and the Mode S surveillance raoge of
the laet scan =ceeds the Mode C surveillance range thet would result
from uae of the echeduled whisper-shout sequenca.
Once such a cha~e has been made the ody other change allowed during the
ensuing 16 seconds is a reduction in the number of whispar-shout levels if
such is needed to satisfy Inequality (3). ~is 16-second freeze allows the
effect of the Mode S changee to become apperent since the 16-second averages
used in Inequalities (1) and (2) then will be determined by the behavior of
the system since the change.
The third step is to add a whisper-shout level to those tentatively
scheduled when it is not prevented by a 16-second freeze and the followi~
conditions are satisfied:

5-16

d) Inequalities (1), (2), and (3) are satisifed and till continue to be
after the level is added, and,
e) The Mnde S surveillance range of the laat scan exceeds the Mode C
surveillance range that would result from uee of the scheduled
sequence.
Aa many levels are added as possible without violating d) or e) above.
Finally, if condition d) above is satisfied, but condition e) is not, an
estimate (see 5.2.2) is made of the effects of increasing the Mode S
interrogation power for acquisition by 1 dB and reducing the MTL for detecting
Mode S squitters and fruit by 1 dB. If the eetimate indicates that
Inequalities (1) and (2) till not both continue to be satisfied, the 1 dB
~harigeIS nOt made. If the estimate indicatee
that they will both continue tO
be satisfied, the 1 dB change is made and no further changes in either the
Mode C or Mode S parameters are made for the ensuing 16 seconds except as
described in connection Mth condition c).
5.2.2 Parameter Eetimates
The estimate of the consequences of increasing the Mode S interrogation
power, and decreasing the MTL for detecting squitters and fruit, by 1 dB is
based upon the last available 16 second averages of the folloting Mode S
paraetera.
PI*: the contribution to Inequality (1) of acquisition state
interrogation
PIT: the contribution to Inequality (1) of the track state interrogation
IA:

the contribution to Inequality (2) of acquisition etate
intarrogations

IT:

the contribution to Inequality (2) of track state interrogation

f:

the fraction of aircraft in the track state that were interrogated
with the maximum allowable interrogation power on the laat scan.

The contribution of the different interrogations to the inequalities are
separated because they are affected differently by the power cha%e under
For =ample, the acquisition state contribution till always
consideration.
increase, partly because the increased surveillance ra~e causes more targets
to be acquired per unit time and partly becauae a larger interrogation power
is used for all acquisition interrogations. h the other.hand, the track-

state contrition till change only if the interrogation power to some trackstate aircraft equals the interrogation power used for acquisition. The
question is: what changee in these quantities are expected to reeult from the
1 dB changes in the ~L and the interrogation power used for acquialtion?

5-17

me change i“ I&
A 14B increase in power should increase the detection
range about 12%, from Ro to 1.12 Ro. TO first order, the rate at which
aircraft are assigned to the Acquisition state should be proportional to range
so the percentage increaae In the rate should be roughly equal to the increase
in detection range, i.e., 12%. Thus the estimated value of 1A after the
change iS 1.12
(lA)” where (IA)O is the meaaured value of IA before the
change.
Since the interrogation power has increased 1 dB, or
The change in PIN
25% the estimated valu~ of PIA after the change is (1.25)(1.12)(pIA)0 Or
1.4 (PIA)” where (PIA) ia the value of PIA before the change. TO provide
some margin againat the oscillation that might result from under-estimating
these increases, the following estimates were adopted and are used in the
simulations described in Section 5.2.3.
1A = 1.25 (IA)O

(4)

pIA = 1.5 (pIA)”

(5)

The changes in IT and PIT. If tbe interrogation power for all of the
aircraft assigned the track state ta less than that used for acquisition,
neither IT nor PIT should change appreciably when the interrogation power for
acquisition is increased 1 dB and the MTL for squitters/fruit is decreaaed
1 dB.* The change should still be negligible when a smaIl fraction of the
track state aircraft are interrogated at the acquisition power. Therefore,
for values of f no larger than 0.1 it till be assumed that the valuea of IT
and PIT are not changed by the 1 dB change in the ~L and acquisition
interrogation power. That ia, for f no larger than O.1,
IT = (IT)O

(6)

PIT = (PIT)o

(7)

where (IT)O and (PIT)O are the valuea measured before the change in hde
parameters.

S

For valnes of f exceeding O.1 the effect of the change upon IT and PIT
depends upon the distribution of aircraft and the conditions under which they
are aaaigned to the track state. For a uniform distribution of aircraft and
for the surveillance algorittis discussed in Chapter 4, the nnmber of aircraft
assigned to the track state will increase by about 25%. That ia, for f
greater than O.1,
(8)

IT = 1.25(IT)0

*Some changes till occur if additional aircraft are assigned to the Track
state.
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The change in the value of PIT depends in detail upon the distribution of
the track-state aircraft that are interrogated at maximum power. FOr
simplicity, the change till be over-estimated by asauming that all Track state
aircraft are interrogated at maximum power**. Then, for f greater than O.1,
(9)

PIT = (1.25)2 (PIT)O s 1.5 (pIT)O
where (PIT)0 is the average value of PIT before the change in Mode S
parameters is made.

Equations 4 through 9 provide the needed estimates of the effects of
changing the Mode S parameters upon Inequalities (1) and (2).
TOOdeterm~ne
wheth~r or not t~e change is feasible, the average values Of (IA) , (IT) )
(PIA) and (PIT) laat used in evaluating the inequalities are replaced by the
values given in the abova equationa. If the inequalities are still satisfied
the change is made. Otherwiaa, it is not.
5.2.3

Performance Evaluation

TWO questions arise concerning the operational performance of the
interrogation limiting algorittis: do they cause the interference limiting
standard to be met and do they result in a value of the ~L for which the
collision protection is aatiafactory? These questions were answered by
simulation for the environments of intereet. The conclusion is that the
interference limiting standard is met and that the MTL for squitters and fruit
will be small enough to achieve the deeired collision protection.
me aircraft environments in which the protection is to be provided are
discussed below. Then the essential featurea of the emulation are described.
This is followed by a diacllsaionof the results obtained.
5.2.3.1

Operating Environments

The enviromenta in which protection ia to be provided were discussed in
Section 4.7.1. ho of them are low-altitude low-speed environments for which
it was found that the MTL could ba raised by 6 dB without sacrificing the
desired protection. They differ in that one has a peak aircraft density Of
O.3/d2
and pertains to the situation in which both error correction decoding
and power progrdng
are mnployed while the other haa a peak density of
O.15/mf2 and is used when neither error correction nor power programing is
employed.
The other two environments involve high-altitude, high-speed encounters
for which it was found that an MTL increaae of no mora than 3 dB results in
satisfactory collision protection. One of these environments haa a peak
aircraft density of o.06/~i2 and is used when both error correction and power
prOg~amting
are mployed.
The other appliea when naither of these techniques
is @ployed and has a peak density of O.03/mi2 .

**For

a unifO~-in-area

diatributiOn,

the error in the

eetimate

ia

nOt

large.
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In Section 4.7.1 several parameters of the operational environment were
left unspecified since they did not influence the perfowance quantities of
interest there. ~ose parameter, which will now be specified, are: the
number of other TCAS units operating tithin 30 mi of the TCAS unit under
consideration, the fraction of the transponder-equipped aircraft that carry
Mode S transponders, the altitude distribution of those aircraft, and the
distribution of their airspeeds.
The number of other TCAS operating within 30 mi is specified to be 30.
The basis on which the other parameters were chosen ia aa follows. First, it
will be assumed that all of the transponders are Mode S. This ia a worst-caae
assumption since, as the fraction of Mode S transponders increases, the MTL
for squitters and fruit increaaes, thereby reducing collision protection.
In one the aircraft are
~0 altitude distributions will be aployed.
unifomly distributed in altitude between two limits that can be specified
arbitrarily. In the other, their density is that show in Fig. 5-4 which is
derived from measurements made at bng Beach, California and will be called
the hug Beach altitude density. In that measurement the altitudes of
aircraft above 14,500 feet were not recorded. me 15% of the aircraft that
were found to be above that altitude are unifnmly distributed from 14,500
feet to 40,000 feet.
The speeds of the aircraft are taken to be random variables whose
probability density varies tith altitude. The density used at altitudes of
less than 10,000 feet reflects the large fraction of low speed aircraft that
are encountered there. It is a truncated decaying ~ponential that begins at
an airspeed of 70 kts and is Of the fom -p(speed/30 knOts). For altitudes
above 10,000 feet a unifom density is wployed with the range of speeds bei~
200 to 400 kta below 15,000 feet and 300 tn 600 kts above 15,000 feet.
5.2.3.2 Simulation of the Environment
TO evaluate the performance of the system, the motion of a TCAS-equipped
aircraft moving through the environments described above waa simulated. The
environments were simulated by asaigning random altitudes and airspeeds to the
afrcraft. They were also assigned headings that were unifomly distributed
around the compaas and positions that were unifomly distributed tithin a
square whose size could be specified. The density was controlled by varying
the nmber of aircraft in the square.
The TCAS aircraft flew at an assigned airspeed and followed an
arbitrarily specified altitude profile. The square moved along tith the TCAS
aircraft which was alwaya at its center. Each of the other aircraft
maintained a constant airspeed, altitude, and heading except when they reached
the edge of the square. Then they were removed from the simulation and
reintroduced at a point on the opposite eide of the square tith the same
airspeed, altitude, and heading.
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The spatial density of aircraft that results from this simulation varies
slightly with time. Examples of that variation are shown in Fig. 5-5 for the
situation in which 200 a~rc=ft
~th
the Long ~eas~ ,a~titude
density
are
initially distributed over s square that is 25.75 Mi on a side. The speed of
For purposes of comparison,
the TCAS aircraft for this figure was 250 kts.
the ensemble average density that would result from a uniform distribution of
aircraft is also shorn. It is apparent from the figure that the simulation
provides a relatively constant and unifom density of aircraft.
The simulated environment described above wag combined with the link
simulation deacribad in Section 4.7.2 to create the signal environment in
which TCAS is intended to operate. Those signals were then used as inputs to
the simulation of the Mode S surveillance proceaaor to determine the variation
in the..
~L caused by the action of tbe interrogation limiting algorithm. The
results of those simulations are sumarized below first for lo-sltitude
operations and tke”fiforhigh-altitude..
operations,
5.2.3.3 Low-Alti”tudeResulte
Representative simulation results for the Io.w-altitudeenvironment are
shown in..
Fig. 5-6.. There the..
variation with time of theWL
used for the
detection of Mode S squitters and ‘fruit is labeled ~snd.
the three curves ~~
labeled ‘energy””,“number”, and “fruit‘“.:
~r~’the nomaliz ed values of the
interference limiting .inequslitieegiven, respectively,..by(1), (2”),.
and (3)
Of .Fig..5-I. me normalizations..eresuch that an .ineq~alityiS sstisfied:if
the value is””
no larger than one and is violatad if it =ceeda one. The MTL
value in the:figure..
is”the deviation frOm nOminal.
The figure is for a TCAS at 5,000 feet tith an airspeed of 250 kts and a
maximum capable airspeed of 300 kts in an enviroment of 200 aircraft that
were initially distributed unifomly tithin a 25.75-d
equare. That
corresponds to an aircraft density of O.3/mi2 within the square. A2titudea
were asaigned to the tircraft in accordance with the Long Beach altitude
distribution of Fig. 5-4. Finally, 30 TCAS aircraft were operating tithin
30 mi of the TCAS unit being simulated.
The salient features of the results are as follows. First, the
interference limiting inequalities are aatiefied throughout the simulation.
Second, the largest of the three normalized limits is always nearly equal to
Third,
one, so the largeet possible surveillance range la bei~ mintained.
tbe ~L for the detection of squitters and fmit varies from its nominal value
by a mximum of 3 dB and is usually either 1 or 2 dB higher. Thus it is at
least 3 dB less than the maximum Increaae of 6 dB for which satisfactory
collision protection at low altitudea ie aasured.
Throughout the simulation the number of whisper-shout levels used
remained constant, aa can be inferred from the Invariance of the fruit limit.
Its value wag 81. The MTL, rather than the number of whisper-shout levels,
changed because the estimated surveillance range for Mode S targeta continued
to exceed that for Mode C targeta.
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Table 5-2 gives the interval over which the ,~L varied in a series of
simulations that differ in varying degrees from the one just described. In
all of them the interference ltiiting inequalities were satiafied throughout a
200- to 300-second simulation.
The first row of the table corresponds to the simulation described by
Fig. 5-6. The second differs in that the aircraft were uniformly distributed
in altitude from O co 10,000‘feet. Mthough the.MTL change is affected by the
change in altitude distribution it remains small enough to provide
aatiafactory collision protection for the encounters discussed in
Section 4.7.
men the TCAS “equipped aircraft is either climbingor descending, the MTL
can increase beyond the values juet discussed because aircraftare asaign:adto
the Acquisition state aa the altitude band about the TCAS sweeps over them.
Row three of the table shows this effect when the TCAS-equipped aircraft””.
descends from .11,000feet to 5,000feet at a rate of 3,000 feet per minute in
the MTL change to
the Wng Beach altitude environment. The descent..causes.
peak at 5 dB. An”examination of the..
airntilation
record showed that this peak
persisted fo.cabout 70 saconds.
Altitude changes have a more aignifi~-nt effect when they are more rapid
or.involve a descent from.a.low density airspace into .ahigh density atrspacei””
Then the:number of aircraft assigned td the Acquisition and Track states.:
increaaea, in par~,b&cause they enter the altitude.bam~ at a greater rate
and, in pazt, because the rate at tifch aircraft enter the band exceeds.the
rate at which they =it from it. ~is is illustrated by the fourth row of the
table which describes a descent from 15,000 feet to 5,000 feet at a rate of
5,000 fact per tinute for the bng Beach altitude distribution. The
corresponding variations of the MTL and the three normalized interference
limiting inequalities are given in Fig. 5-7. Note the peak transient value of
6 dB for the ~
change as the processor attempts to interrogate all of the
aircraft that have suddenly become potential collision threats. Even at this
peak value the desired collision protection is provided. Moreover if the
maximum capable airspeed were larger than 300 kts, the initial value of the
MTL would be increaaed and its peak value would be further decreasad.
The next three table entries show the benefits of power progrdng
and
error correction decoding for the situation described by Fig. 5-6 and the
first row of the table. If error correction decoding is used, but power
progrsasnlngis not, the MTL will vary from 5 to 6 dB above nominal rather than
from O to 3 dB. This is still acceptable, but little margin is then left to
allow for transients during descents. If neither error correction decoding
nor power progrdng
ia used, the ~L remaina at 6 dB above nominal. The usa
of power programing alone causes the ~L to to vary from 2 to 4 dB above
nominal.
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TABLE 5-2
VAR~TION

OF MTL FOR A LOW ALTITUDE ENVIRONMENT

Variation of NTL for a TCAS with an airapeed of 250 Kts and a maximum
capable airspeed of 300 Kts in an environment of 200 aircraft. Thirty
Except, aa noted the aircraft
other TCAS are operating tithin 30 ml.
are initially distributed according to the bng Beach altitude density
and are unifomly distributed in a square of width 25.75 mi, to give a
density of O.3/mi2, and error correction decoding and power
programming are used.

MTL
VARMTION

TCAS ALTITUDE PROFILES
Level:
5,000 ft
Level:
5,000 ft
Descent: 11,000 to 5,000 ft; 3,000 FPM
Descent: 15,000 tO 5,000 ft; 5,000 FPM
Level:
5,000 ft
Level:
5,000 ft
Level:
5,000 ft
Level:
5,000 ft

O-3 dB
2-4
1-5
1-6
5-6
6
2-4
2-4

NOTES

(1)

(2)
(3)
(4)
(5)

(1) Uniform altitude density O to 10,000 ft
(2)

NO Power Programming

(3) Neither Power Programming Nor Error Correction Decoding
(4) NO Error Correction Decoding
(5) Neither Power Programing Nor Error Correction Decoding, 38-nmf Square,
Mrcraft Density O.14/0mf2
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Although a TCAS that employs neither error correction nor power
programing is not intended to provide collision protection in the density of
aircraft discussed above, it is intended to ?rovide such protection when th
neak densitv drous to O.15/~f2 . As indicated by the last row of the table,
~he ~L wili not”increase by more than 6 dB; hence the desired protection will
be provided.
5.2.3.4 High Ntitude

Results

Figure 5-8 shows the variation of the nomalized interference limits and
the MTL for the extrae situation in which a TCAS-equipped aircraft with an
airspeed.of 600 kts descends .froln
an altitude of 29,000 feet to an altitude of
11,000 feet at a rate of 5,000 feet per minute.in an envirement of..200 other
aircraft””
of which 30 “are TCAS-equipped. ...
The aircraft sre initially
~~~
distributed unifemly over a 57.3 by 57.3 mi square, and are distributed.in..
altitude according to the Long Beach density. The figure corresponds.to the
situation.in which -both power prog?.a!gning
ariderror cor.r.ection
are mployed.
The MTL is modnal for most.of the descent but increasea by 3 dB as the
aircraft descends into the more densely .po.pulatedairspace below 14,500 feet.
Thus, the performance is acceptable even in this.extreme sitllation..
ma interval over which the...MTL
varies in a.numbernf situations is given
in Table”.5-3. The first row..
ef the table applies to the situation just
described andthe second differs from it in that.the TCAS”altitude is constant
In the later instance the ~L does not.:
change during the
at 25,000feet.
entire simulation.
The third row applies when the TCAS altitude is 11,000 feet instead of
25,000 feet. It reflects an unrealistic situation in that the TCAS airspeed
ia taken to be 600 kte at this altitude. However, it is a useful example in
that It illustrates the inability of any system to satisfy the interference
limiting standard and provide collision protection in ~
situation.
In
particular, the pe~value
of the ~L change is 4 dB which exceeds the value
for which collision protection can be assured. An examination Of the
simulation record shows that this peak persisted for one 30-second period out
of 300 eeconds. ~us
even in t~s unrealistic situation a substantial mount
of protection is provided.
In the above simulations only a very small fraction of the 200 aircraft
had altitudes near enough to that of the TCAS aircraft to be interrogated by
it. A measure of tbe number of co-altitude aircraft against which
satisfactory collision protection can be provided is given by row four of the
table. It indicatea that the ~
will not exceed 2 dB when 30 other TCASequipped aircraft are co-altitude tith the TCAS unit in question and are
contained within a square of tidth 57.3 mt.
ROW five of the table provides another measure of the system’s
robustness. It applies to the situation in which a TCAS-equipped aircraft at
25,000 feet overfliew a high density teminal area containing 200 aircraft
within a 25.75 mi square corresponding to a deneity of 0.3/~i2 . These
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aircraft are distributed in altitude according to-the Low
30 of them carry operating TCAS units.

Beach density and

The above results are for systems that employ error correction decoding
and power programing. As discussed in Section 4.7.1, sysEems that smploy
neither are intended to provide satisfactory colllaion protection at aircraft
densities of at most 0.03/nmi2 with no more than 15 TCAS units operating
within 30 mi . That is, the NTL change should not exceed 3 dB under these
conditions. The entries in rows aix and seven of Table 5-3 show that
protection is provided under these conditions even when the TCAS aircraft
descends from 29,00 feet to 11,000 feet at 5,000 fpm. Indeed the MTL rmains
nominal throughout the descent.
5.3

Transpotier .Suppreasion

Airborne measurement of interrogation backacatter have been carriedout:
to aasesa the required.duration of self””
suppreaeion frmm the TCAS ..interrogator
to the on-board Mode S transponder.
5.3.1

Needfor M-exsminatiouef: Mutual Suppreaaion.~~~

TO avoid interference h.etweenthe various L~and transmitter on an
aircraft(for example, a.ONE.interrogator and - .SSR’’tranaponder
);:it is
common practtce for them to interact “throughan arrangement of “mutual
suppression”. men such”a unit::
transmits at L-band, ie euppliea a suppression
pulse to a mutual ““suppreaaion
.bua....
Eachaystem receiving the suppresainn
pulse can make uae of this.information to disregard any .r=epeions dtiringthis
brief period, often simply by gating off the receiver for thedura.tion of the
suppression pulse.
In TCAS 11 it is appropriate for the TCAS 11 interrogator to auppreas the
onboard Mode S transponder, both of which operate at the same radio frequency
(1030 mz).
During the BCAS development program it waa realized that the
transponder should be kept in auppresaion for considerably lower than the
duration of the transmitted interrogation because backscattered ethos from the
terrain beneath the aircraft would often cause the transponder to reply. Such
replies interfere tith TCAS sn~eillance, both becauae of the addition to the
fruit environment they conaitute and because they occur in the active range
window of the BCAS or TCAS receiver.
The duration of transponder suppression in the BCAS deeign aa
conservatively set at 200 us, and ~tenaive airborne testing showed that thie
period waa 100S enough to prevent self interrogation. As BCAS evolved into
TCAS, this suppression time needed to be reexamined because of the increaae in
the number of interrogations per second.
Meaaurementa. Direct measurements of interrogation backscatter were made
using the Mrborne Waaurementa Facility (W).
Mode C and MOde S
interrogations were transmitted alternati~ between top and bottom antenna,
and all pulses detected at 1030 ~
were recorded.
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TABLE 5-3
VARUTION OF MTL FOR A HIGH ALTITUDE ENVIRONMENT

Variation of the MTL for a TCAS with an actuaI and maximum capable
airspeed of 600 Kta. Except as noted the environment centsins 200
aircraft that are initially distributed according to the Long Beach
altitude density and are uniformly distributed tithin a 57.3 mi square
to give a denalty of O.06/mi2, error correcting decoding and
power progradng are used, and 30 other TCAS are oparating tithin
30

mi.

MTL
VARIATION

TCAS ALTITUDE PROFILES
Descent:
Level:
Level:
Level:
Level:
Level:
Descent:

29,000 to 11,000 ft; 3,000 FPM
25,000 ft
11,000 ft
25,000 ft
25,000 ft
25,000 ft
29,000 to 11,000 ft; 5,000 FPM

O-3 dB
o
o-h
o-2
2-3
0
0

NOTES

(1)
(2)
(3)
(3)

(1)

~o~~;~ituda
.

aircraft in the environment (not Long Beach); density

(2)

25.3 mi

(3)

100 aircraft, density 0.03, 15 TCAS; neither power programming nor error
correction decoding mployed.

square giving a density of O.3/mi2
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~ese
measurements
were carried
out using
a Cessna
421 aircraft in the
Boston area. ho flights were conducted, one for Mode C interrogations, the
other for hde S interrogations. me Mode C interrogations consisted of tw
whisper-shout suppression pulses followed by two interrogation pulses (S1, S2,
P1, P3) transmitted omnidirectionally at 250 watts total radiated power. In
each flight, the measurements began at takeoff, after which the aircraft
climbed to 12,000 ft. altitude, then proceeded toward the ocean, continued for
a period over the ocean, while descending, and then returned and landed. At
the time of the flights (2 Mrch 1982) there was snow cover over a portion of
the route.

Results. me results of these airborne measurement are shown in
Figs. 5-9 and 5-10. Shaded regions in these figures indicate the time periods
during which significant receptions were evident.
Certain patterns in the data are recognizable. For example, at the time
of crossing from land to ocean in the Mode C flight, there appears to be an
echo of the transmitted P3 pulse, received at a time 25 us after the P3
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tramissions. ~is agrees with the calculated delay”time for an echo
reflecting from the ocean surface directly beneath the aircraft. The fact
that this echo was seen for a bottem antenna interrogation and not for a top
antenna ffiterrogation is not surprising, and the fact that the P3 echo is
evident over water but not over land alao is reasonable.

,
“

The region of significant reception did not extend beyond about 100 u a
following the start of interrogation. ~is was true throughout the flights:
at all altitudesund over ocean as well as land. Considering top and bottom
antennas separately, and considering Mode C and Mode S separately, the
reaul.tinglimits of backscatter duration.were:
SO.us ---.COP antenna, MOde C
60 pa ;-- bottom antenna, Mode C
7ops
-- top antenna, Mode S.
90 VS -- bottom antenna, Mo”deS.
In ,~iewof.the wide range of altitud&sond surface reflection conditions
experienced in theEe flig$.ts,It’s.e~s un~lk~~y that~he extent Of”backscatter
will exceed these valuea in operational use..
of TCAS 11. Thus, these values of
tranapond.ersuppressiondtiration were adopted.in the TCAS 11 baseline des+gn....
These time periods are much less than the 200::ustime period used in
BCAS. They are small enough so that they easily satisfy the.:self-suppressio”n
pasaibility of
limitl”ng.
conatraint. Thus it la noc necessary to pursu=..the
modifying th~ transponder!a ir~terrogationdecoder (See. 2.5).
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AIJIJflN~[~A
MEASURED

W1. [ABILI’TY

OF WPLY

DECODING

Bench tests were undertaken to determine the reliability of t40deC reply
detection and decoding when overlapping replies are received. These tests,
performed on the Lincoln LabOratOrY TEU, were intended to prOvide a basis ‘or
standarda against which other reply processor equipment can be compared.
The TEU wae supplied with an input of three replies overlapping in time
by varioue amounts. The replies were input et ~, and were nOn-cOherent. In
each of 22 tests, the amounts of reply overlap were varied SYSthematicallyin
the mnner shown in Fig. A-1. In different teste, different combination? of
reply code, reply carrier frequency, and received replY pOwer level were used>
~~ lISted in Table A-1. Note that in tests 1 through 6, the rePIY cOdee
(6020, 4030, and 4420) contain three information pulsee each. In the
rewining sixteen tests, the reply codes (6520, 4760, and 6730) cOntai?a 5, 6
and 7 information pulses respectively, which my be expected to cause mre
severe reply garbling.
Each test consiated of a large number Of trials. The data frOm each test
waa analyzed to determine the percentage of trials in which reply A waa
detected ,at the correct range and also the percentage Of triala in which rePIY
A waa detected at the correct range and correctly decoded. Theae same
percentage were alao deterdned for reply B and rePIY C. The results are
given in Table A-2.

A-1

-.,-w.,,r.-.

t

fig.

A-1.

Reply overlap sc-rlos

A-2

teetd.

TABLE A-1
REPLY PROCESSOR ~ST CO~ITIONS

Test
NO.
1
2
3
4
5
6
7
a
9
10
11
12
13
14
15
16
17
18
19
20
21
22

@erlap
Uming
(Fig. A-1)
x
x
x
x
x
x
Y
z
Y
z
Y
z
Y
z
Y
z
Y
z
Y
z
Y
z

Reply A
Code
M
Power
ABCD) (~z) (dBm)

Reply B
Code
~
Power
ABCD) (MHz) (dBm)

Reply C
Code
RF
Power
ABCD) (~Z) (dB~

6020
6020
6020
6020
6020
6020
6520
6520
6520

4030
4030
4030
4030
4030
4030
4760
4760
4760
4760
;760
1760
i760

4420
4420
4420
4420
4420
4k20
6730
6730
6730
6730
6730
6730
6730
6730
6730
6730
6730
6730
6730
6730
6730
6730

6520
6520
6520
6520
6520
6520
5520
6520
6520
6520
5520
6520
6520

1090
1090

1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090
1090

-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60
-60

i760
1760
i760
i760

i760
i760
i760
i760
1760

A-3

1093
loa7

1093
1093
loa7
I oa7
1090
1090
1093
1093

loa7
loa7

1093
1093
1087

1087
1090
1090
1090
1090
1093
1093

-63
-63
-63
-63
-63
-63
-60
-60
-60
-60
-60
-60
-57
-57
-57
-57
-63
-63
-57
-57
-63
-63

1090
1090
loa7
loa7
1093
1093
1090
1090
1090
1090
1090
1090
1087
1087
1093
1093
Ioa7
1087
1093
1093
Ioa7
loa7

-57
-60
-57
-60
-57
-60
-60
-60
-63
-63
-57
-57
-63
-63
-63
-63
-60
-60
-60
-60
-57
-57

TABLE A-2
TEST RES~TS

I ;:,

Reply B

Reply A
Detection Decoding

I

1

97

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

98
97
98
98
99
89
96
90
97
89
96
89
97
89
97
90
97
89
9b
90
97

;:
20
21
22

65
71

b5
65
71
72
62
60
62
bI
61
60
b2
62
62
62
62
61
61
59
63
61

Reply C

Detection Decoding
76
94
80
87
89
94
64
93
b6
95
64
94
65
95
65
95
63
92
64
94
b4
94

41
62
42
48
53
61
49
48
49
50
:;
50
51
50
50
48
44
49
47
48
45

Detection Decoding
99
98
98
98
99
99
86
93
86
93
88
96
86
93
86
93
89
96
87
95
89
96

67
63
65
65

b3
63
bO
bO
59
59
63

b4
58
59
59
60
64
b4
61
63
63
b4

