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INTRODUCTION

TCAS Concept

In recent years the development of airborne collision avoidance systems has focused on concents
that make use of the tram.vonders carried for grouad ATC purposes and hence do pot impose the need
for special avionics on board the intruding aircraft. Such systems have the advantsiz that they can
provide imrediate protecticn against collisions involving & significant and growing fraction of the
ajircraft population.

One system based on this technique is the Traffic Alert and Collision Avoidance System (TCAS).
TCAS, 1like its predeceasor BCAS (Beacou Collision Avoidance Syscem), is designed to provide
protection against sircraft equipped with both the current (ATCRBS) and future {(Hode S) air traffic
control transponders.

TCAS  encompasses a vange of capabilities thet 1includes (a) TCAS I, a low-cost,
limited-performance version, and (b) TCAS II, which is intended to provide a comprehensive level of
separation assurance {n all current and predicted ailrspace environments through the end of this
century.

TCAS I

TCAS I (1] bas the ability to receive and display the traffic advisories crosslinked by
TCAS 1II. It also has the ability to sense the presence of and display traffic advisories on nearby
aircraft by detecting theiv transfonder's transmissions (replies) at 1090 MHz. The replies detected
may have been elicited by ground station interrogations or by spontanecus transxissions of Mode §
traunspnuders (passive TCAS I) or may have resulted from low power interrogations from TCAS I (active .
ICAS 1I). GErhauceaents of TCAS I cas take masy forms. In perticvlar, omboard direction—finding
antennas could be used to angsent the range and altitude information obtained from transponder
replies.
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TCAS 11

Without relfance on ground equipment, TCAS IT [2] is capable of providinrg resolution advisories
{in the wvertical dimenstion {(cliwb, dJescend) in airspace depsities up to 0.3 afrcraft per square
nautical mile (or approximately 24 afrcraft within 5 nautical wmiles of the TCAS II atrcraft).
Traffic advisories on nearby alrcraft may 2lgo he provided. Thege include the clock position, or
bearing, of the intruding aireraft. The TCAS I1 uses the Mode S data link to trsosmit advigories te
nearby TCAS 1 aircrafe. These crosslinked advisories provide the position of the TCAS I aircraf:
as seen from the TCAS I aircraft, The Mode 5 air—-to-afir data liok is aleo used to conrdinate escape

aaneuvers asong TCAS il aircraft that are in conflict.

it {5 importent to easure that the secondary surveillance rvadar sigoals transmitted by TCAS 11
avionics do not degrade the ability of ground-vased ATC radars ro sense traffic. TCAS Il includes
interference limiting algoritims that are designed to ensure that the ability of ground secondary
surveillance radars to receive replies in response to interrogations is oot reduced by more than

2 percent as a result of TCAS 1I operation.

capable system, called eshanced TCAS II, uses more accurate intruder oearing data to

A more
to generate

allow it to reduce unnecessary alarms (by esrimating the horizontal aiss distance) and
horizontal resolution advigsories (turm right, turn left),

v ot -
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ACTIVE TCAS I OVERVIEW

This report presents a functional overview of the active TCAS I systenm.

The report begins with a description of the active transponder detector technique investigated,
along with examples of measured flight test performance. Next, the complexity of the TCAS I is
analyzed and an approach for incorporating TCAS I functions in a Mcde § transponder is described.

The paper concludes with & summary of the key points.
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ATR TRAFFIC CONTROL RADAR BEACOH SYSTEM

The operation of the current Afr Traffic Control Radar Beacoan System (ATCRAES) is tllustrated
schematically 4in the figure. AIURBS uses gimple two-pulse interrogativss transmitted from a
rotating anteuna., Two types of interrogations are used for civil transponders: Mode A which
elicits one of 4096 identity codes; and Wode ~ vhich elicits a simflar 12-bit code coatainiag the
aircrafi's barometric sltitude, reierenced to standard stmospberic conditions.

Since all equioped aircraft in the sntennz msinbesm respond to each ATCRBS intarrogation, it is
common for replies from aircraft at nearly the samec ranges to overlap each other at the interrogator
receiver. This phenomenon 1is called synchronous garble, It s controlled in the ground system by
using a narrow antenns beawvidth aod by restricting each sensor to the absolute wminimum range
requited for atir traffic control purposes.

At short ranges, the signal strength may be sufficient to interrogate transponders via leakags
through the autenns sidelcbes. Te control this phenomenon, sircraft 2a the antenns cidelobes are
prevented from ceplying by a technique koown as transmit sidelobe suppression. The 72 pulse of the
interrogation is trausmitted on an comi-direcitional stenns af 2 slightly higher power level thas
the interrogator powsr produced by the aatenna sidelobes. Tracsponders are designed to reply only
1f the received Fl pulse is greater than the received P2 pulse. This conditioc is oot satisfied in
the sidelobes of the antenua, .
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AIR TRAFFIC CONTROL RADAR BEACON SYSTEM (ATCRBS)
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JODE SELECT BRACON SYSTEN

The Mode Select (Mcde S} beacon system [3] vas developed 2s an evolutionsry improvewent to the
ATCRES gystem to enhance alr traffic control surveillance reliability and to provide a
ground-air—ground digital dars communication capability. Esch sircraft is assigned a3 unique address
code which permits data link messages to be transferred along with surveillance jaterrogaticus sod
replies.

Like ATCRBS, Mode S wili locste an sircraft in zange and azimuth, report its altitude and
identity, and provide the general surveillance service currently svailable. However, because of irs
ablifity to selectively interrogate only those aircraft within its area of respoosibility, Mode S can
avold the iaterference which results vhan replies are generated by all the rransponders within the
bean, If Mode S schedules its (nterrogations appropristely, responses from sivcraft will not
overlap each other at the receiver.

The Mode S signal formats are {llustrated in the figure. Mode 5 uses the ssame f{requencies as
ATCERS for intertogatious and replies (1030 and 1090 Mz, respectively). The Mode S interrogation
consists of a Two—pulse preamble plus & string of 56 or 112 data bits (including the 24-bitr address)
transmitted using binary differential phase shift keying (LPSK) at a & Mdps taste. The premmble
pulses are 0.8 usec wide and ave spaced 2.0 usec apart. An ATCERS trsaspouder that recelves the
interrogation interprets this pulse pair ss an ATCEES sidelobe guppression, causing it to be
suppressed for the remainder of the Mode S interrogatisa. Without such suppressicm, thz following
Mode S data block would, with high probability, trigger ATCRBS transponders causing spurious
replies.

The reply also comprises 56 or 112 bits including address, and is tracemitted at | Mops using
binaty pulse-position modulation (FPM). The four—pulse reply presmble la decigned to be easily
distipguished from an 2 (RBS reply aequence. It can be reliably recognized and used a5 a source of
reply timing even in the presence of sn overlapping ATCRBS reply, while at the siwe time achieving a
low rate of false alarms arising from multiple ATCRBS replies.

The Mode S parity coding scheme 1s designed so that an error occurricg anyvhere {n an
interrogation or s reply will wmodify the decoded address. If there is an error on the uplink, the
transponder will mot sccept the message and will wot reply, since the faterrogation does nci sppear
to be aidressed to it, If there i{s an error ou the gownlink, the interrogator wiil recognize that
an error has occurred, since the reply does not coatain the expected address. This error detectiocn
feature along with the ability to reinterrogate & particular aircraft if a reply le oot correctly
received gives Mode S the required high surveillance sand communications reliability.
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MODE S INTERROGATION AND REPLY WAVEFORMS
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ICAS I FUNCTIONS AND COMPONENTS

Theres are three main characteristics of TCGAS I:

l. TCAS 1 is able to respond with encoded altitude to interrogations from the air traffic
control Jsystem on the ground and from asirborne TCAS I wunits. Thua it {ncludes a
+ransponder and an encoding altimeter.

2, TCAS I has a wmeans for displaying the traffic advisory received from TCAS Il. This
information is crosslinked from TCAS II to the transpoader in the TCAS I sircraft. The
crosaslink message is discretely addressed to the TCAS 1 aircraft using Mode 5 signaling.
Thus, the TCAS I transponder mist be a Mode S transponder with an associated pilot display.

3. TCAS T has the capability of detecting transmissions from nearbdy trausponders and alerting
the pilot when the characteristics of any transmission indicate that it might be & threat. .
Thus it has some for=m of transponder detector. ‘




TCAS | FUNCTIONS AND COMPONENTS

* PROVIDES SURVEILLANCE ELEMENT FOR GROUND AND TCAS I

-~ TRANSPONDER
- ENCODING ALTIMETER

e DISPLAYS TRAFFIC ADVISORY CROSSLINKED FROM TCAS I

!
- TRANSPONDER MUST BE MODE §
= TCAS II TRAFFIC ADVISORY DISPLAY

o DETECTS TRANSMISSIONS FROM NEARBY TRANSPONDERS

- PASSIVE OR ACTIVE TRANSPONDER DETECTOR

: ATC-118-0




TCAS I BLOCK DIAGRAM: ACTIVE DETKCTOR

The figure shows the block diagram of TCAS I with a low power active detector. DNote that:

1. The active detector transmite a standard ATCRBS Mode C interrogation and thus receives
ATCRBS replies from ATCRBS and Mode S transponders.

2. Detection is provided for both ATCRBS and Mode 5 aircraft in regions where there {s no
ground interrogator.

3. Mutua’ suppression is required since both transponder and detector operate on both bescon
frequencies.
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TCAS | BLOCK DIAGRAM
ACTIVE DETECTOR
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ACTIVE TCAS I INTERFERENCE COMSIDERATIONS

An active detector approach is feasible only 1f a transmitted power that causes s negligible
increase ip signal {utexrference also gives a useful detection range.

An analysis wvas conducted to determine the power level that could be employed by 50X of the
aircraft in the high traffic densities (0.3 aircraft per square unmi) and that would cause no more
than 10% of the signal interference generated by TCAS I operation, The result wvas a transmitted
power equivalent to ooe 5.0-watt Mode C interrogation every second (i.e., one 5.0-watt interrogation
per second, or one 10,0-wati interrogation every 2 seconds, atc.).
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ACTIVE TCAS | INTERFERENCE CONSIDERATIONS

CONSTRAINTS

e 50% IMPLEMENTATION IN ANY AIRSPACE

* NEGLIGIBLE INTERFERENCE TO GROUND AND TCAS I
ENVIRONMENT

RESULTS

¢ TRANSMIT POWER EQUAL TO ONE, 5.0 WATT MODE C .
INTERROGATION/SEC

ATC~118-6
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ACTIVE TCAS I TRACKING PROBABILITY

Calculated values of tracking probability for several pesk powers are showm in the figure. The
performance at & wvatts is also shown since flight test data were availsble at that power level.
Note that the calculated performance for a 20-watt Mode C interrogacion (every & seconds) yields
good detector performance out to 2 nautical miles.

This perforsance prediction ass'mes uno lose in detection due to synchronous garble and is
therefore only applicable to densities where no more than one aircraft (on average) is within garble
range. This "single-sircraft™ density is shown for each of the ranges calculated. Yor active
TCAS I units with a degarbling capability, reliable TA's would be possible in somewhat higher
traffic densities.

The density of 0.024 aitcraft/miz for & 2-mila range is equivalent to the current deasity
outside of the TCA in the Boston and Washington sreas.
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CALCULATED VALUES OF TRACKING PROBABILITY
FOR A LOW POWER TCAS | DETECTOR

OPERATIONAL
RANGE INTERROGATOR POWER (AT ANTENNA) BENSITY
(NMI) 4 s 10 20 2

WATTS | WATTS | WATTS | WATTS AC/NMI

1 0.80 0.83 0.97 0.99 0.047

2 0.67 0.72 0.84 0.93 0.024

3 0.47 0.53 0.89 0.83 0.015

4 0.33 0.38 0.56 0.72 0.010
AIC-114.7

D el “J
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VALTDATION OF CALCULATED ACTIVE TCAS T PERPORMANCE

A comparison of calculated and measured performance for the 4—astt case is shown in the i’guve.
The airborne meadurementa are seen to be in r:asonably good agreement with the calculated

performance.




ACTIVE TCAS PERFORMANCE AS A FUNCTION OF RANGE

PROBABILITY OF 8006588.‘ P(8)

¥ PERCENT OF ARRCRAFT FROM WHICH REPLIES ARE
ELICITED BY A 4-WATT INTERROGATION, FOR
AIRCRAFT WITHIN : 10° IN ELEVATION ANGLE

ATC-118-38
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ACTIVE DETECTOR CHARACTERISTICS

A functional block diagram of a possible TCAS 1 active transponder detsctor is showa 1o the
figure. A single 20~watt Mode C interrogstion is generated once every four seconds. This standard
ATCEBS interrogation elicits ATCRBS replies from both ATCRES and Mode S afrcrafr. The interrcgation
is followed by a listening interval of spproximately 55 usec, which 1s sufficient to receive replies
from afrcraft up to thrme nautical wiles away. Raceived replies sre tracked to eliminste fruit. A
top-mounted antenna is used to miniwize the effect of reflections from the ground.

In sddition to active surveillance, the detector showm also (ncludes provisions for rejecting
replies that are not mear the TCAS I altitude. The alars loglic for the active detector can track
range to derive tange rate. This makes it possible to base alerts on range closure as wel]l ss range
and altitude proximity, and should therefore help keep the false alers vate reiatively low.
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TCAS | ACTIVE DETECTOR FUNCTIONAL BLOCK DIAGRAM
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An exrmpls of flight test performance faor s A-watt sctive interrogator is shown in the figure. !
The soltd lines -epresent the location of aircraft a» detersined by an axperimental TCAS 1 unit !

installed in the fitght test aircraft with the TCAS I, and operating st full power. The dots
ladicate regions where the é-watt iunterrogator aleo elicitad replies.




ACTIVE TCAS | PERFORMANCE - BOSTON TO NEW YORK

“KEY
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IMPLEMENTATION REQUIREMENTS

Every TCAS I incorporates a Mode S transponder (shown at the top of the figure). The use of an
active transponder detector requireg, in effect, another transponder cowplete with receiver,
transmitter, and logic but operating on tie opposite beacon frequencies. Hosever, this “inverted”
transponder is active for less than 100 usec every second. It thus appears practical to time share
the Mode S receiver and transmitter between the transponder and active detector tasks.

Derails of this realization of an active detzctor are giver in the following figure.




TCAS | IMPLEMENTATION REQUIREMENTS

MODE S TRANSPONDER
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ICAS I ACTIVE TRANSPONDER DETECTOR

This implementatfion of a TCAS I active transpouder detector uses the Mode S transponder in a
time—sharing mode. The double-boxed elements in the diagram are those assembifies that must be added
to the transponder to reconfigure 4t to & TCAS I active detector, Switches effect the
reconfiguration and frequency change. DNote that there is no nead for extreme speed or efficiency in
the reconfiguration switches since: (1) time is available for swictching, (2) insertion loss in RF
energy switching is not critical since senaitivity and RF power output for the transponder detector
are respectively about & dB and 20 dB less than the levels required for the Mode S trausponder
function, (3) local Oscillator and Master Oscillator frequency switching can be done &t the DC
level, and (4) mode decoder switching is strictly a legic fuaction.
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TCAS | ACTIVE TRANSPONDER DETECTOR
IMPLEMENTATION DETAILS
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Measuraments indicate that a2 low power active TCAS I provides relishle detection of uearby
ailrcrafe, Its ability to messure range perwits the use of alara logic that should result in an
acceptable rate of false alarms,

It eppesrs that the low power active approach can be realized aconomically since its very low
duty cycle makes it possible to time share the transponder transmitter and receiver elements.
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SUMMARY

s MEASUREMENTS INDICATE THAT ACTIVE TCAS | PROVIDES

RELIABLE DETECTION OF NEARBY AIRCRAFT

* IT APPEARS FEASIBLE TO SHARE THE TRANSPONDER

TRANSMITTER AND RECEIVER ELEMENTS WITH THE TCAS |

ATC-110-13
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