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INTRODUCTION

TCAS Concept

In recent years the development of asirborme collision avoidance systems hag focused on concepts
that make uwse of the transponders carried for ground ATC purposes 2nd hence do not impose the need
for special avionics on beard the detected aircraft. Such systems have the advantage that they can
provide lmmediate protection agalser collisions fuvolving s significant and growiang fraection of the
aircraft population,

One system based on this technique is the Traffic Alert and Collision Avoidance Svstem (TCAS).
TCAS, like its predecessor BCAS (Beacon Collision Avoidance Systea [i}}, is designed to provide
protection against aircraft equipped with both the curreat (ATCRBS) and future (Mode S} air traffic
control transponders.

TCAS encompasses & range of cspabilities including (a) TCAS I, a low—cost, limited-performance
version, and (b TCAS II, which is intended to provide a comprehensive level of separation agsurance
in 8ll current and predicted airspace environments thiough the end of this century.

TCAS 11

Without relisnce on ground equipment, TCAS II is capable of providiag resslution asdvisories in
the vertizal dimension {climb, descend) in sirspace densitles up to 0.3 sircraft per square nautical
wile {or approximstely 24 aircraft within 35 neutical miles of the TCAS I afrcraft). Traffic
advisories on neerby asircraft may alsoe be provided. These fnclude the ciock positlon, or bvaring,
of the intruding aircraft. ‘The TCAS II uses Che Mode 5 data link to transait advisories to nearby
TCAS I aircrafr. These crosslioked advisories provide the position of the TCAS II aircraft as ssen
from the TCAS I airvcraftl. The Mode § afr~to-alr data Tink is also used to coordinate escape
wmaneuvers anong TCAS I gireraft tnat ere in comflict.

It is important to ensure that the secondary surveillance radar signals tracsaitted by TCAS II
avionics do not degrade the «bility of ground-based ATC radars to sense traffic., TCAS II inciudes
interference limiting slgorithws that sre designed to enwure that the ability of ground secendary
surveillance radars to receldwe repliea im respoase to interrogstions is uot reduced by wmore than
2 percent as a result of TCAS II eoperastioa.
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4 more capable eystem, called eabanced TCAS TI, uses more accurate intruder besring data to
allow it to reduce uunecessary alarms {(by estimsting the horizontal miss distance) sgod o generate
horizontal resolutfon advisertes {turn right, tura lefc}.

TCAS 1

TCAS I {2] has the ability to receive and display the traffic advisorlfes crossliinked by
TCAS IX. It also has the ability to sense the presence and displsy traffic advisories on unearby
aireraft by detecting their transponder Lrungwissioms (replies) at 1090 Mz, The replies detected
may have been elfcited by ground sistien Interrogetions or by aspontaneous transmissions of MNode §
transponders {passive TCAS I} or say have resulted from low power imterrogations Ffrow TCAS I (actiwe
TCAS I {3]). Enhancemeants of TCAS I cam tske many forms. In particular, cu-board divection~finding
antennas could bde used o zugment the rsege and alvitude ioformation obtainad from transpender
repifes.
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OVERVIEW

This report preaents s Functicnal overview of the ainimem TCAS II system. It begins with 2
deacription of the ATCRES snd Mode S systems that form the basis for TCAS., This is followed by a
review of the fupctious performed by any collision svoidance system snd then a definition of the way
iz which these functions are iaplemented iu the sdnimms TCAS IX.

Next, detalls of system operation are presented for each of the major subaystews along with
appropriate experimental data to illugtrate particular techniques. This section comeiudes with a
gwamary of TCAS II design parameters.

This is foliowed by exasples of represestative sirboroc performance measurements that describe
mezsured performance in an aperatiosal envircament.

The report concludes with a summary of the key points,
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The operation of the current Afr Traffic Uentrol Reder Beacon Syaten (ATCRES) is {llustrsted
schesatically in the figure. ATCRES uses olaple Twe-pulse intertogatiowns Lrsuswmivtad from a
rotating sntenta. Twr types of intervogatlions are used for civil tresspomders: Moda & which
elicits ave of 4096 identity codes; and Hode C whdeh elicits a sindlar 12-bir code coovaiuning the
aircraft’s baromstric astitude, Telsrenced to stesdiand stmospheric conditioma.

Since all sguipped s&ircrafz in the asutesus msfinbesw vespond to emch ATIRKES intervogstisa,
replies from alroraft with asariy ddsutical ramges will owwrlap sach other st the ioterrogator
veceiver, This pheaomencn 15 called syuchromous garble. It is controlled in the ground system by
uging & narrow antenne besm and by restricting eath sémsor to the absclute minlmas range requlived
for air traffic control purposes.

At short ranges, the sigasl strvength msay be sufficient to isterrogstes transpoaders vis leskage
through the satemma sidelobes. Tv contysl thiz phasomencn, airerafcr in che anteana sidelobes are
prevented from replying by & techuigue known as tracsmit sidelobe suppression. The P2 puise of the
interrcgation is ctramsoitted om an cmmi-divectional antemna &t & siightly higher power level than
the ioterrogat-r power produced by the suteonas sidelobes. Irampponders ave designed to raply caly
if the recelived Pl pulse is grester than the receivad P2 pulse. This condition is met satisfied in
tte sidelobes of the mteana.
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The Mode S beacon eystem [4] was developed as an gvolulionery improvemast to the ATCERS sysies
1o enhasce air traffie cooteol surveillaace peiishilicy gnd to provide & groumd-afr-ground digital
deta communication capability. Back atroraft iz assigoed 2 anigue sddress code which permits dats
link messages to be srausferrad along with garveiilance interrogetions and replles.

1lke ATCRES, Mode § will Jocste s sircrsft in Tomge wnd szimuch, repoxt its alticude awd
identity, and provide the general suyveillasce service currently avatilablie. Rowever, beceuse of its
ability zo selactively intervogate cmly those sircrafo withio its sres of responsibility, Mode § can
avaid the isterferesce which results when repiies are goverated by &l the trasapomders within the
peam. If Mode 3 achedsies its taterrogaticns appropriately, respeusds from aiveraft will wuot
ovarlap each other at the receliver.

The Mode 5 sigsal formste oxe filustysced in the figuvae. Rode 5 ubes the same frequencies s
ATCRBS for imtervogstions ami replies (3030 aml 090 Mix, respectivelyl. The Hode $ interTogaklion
consists of & Ywo~pulee preamble pius & striag of 56 or 112 dats blits (imciuding the 34~-bdr address)
transpittad ueiag binary differenticl phase shift keyisg (DFSRY st a & dops Tate. The praanhie
pulses ara C.8 wireoseconds wide aad sre &p d 2.0 mice dg apart. An ATCRES grensponder Lthat
recuives the interrogatisa interprels this pulse pelr &5 an LTCRBS sidelobe suppresaicn, cansing it
ra be suppressed for the rematrder of the ¥ode S interrogation. Without such seppression, the
following Mode § detse block wonld, with high probablility, trigger ATCRES transponders and cause
gpurious replies.

The reply alsc cowprises $6 or 112 bite incleding addrees, and i transaitted at 1 Hbps using
binary puaise-position modulation (FP4), The four—puise raply presmbie 15 designed to be easlly
digtinguished from &0 ATCRBES veply seguance. It cao ve peliably recogaized snd veed a8 & source of
reply tising even in the presence of o overiappling ATCRES reply, while at the save time achieving &
jow rate of false alavas srising from maitinle ATCRBS replies.

The Mode § parity codisg acheme i3 designed so that an  eITOL ooourying auywhers o An
interrogation or a reply wiil medify the decoded address. If there is an ervor on the spiiok, the
transpunder will mot acoept the message and will oot rapiy, sines the interrogation doed wOL appear
ro be addressed to if. IF thete & an ervor &4 the downlink, the imgerrogalor will recognize that
an error has socarred, since the teply doas mot contain the sxpected sddress. This error detection
festure along with the sbiliry te reinterrogate a particnlar alrerafe 1f a reply 18 ant sorcectly
received gives Mode % tho ruquirad high gurveillance &and commnications reliabiiity.
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£AS FUMCTIONS

The main function of an sirborne colllsion avoidaunce systea such a8 TCAS IY {8 to locate xll
nearby aireraft that could become collision threats.

in addition to surveillance, there ie contrel loglc to declde which way to maneuver, and there
ig a display for advising the pilots of that decision. Another requirement of all CAS systems 15 &
means <. coordinatiom. If the conflicting airzraft is also CAS equipped, it will alwost surely
execute ivs own sscupe wmaneuver, When this happens, the two maneuvers must be coordinated.

-10-
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TCAS I1X

TCAS 1I slternates betwesen Mode S and ATCRBS surveillance modes. In its simplest form the
TCAS 1Y survaillance data counsist of range and altitude {aformstion plus a bearing estimate accurate
to & clock position, Threst detection snd resclution logic provides pilot maneuver advisories in
the vertical dimension. Thess fuclude CLIMB, DESCEND, NON'T CLIMB, DON'T DESCEND and LIMIT VERTICAL
BATE advisories.

The availability of the Mode 8 data link allows TCAS II to interact differently with the three
classes of detectable aircraft, depending on how the aircraft is equipped.

If the detected aircraft is TCAS II equipped, the Mode § data 1link is used to prevent ties in
tha selection of un escaps maneuver, theredy emsuring that both aircraft sansuver in a coaplementary
way to glve the greatest separation for a given threat warning time.

If the detected aircraft is equipped with & Mode § transponder, the Mode S data liok provides
knowledge of the spead capsbility of the detected alreraft and allows tha TCAS II-equipped aircraft
to transmit a crossliok alert to indicate that the detecteu aircraft is ina conflict with the TCAS IX
aircraft, If the Mode S aircraft is also equipped with TCAS I, TCAS IX can transafis a traffic
advisory ths . provides the range, altitude, and bearing of TCAS I1 as seen by TCAS I. Tha purpose
of this ¢roeslink traffic adviscory is to enhance visusl acquisition of the TCAS II aircraft by the
TCAS I pilot.

The operation of TCLS I1 does pot require ground equipmant. However, when 1in covarage of a
Mode S ground sensor, provision 1o made for the Mode $ transponder on board the TCAS II aircraft to
accapt commande that control the sensitivity level of the collision svoldance logic and te downlink
displayed resclution advisories for possible coordination with ground ATC operations.

12~
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TCAS Il SYSTEM DESCRIPTION
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ATCRBS ® GARBLE-FREE DETECTION OF MODE &

MODE S DATA LINK

® COOPERATIVE THREAT RESOLUTION
® DATA EXCHANGE WITH ATC
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TCAS 11 AVIOMICS

The TCAS II avionics peckage has the capability of detecting nearby afrcraft, evaluating their
threat potential, and then resclving declared confliicts. Specific functions required to do this are

shown in the figure.

Dual Anteona Installation — The TCAS II unit and the Mode S tramsponder both esmploy top~ and

¥ode S Transponder

ATCRBS Surveillance

Mcde 5 Surveillance

Hode § Data Link

Collision Avoldance
Algorithms

Cockpit Display

bottowr-mounted antennas, The top-mounted TCAS II antenna is
capable of directicnal transmisaion and reply  besring
maggurement.

This ¢ pond pports AYC surveillance and coordianation with
other TCAS II sircraft and ground ATC,

Active transmiession of special Mode C interrogations elicita
replies from ATCRBS transpondera and tracks them to develop range
and altitude rates,

Mode § atrcraft are acquired passivaly through spontanecus
{squitter} transmissions emitted periodically by all Mode S
transponders, Fotentially threstening afrcraft are discretely
interrogated to develop a track in range sud altitude,

This link is used for tie prevention snd the transuission of
crosslink traffic advisories. Other uses include tranamiasion of
alrcraft speed capabiiity for use-inm reducing the interrogation
rate for distaut (nou-threatening) alreraft.

Surveillance and data link information developed as described
sbove 18 evaluated uy the collifsion avoidance algorithms to
datermine the presance of potential collision threats. Deciared
threats are resolved by wmeans of altitude maneuver advisories
pregented to the pilot on the TCAS IXI display. This process is
perforaed cooperatively between TCAS I afrcraft.

A comeon displey may b2 uned for TCAS IT aud Mode § data link
applications. Display may include tearget parameters such as
range, altlitude, and bearing,
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I I TION -

In operation, TCAS II alternates betwssn Mode S discrete addressed and special MNode C
interrogations to provide intruder position updates to the collision savoidance algorithms., At any ,
moment, the TOAS II performs survefllance on alrcraft in several couflict categories; from simple
detection of non-conflicting aircraft to full rangefaltitude tracking for potentially threatening
airerafc.

In the event of a detected rthreat, the sey of # is conditioned by the <type of :
equipment on board the threat. A typical wsequeunce of events for a TCAS II/TCAS I encounter is !
presented in the figure. .
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EXAMPLE OF TCAS II-TCAS ! ENCOUNTER

CONFLICT 3
TCAS § RESGLVED .
DECLARED -
TCAS | A THREAT ~~ _
- TCAS il //’ TCAS |
— 4 —
TCAS | TCAS |
DEYECTED TRACKING
COMLTITUDE PEGINS

o TGAS

ATC~119-7 BAND MANEUVERS AND SENDS

CROSS LINK TRAFFIC ADVISORY MESSAGE TO TCASH
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ATCRES SYNCHRONOUS CARBLE

When an ATCRBS interrogation is tfransmitted, all the tramspouders that detect it reply. Sisce
the reply is 21 microseconds long, all aircraft whose ranges are within about 3 ailes of each other
generate vzplies that persistently and synchrouoasly overlap esch other baek at  the intertogating
aircraft. If the tracemission is canddi-ectional and i® aircraft sre distvibuted roughly wmformly
in area, the nunber of overlapping replies £z proportional to the demsity of sircraft and the range.
Ten overlapping replies is typical in termingl areas alomg the Eazst coast. It {8 possible to
reliably decode culy shout 3 overlapping replies. So there is & clesr meed te reduce the rmber of
trauspondera that reply to sach intervogstion.
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ATCRBS SYNCHRONOUS GARBLE

TARGET OF
INTEREST

, i OTHERS, N = 20.6 RD

————EXAMPLE
IF R = 10 nmi, D = 0.05 AIRCRA
THEN N = 11 AIRCRAFT

FT/nmi? l
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DIRECTICRAL JWIERROCATION
i The use of a directiossl interrogutioc is one techzigue for reducing ATCRES ayuchrooous gardle
] in the highest density snvirammests. The divserional interrogatics only salicits replise from tha
- . cross~hatched reglon alown on the figure, This redsces the gize of the reply rogiom aad hence the
mambar of alrcraft chat reply te any interrogstico.
Coverage mist be provided iz all directions, bLence wmaltiple beans are used o slieit repiles
from all aireraft in the viciolty of the TCAS II sirveraft. Care wmust be taken to overlap the beans
8o that gaps in coverage du not exist st the beam edge.
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ICAS 1T DEIRCTION OF ATCRES-EQUEIPPED AIRCRAFT

4 second technique for ccatrolling ATCRBS synchronous garble is to prevent Mode S transponders
from replying to the TCAS ATCRBS isnterrogations. This 1s achieved by traasmitting the Mode C~ocanly
411~Call, a modified Mrde C Interrogation with an O.8-microsecond wide P; pulse following the P3
pulse by 2 wicroseconds. Mode S transponders are designed to ignore such interrogations. In this
way, as aircraft become Mode S-equipped, they are removed from the ATCRBS population and do not
coutribute to the ATCRBS synchronous garble enviromment.
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ISPER-SHOUT TECHMY

The principal technique for controlling synchronous garble is through the use of variable power
levels for ATCRES interrogations and supprsssions [5].

Mggume that there iu a group of transpomders at some range and that a1l of their sensitivitias
are known. The power level of the first interrogation could then be selected so that exactly half
of the targets receive the signal above their receiver threshold and half don't detect the
interrogation at all. After the replies to this interrogation have been received at the TCAS unit,
a suppression 1s transmitted at the came power level as the previous interrogation to shut off all
of the transponders that replied to the previous interrogation. This supprassion ia fomediarely
followed by a full-power intarrogation which elicits replies from the transponders that faiied to
reply to the firat faterrogation. Im this way the trensponder population is divided into two parts.
In the ninimum TCAS II desiza, this sequence is repeated with up to 24 separate power levels, and
the firast pulee of the interrogation serves as the secund pulse of the supprasaion, as shown.

-26=
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WHISPER-SHOUT TECHNIQUE

SUPPRESSION

INTERROGATION
A

L

TRANSMITTED POWER

INTERROGATION
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IMPROVEMENTS DUE TGO WHISPER-SHOUT

The figure shows how whisper-shout improves the performance of TCAS in an  sctual synchronous
garble situation., .

Recorded flight test data are presented showing ATCRBS replies for a anumber of targets over the
New York City aresa. Une interrogation was tranemitted at the beginning of each second. A range
counter wae started and the time—of-arrival was recorded for each walid reply received wup te
200 microseconds following the interrogaticm. A single dot is platted at the arrival time for each
reply, calibrated as range. It is seen that these replies form distinet tracks.

The left-hand plot shows how the system works with & single full-power iuterrogation once each
second. The right-hand plot shows the performance when a 4~level whisper—shout sequence was
transmitted end the replies ware combined. This 4-step sequence was alternated with the eingle
full~power interrogstions Jfor a direct couparisop. There {s a marked improvement during the time
jaterval at about 100 seconds into the sxperiment when there were 5 aircraft a1l within garble range
of each other. wWhisper—shout alse thelps combat soother major problem, which is multipath. The
reagon why maltipath is a problem is described on the following figure.
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Sremeis

Air traffic control transponders use quarter—vwave wonopole sotennas mounted on the bottom of
the eircraft. Az is eavideat from these patterns, which were obtsined from scaled-wodel
wERCoTELES, & Stub antenna of this sorxt has & pesk elevation gain at an angle of =20 to
~*0 degrees, This is ideal for ground~to—air surveillance. But the direct air-to—air surveillance
prth operates at a significaut disadvantage relative to the reflection path, particularly over
water.
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MULTIPATE

This figure shows air-to-sir m:litipath data recorded over s caim oceap with both asircraft at
about 10,000 feet.

The direct and reflected signal strengtls srve plotted as a functinn of time as the two aircraft
flew diverging flight paths. The ianterrogator slternated its transmissions between top and bottom
antennss, The top graph ahows the relative received sfgnal strengths when the interrogstor
trangsmitted froa a top-mounted antenna and the bottom plot shows the signal strengths when the
bottom gntenna was used. The transponder sateons is in the conventional bottom locstion ir both
cases.

With the bottomrto-bottom link, there sre ranges at which the reflected signal is consistently
stronger than the direct signal. As one might expect, this occurs when the grazing aagle to the sca
is 20° to 30®". But when the top antenna is used for Interrogation, the energy is directed upward
and the signal-to~multipath ratic remains grester theu 10 &8 throughout. Thir indicates that ICAS
should ufe top autennss for interrogation. Bot even whan the top antenna is weed, the multipath
will atill be seen above the typical -74 dBm receiver threshold, and it will garblie an ATCRES weply,
which consiste of eimple, unprotected PAM pulses. Thus, there is need for sume way of rejecting the
enltipath. One way of achieving this rejection is through the use of dynemic thresholding.
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IPATH SUPFRESSION BY DYRAMIC DHRESHCLBING

Dynamic thresholding is used in the detection of ATCEES zaeplies #5 a means of relecting low
level multipath, Varisble thresholds have historically been avoided in ATOHSS raply processors
because they tend Ig digcrimingte againet weak replies. However, when used in cinjunrricn with the
whispar—shout technique, this disadvantage of dynsuwdic threghollug is largely owvrcoms. Although oa
aay given step of the whisper—shoul sequesce 1t Is pogsible for s strong reply io ralsze the
threghold xud cause the rejection of a wesker wwerlapping reply, most overlapplug replies received
in reiponse Lo whisper~shout interrogaticas uwre of approaimetely sgqual awmpltliudes since tae
whigper-shont process soris tbe targets 1iste gresps b signe: streagth. Experimeata indicate that
very few replies are 1lost by the mechanism of thresheld captire when dynamic thresholding is used
along with whisper~shout. Thus, these ¢wo techniques provide a very uasefuol degree of maitipath
resigtance to the ATCRES interrogation and reply links.

In sddition to making it possible to use dynamic thresholcing oa the reply link, whiaspar-ghost
sioultaoeously reduces the effect of interrogatisn~iivk meitipath by assuring thsat eaca tiansponder
replies only to interrogations that ave received within a few 4B of 168 minfmum triggering level.
Iin wmost alityations, this csuses the mulvipath eche to be received below the winiwms triggering lewvel
of the traasponder.
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The figure gives an exsmple of the survellilance {sprovement provided by dynamic thresholding.
Thiz dic 2 plot of the same rype of reply informatfon present sariier, with replies received on &
bottos ateans in response to interrogstioms trasmamifted at lvsscond intervalg. Howevar., im this
plot, & dot is plotied along the ordinete for each pulse received, rether than for sach reply.

The pulse code structurs for the reply fracks labellsd & and B can be sesn in the figure:
Track A is & targel that hax peareed the test aiveraft and is  aow diverging.
Tis transponder has no encoding sltimeter, se it replies to the laterrogstions
with bracket pulses only.
Track B is a tazget that passes close by the test alreraft. Ite reply is eeen
ta countalin Mode € dats a3 fodicsted by the presence of data pulses betwess the
bracket puises.

The extrs pulses in the lefi~hand plot sre largely dme to muitipath.

On alternste secoads, & variable tareshold was applied that was set to s level 9 (B Dbelow the
first received pulse and held there for the dJduration of as ATCRBI rxeply. The rasults are shown in
the right-hand plot, It is spparent that dorfag the flrst part of the spcounter with target B, the
awitipach wss copaistently more than 9 dB delow the aaplirude of the first pulse beczuse it mever
exceeded the dyasoic tbrasbold level. When the threshold was restored after =ach reply, the
multipath instantly re—sppeared.
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ICAS II TRACKING OF ATuXAS-EQUIFEED AIRCRAFT

The first step 1inm ATCRBS tracking 18 to correlate the replies received from the malriple
whisper-ahout intertogations via each beam of the top antenna, as well as from the cmnidirvectional
bortom antenna. The replies are compared in rauge and altitude asnd duplicate replies are mergud so
that only ome report per acan iz produced for each ATCERBS esircraft under surveillance.

Reports are correlated in range and altitude with the predicted position of existing tracks.
Reports that successfully correlats are used to extend the position of tha corresponding track.

Reports that fall to correlste with old tracke are compared to previously uncorrelated rteports to

atart new tracks. Before a new track can be started, the replies that lead to 1its initiation mast

agree {in all of the most significant altitude bits. A geometric calculation iz performed To
identify and suppress specular false targets caused by veflection frow the terraia. New and
extended tracks are then murged and checked to see 1f they qualify for dissemination {as estsblished
tracks) to the collisicn avoldance algorithms,

Tracka become established by meeting o minimum track life requirement. The purpose of this
test is to filter spuricus tracks caused by gardle and multipath that ave generally characterized by
short track life. The techniques employed for ATCRBS trascking have permitted the use of 2 track
1life requirement of 5 seconds rather than the 30 peconds ueeded for the tracker used 1o earlier
experimental ATCRBS BCAS equipwent.

This reduction in track life taquired for establishing & track is most significant in that it
allows & covregponding reduction in required transmitter powet. Using a 35-secoud establishment
time, it 4s calculated that, ir the absence of interference, a TCAS II umit with traasmittex power
and rvecelver sensitivity specifications identical to those of an air carrier trangponder will be
atle to detect all threatening AYCEBS-equipped aircraft closing at up to 1200 kt wich at least %5%
probabilicy of success [&].
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CXING ALTI o TRCRARY

When generating traffic advisorieas, it is important to account for ATCEBS transponders that are
not equipped with encoding altimeters. TCAS IT can generate treffic advisories on such intruders.

When ATCRBS aircraft with altitude~reporting capabllity are tracked, the altitude code is used
for reply correletion. When there 18 no altitude code, TCAS II must ra2ly sclely on range. Pur
nearby targets, the accuracy of a range-only tracker can be iaproved If the tracker desigr takes
advantage of the fact that mout encounters are nonaccelerating. For such encountera, the square of
the target slant range 18 & quadratic fumction of time with a vell-behaved first derivative, whereas
linear range rate exbiibite sirong apparent accelerations. Thus the TCAS II tracks all short-range
altirude-unknown aircraft in B? with a parabolic least-squares tracker.
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TRACKING ALTITUDE-UNKNOWN TARGETS g

Unavailability of altitude code reduces reply correlation accuracy.
For non-accelerating encounters, square of range Is quadratic in time.

t=0whenr=d
X =Vt |

INTRUDER

(MOVING AT SPEED "V") d

|
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r |
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r2= Vztz'!' dz {
}

A COORDINATE SYSTEM CENTERED
AT TCAS AIRCRAFT

TCAS AIRCRAFT

Parabolic , least-squares tracking of r2 improves predictions

at closest approach and allows reliable tracking when altitude
ac-ns-1s CoOrrelation is unavailable.
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ICAS 11 ACQUISITION OF MODE S-RQUIPPED AIRCRAFT

The Mode § surveillance subsystem used a paasive teconique to determine the addresees of
Mode S-equipped aircraft. Passive address acquisition prevents unnecessary interference with other
elements of the beacon system {7]. TUAS II ligtens to the spontanecus replies (termed squitters)
generated by all Mode S5 transponders cnce per second, The Mode S5 address ia the squitter repiy ts
protected by error coding to ensure a low probablility of obtsining a felse address. Since the
squitter reply does not contain altitude i{nformation, the TCA5 1I attewpts to obtaln altitude from
Mcde § replies generated 1n response to ground interrogations or interrogations from othar TCAS
airceraft. If altitude 1g not received shortly after address detection, the Mode § aircraft iz
actively interrogated to obtain altitude.
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EXAMPLE OF MODE S ACQUISITION BY TCAS Ii

TCAS Il EQUIPPED

ALTITUDE
ACQUISITION
INTERROGATION
{IF REQUIRED)

MODES EQUIPPED
UNACQUIRED
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MODE S SURVEL STATES |

After TCAS II has ascquired the altitude of s detected Mode 8 aircraft, it compares the asltirude
of this aircraft to its own altitude to determine whether the target can be ignored or must be
interrogated to determine its range ({f not already knmown). If the measured range and the reported
speed capability indicate that it is (or could msoox be! a collision threat, the target is regularly
interrogated by & “roll cell” and the vesulting track :u~a are fad to the enllisiou avoidance logic.
An  aireraft at longer range is incerrogated omly us cite: as .wcessary to assure that it will be
tracked before it becomes a collision threat. Uatil this oceurs, ite address is declared “dormant™
and interrogations to that uddrese are temporarily suspended.

- e

the use of passive detection im cowbination with alritude filtering and dormant addrusses
ainfmizes the mmber of Mode S transuissions required by the TCAS II system. Provigion iz alsco
included to uutomatically limft the Mode S interrogation rate when the local denslty of Mode 8
tranaponders and TCAS IX aircraft becomes very high.
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ICAS IY BOLL CALL mnw OF MODE S-EQUIPFED ATRCRAFT . .

Air~to-pliy gsurveillsnce of Mode I targels 1s inherently easier than traecking ATORBS targets.
Since each travsgpondes has s well protected and unique sddraees, the probability of estrbiishing =
fulge timek i8 negligible. The Mode 8 wodulation formats were chosean to be resistant to
jaterfersmce sinte 1t war Jsecognized that the Mode S ground system would oparate in & hesvy ATCRES
environment for a wumber of years. The caly real chsllenge to the Mode 8 afr—to—air link arises
from grosnd-bovace multipath.
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The dode § intervogation fe prolected ggainst multipath both by the inherent interference
resistance of the Dbinary phese wmodulation process ansd by the echo rsjection circultsy iz the
transpouder {which prutects the Mode 8 interrogation preasble). The Mode § reply waveform is aleo
protected againet wultipeth. A dynamiec thrasholding scheme similar to the cne previously described
far ATCRDS is elso used in the Mode 5 reply processor im TCAS II to protect the reply preawble.
Like the fntervigation data block, the reply dats block 1¢  sleo naturally resistant to mmltipath
pince the pulse position dercdulation process uses g differential awpilitude comparison technique.

TVl YT e AR e [ TN o

Thus, Mode S link falluver occcur oalv whes the maltipath zigual gtrength is alaost egual to or
grestar than the ddrect signsl strength. This ocears relatively rarely, sspecially when the TCAS II
it cranamits aosd receives through ite top-mounted antenns. By using dual antecnas and &
reintarrogatice capability im the TCAS I umit, snd by ueing dual sntennas on the Mode S atlrcraft,
it is found thar nesr perfect tracking of Mcde § threats is achieved., If the Mode § intruder is
squipped with only g bottosrmounted antenna, survelllauce perforamance is somewhat degraded.
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EXAMPLE OF MODE S ROLL-CALL TRACKING

N TCAS Il EQUIPPED

ROLL-CALL
INTERROGATION

1 “/%

ROLI-CALL
REPLY

: MODE S EQUIPPED
:._;» MODE S EQUIPPED
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COLLISION AVCTDANCE ATCORTTHMS®

TCAS T~ perforus its afrcraft separatiorn assurance functicn by “‘azplaying to the pllot traffic
sdvigseriegs for porential collfsion threace, amd resolution pdvis.vies to designate wmaneuvers
requived te achieve safe separatiom. The TCAS 1T collision svoldance algorithws use the tracks
forwed by the TCAS II survelilauce funerion to make this deterwinatricn. The principsl fumctions of
the TCAS IY collision avoidante algorithms sre threat detection, resolution, and communication snd
coordination £8].

All airborne, alvitude-repr -ting sircraft that are tracked by TCAS II are considered Intruders.
TCAS 11 evaluates each intruder through & prescribed sequence of tests to declare the intruder a
threst or a now-threat. ‘The chavactecristics of an intrudsr that sre exsmined te detsraine If it is
& threat are its altitude, sltitude rate, rasnge, and range rate.

TOAS 11 ganerateg resolution advisories §&or all intruders declared threate. Each threar s
processed imdividually for selection of the appropriate reselution advisory based oo track data and
coordination with other TCAS IT equipped sircrafe,

TCAS 11 sirborse wnits communicste wirh other TCAS IT aireraft. Soordisatfon commmications
involve the afr-to-gir transmission of sancuver salecrions to assure the displey <f compatible
resolution advisovies,

sdvisories generated by YCAS I are displayed to the pilot on apitadle cockpit displays. The
sdvisnries sre removed when an Intruder bocowmes a non-threat,

* The eollision avoldance aigorirheos are being developed by the MITRE Corporation,
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TCAS 1t COLLISION AVOIDANCE ALGORITHMS
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I ANGLE~()! AL

The purpose of the angle-of-arrival aystes used in the minfewm TCAS I iz to measure the
direction of nearby aircraft with sufficient accuracy to aid the pilot in visually soquiring the
aircraft, The angle—of-arrival systea doss 1o necessarily produce a directional beam with antenna
galo in the horizontal plane; the receiving anenns patterns nay be cmoidirecticual.
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LHTERFEREHCE 1.INITING ALGORITRN

A set of three inequalitias has been devised to assure that no transponder is turned off by
TCAS 11 activity for more tham 2 percent of the time and for assuring that TCAS I doss not
comtribute to an unacceptably high frult zate. It is necessary for each TCAS IY unit to account for
other TCAS II aircraft in its viciofty when limiring its own transmissions. As the ocomber of
TCAS II atircraft d4ncreases, the interrogation allocation for each of them must decrease. Thus,
every TCAS II unit must monitor the number of other TCAS II units (RT) within detection rauge. Thia
iuformstion 1a then used along with the knowledge o2f owa ifoterrogation rates and powers (EP) and owm
mutual suppression rates (IM) to determine the mexiwmun allowable power snd maximum sensitivity for
ATCRBS a.1 Mode S interrogations within the nert surveillance vpdata interval.

The presence of & TCAS IT aireraft is aunounced by th  periodic tranemissions of & ICAS
ivterrogation contaluing a wmessage that gives the Mode 3 add .3 of the TCAS II aircraft. This
tranemission is sent uvery 10 geconds using » Mode 3 “broad. format. Mode S transponders are
designed to accept message data from a broadecast interrogsti rithout replying. The sanouncement
mesgages received by the TCAS II's Mode S transponder are . torved by the Interference limiting
algorithms to develop an estimate of the number of TCAS aircrafz (W™V.
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MINIMUM TCAS 1T DESIGH SUMMARY

The minimom TCAS 71 design is sumearized in this table, TCAS 1I employs a 4-beam directionsl
antenna located on top of the sircraft, Transwit sidelobe suppression 1s wused to coutrol the
effective interrogation beawwidth. The angle—of—arrival of the detected afrcraft is determined by
neans of a monopulse bearing estimation technique. The besring estimate is used to rajest replies
received from directions other then the current pointing direction of the artenna., The role of the
bottor antemna is limited im the TCAS IX design to minimize multipath-generated falee targets. A
high-resolution whispsr—shout sequence is used. Although a total of 83 intarvogations are
transmitted each second, the interference limits ave satisfied by trausmittiang wmost of these
interrogatione at very low power. The peak power in the aide beams i3 & dB below the pesk power
transmitted in the forward direction. The peak power aft is 9 dB below the forward power.

Mode § surveillance is accomplished by listening to squitters alternately on the top and bottom
antennas. The design splits the listening time agually between these two antennas.




MINIMUM TCAS li DESIGN

TOP ANTENNA

BOTTOM ANTENNA

WHISPER~-SHOUT

COVERAGE IN AZIMUTH

SQUITTER RECEPTION

ATC~119-25

4 Beams, 90°, Transmit SLS,
AOA on reception

Omni monopole

Top-Forward 24 Levels
Top—Right 20 Levels
Top—-Left 20 Levels
Top—Aft 15 Levels
Bottom 4 Levels

Side beams -4 dB, Aft beam -9 dB

1 Receiver time shared between top
& bottom antennas
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A principal tool for validaring the design of the TCAS II surveillance fuucticus hiss been the
Lincoln Lsboratory TCAS Experimental Unit (TEU), a veal-time Implementstion of & complete
omnidirectional TCAS sirborme unit,.
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The TEU uees & minicomputer for all of ite software functioma. This machine contains 32K of
core and has a I-microsecond cycle time. The Mode 5 transponder is physically independent of the
TEU and uses a Separate peir of anteunnas. A single 1090-Mir receiver is used by the TREU for the

. detection of tranrsponder replieg. TCAS Mode § Interrogations are tyanemitted frem the anteuna that
successfully communicated with the target on the last scan, and the same antenns 1s used for
receiving the reply. The modolation coutrol onit formare both ATCRBS and Mode S interrogations.
The ATCBRS/Mode S rveply detector inecludes vides polse processing and raply decoding circuits for
both types of repliss. False Mode S presmbles are rejected by the Mode § reply decoder which
decodes the Mode S PPM format and the Mode 5 parity code. The ATCRBS reply decoder searches the
received pulge tralc for framing pulse pairs and decides which altitude code pulses are pregent ia
each reply. It also determines the target range, flags those code pulses that are potentially
garbled, and rejects a)l phantoms (bracket pairs that could be code pulses bDelonging to other
replies). All further reply processing and tracking is performed in software,
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ZCAS EXPERINENTAL UNIT CHARACTRRISTICS
The TEU surveillance characteristics ape scmssrized in the fallowing table: J
Pesk Tranawit Power {at RF Port): 566 w
. Receiver Sensitivity (at BF Port): -77 dBm (16 48 S/R)
H Maximum Range: 14 sastical miies*
: ) Track Cspacity: SO targets, total ATCEBS and/or Mode 8
} ’ Antennas: AOA tap, ommi bottom
. Maximum Terget Closing Speads
{ Range: 1200 kt
s Altitude: 12,000 ft/min ;
i X
#isceiver range gete setting; TEU is capable of 20-nmi serviceable range.
A photogreph of the TED is shown in the figure. From left to right ave shows rhe computer, the T
processor, the modified instantaneoas verticel spesd indicator which is ueed for displsy of H
resolution sdvisories, and the BF frout end, Lo
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The performance of the ATCRAS aurveillancs wode has beeu tested against the eollisics geomstry
that occurzed iz the 1978 wsid-ailr collision in Sen Diego, Californis, between & Boelog 727 and &
Cefsns 172, The rasulre presented in the figorve show an actual Tange-versus—time plot gepersted by
the TH! for an eucounter staged with the same alrcraft types that were fovelved in the vesl
collision. The surveillance data for the Cesama 172 adrcreft {equipped with a conventicmal ATCRES
trassponder with bottowonly antenna) shows perfect tracking performmnce througheut the sncounter.

The other trecks in the figure represent chence targets in the arss st the tims the test wea
conducted. The short £alse tracks exhibited sre typicsl of surveillance performance &t the low
zlritude of rthe encounter. Thsse mitipath-induced tracks slways occar st grester raoge than the
resl target track snd revely lesd to false alsrms.
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In sddition to staged emcountmrs, fiights bLave bean cosductsd to collect ATCREE suresillance
data on chance rargets squipped with ATCRES transponders. An examplie of the results of this type of
test is shown io the figure anmd represents the pexformance of TCAS in head-os high-speed encountsia.
Encounter conditions and survelllance performance for the plots labelled & and B wera as follows:

5 W, e - -

POINY OF
ICAS OTRER CLOSING QLOSEST ACQUISITION
ALYTITUDE ALTITUDE SPEED APPROACH RANGE ACQUISITION
{¥1} {FT) {X37) (g} {(0a ) TINE
30,300 28,800 930 C.3 it.2 &3
38,300 32,700 S50 0.6 ¥.3 ET

*Seconds prior to polnt of closest approach,
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CHANCE HIGH SPEED ENCOUNTER EXAMPLES
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This s & plot of the track history for an aircraft flown on en intentionsl near-mias
sncounter, The plst  includex both sirboree track data and groyocd-derived data tranaformed to a
common coordinate system, These plots cse approximataly the same forwat ae displaved in the cockpit
of the flight tea:r aircrafe. Por coaparisen, the aireraft display sysdol {rrisngie) used on the

It is evident
ad  non-vandom errer

cockpit display in the test aireraft is drawo to scale at the end of the track plot.
after averaging and sacorhing, that tha frecked data inclodes beth raodom
copponents with the largest asppareat syrov beiag an angle bias.
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PLAN-POSITION DISPLAY FOR ENCOUNTER
WITH ATCRBS AIRCRAFT

%? True Position As Measured
/‘- From Ground

Positior: /is Determined Frony Y
Tracked Bearing; Output ;

#-Own Aircraft

194
\

ATC-113-30 L 2-NMl Range Fing

67~




- At

MODE 5 SURVEILLANCK PERFORMARCE

Flight testz of controlled encounters were conducted using the TEYJ to verify HMode 8
surveillance performance in operationally interesting geometries. Tests were conducted with the s
TCAS equipment mounted in several different afrcrafc, including s Boelng 727, Test scensrics were
uwaually flown at low sltitude over land and weter to achiave the worst—case maltipeth environwent. .
The figure shows an example of Mode § surveillance wsing the 727 as the TCAS aircraft and a
Beecheraft Bonanza as  the conflicting aircraft. The dots are plotted &t l-second intervals aod
indlcate a succegeful track update each scan. The range and relative altitede are piotted as seen
from the TCAS aircraft. &s the sircraft converge, time proceeds from right to laft. The lavel
altitude track was begun at a range of mors thau 11 sdlas. The target wes kept dormant until it was
7 miles away. The aywbol 25 indicates the location of the target 25 secunds before closest
spproach. In all three encounters the tracks were established well in advance of this timse, The
results are typical of the performance seen in sll of the encounters run to date, f.e., near perfect
performance against an alrcrafr equipped with a2 Mode S diversicy trasepondar. The bottow-most
trajectory Tepresents & reemactment of the geometry of the colliaion that occurred at Sam Diege in
1978. The closing spead for this encounter is sufficlently slow so that the dots merge into a solid
lipe.




- MODE S PERFORMANCE EXAMPLE-(WITH DIVERSITY)
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ELAN-POSITION DISPLAY FOR FNCOUNTER UITH MODE S AIRCRAFT

This plot shows the same encouater as that of the plan~position display figurs for ATCRBS
except thac the iotruder aircraft was tracked with Mode § interrogations. There is less randomaess

in this plot as would be expectad for Mode S replies, but the non-random error compouent 1s
consistent with the previous figure.
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PLAN-POSITION DISPLAY FOR ENCOUNTER

WITH MODE S AIRCRAFT
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SUMARY

An airborne collision avoidance uait must detect other alreraft, evaluste collision harards,
determine the proper pilot wmaneuver, and coordincate with other equipment. Techniques have been
described for accomplishing all of these tasks with high religbility for a significanr fraction of
the aircraft population without requiring special equipwent other than standard air traffic contrel
transponders and ding altimeters on~bodard the detected airvceraft. Although this report has
focusad ou the surveillance task primarily, there has alsc been significant development asctivity
addregeing the remaining tasks [9~11}. Three TCAS Rxperisental Units bave been delivered to the FAA
for further evalustion. Preliminary results of these evaluatioms have been publighed {12, 13}.
These TCAS Experfmental units have als0 beex used In an extensive aseries of TCAS operatiomal
evaluation flights uaing eubject pilots in plaommed encounters to determina the effectiveness of
treffic advisories as part of the TCAS operaticnal system.

o e O ANt

The design of the TCAS Experimental Units has bdeen duplicated, with certain wmodifications, by
the Balmo Victor Corp, and repackaged as a pre-productiom prototype. Twoe of these commercial uaits
were delivered to the FAA for flight testing and evaluation and subsequently inatalled for testing :
on Piedwont Adrlines 727 alrcraft opersting commercially along their normal route structure, which |
includes most wmajor terminal areas with the exception of California. These were blind tests in
which the display data was not visible to the pilot, but wmost of the encounters were recorded for i
subsequent anslysis. The results show good detection performance and acceptable alarm rates [14]. :
Becently, one of the Dalmo-Victor units wae upgraded to full TCAS X1 status by the addition of a i
dfrectional interrogation capability. This unit was flown for several days ia the highest-density e
reglons of the Lo¢ Angelesn Besin airspace along with a TEU that wss equipped with & full TCAS II
whi.sper—shout sequence, but which did wot include a dirscticnal intervogaticn cspabllity. Both of
these equipments dewonstrated the capability of TCAS to provide reliasble surveililance in densities
as high as 0.2 ATCRBS alrcraft per mi?. From their performsnce in those tests it 1s possiblie to
predict that TCAS will also provide satisfactory survelllance ou a population of ATCRES and Mode §
eguipped afircraft in the 0.3 aircraft/omi dengity soticipated 1n Les Angeles by tha year 2000.
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