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.

I~ODUCTION

TCAS Concept

In recent years the development of drborne collision avoidance systems has focused on concepts
that mske use of the transponders carried for ground ATC purposes and hence do not impose the need
for special avionics on hard the intrudi~ aircraft. Such systems have the advantage that they can
provide imediate protection against collisions involving a significant and growing fraction of the
aircraft population.

One system based on this technique is the fiaffic Wert and Cnllision Avoidance System (TCAS).
TCAS, like its predecessor BCAS (Beacon Collision Avoidance System), is desi~ed to provide
protection against aircraft equipped tith both the current (ATCSBS) and future (Mode S) air traffic
control transponders.

TCAS encompasss a range of capabilities that includes (a) TCAS I, a low-cost,
litited-perfomnce version, and (b) TCAS 11, w~ch is intended to provide a comprehensive level of
separation assuzance in all current and predicted airspace environments
centuq.

throngh the end of this

TCAS I

TCAS I [l] has the ability to receive and display the traffic advisories crosslinked by
TCAS II. It also has the ability to sense the presence of md display traffic advisories on nearby
aircraft by detecting their transponders transmissions (replies)at 1090 ~z. me replies detected
may have been elicited by ground station interrogateions or by”“Spontaneoustransmissions of Wde S
transponders (passive TCAS 1) or my have resulted from low power interrogationsfrom TCAS I (active
TCAS I). Enhancement of TCAS I can take wny fores. In particular, on-board direction-finding
antennas could be used to au~ent the ra%e and altitude ifiomation obtained from transponder
replies.
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(Intentionallyleft bl.~)
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TCAS 11

I

Without reliance on ground equi~ent, TCAS II [2] is capable of providing resolution advisories
in the vertical dimension (climb, descend) in airspace densities up to 0.3 aircraft per square
nautical mile (or approximately 24 aircraft within 5 nautical miles of the TCAS II ~ircraft).
Traffic advisories on nearby aircraft =Y also be provided. These include the clock position, or
bearing, of tbe intruding aircraft. The TCAS II uses the hde S data link to transmit advisories to
nearby TCAS I aircraft. These croaalinked advisories provide tbe position of the TCAS II aircraft
as seen from the TCAS I aircraft. The hde S air-to-air data link is also used to coordinate escape
maneuvers mong TCAS 11 aircraft that are in conflict.

It is important to ensure that the aeconda~ surveillanceradar signals transmitted by TCAS 11
avionics do not degrade the ability of ground-based ATC radars to sense traffic. TCAS II includes
interference lifiting algoritbma tht are designed to ensure that the ability of ground secondary
surveillance radars to receive replies in response to interrogationsis not reduced by more than
2 percent as a result of TCAS 11 operation.

A more capable system, called enhanced TCAS 11, uses more accurate intruder bearing data to
allw it to reduce unnecessa~ slam (by eatimting the horizontal miss distance) and to generate
horizontal resolution advisories (turn right, turn left).
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I
ACTI~ TUS I OVERVIEW

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

The report begins tith a description of the active transponder detector technique investigated,
along with examplas of measured flight teat perfomnce. Next, the complexity of the TUS I ia
snalyzed and an approach for incorporateing TWS I functions in a Mode S transponder is described.

The paper concludes tith a smry of the key points.
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I
AIR TRAFFIC CO~OL WAR BEACON SYST~.—=c _ I

I
The operation of the current &r Traffic Centrol tidar Beacon System (ATCWS ) is illustrated

schematically in the figure. ATCRSS uses simple two~ulse interrogationstransmitted from a
rotating antenna. ho types of interrogations are used for civil transponders: Mode A which
elicits one of 4096 identity codes; and Mode C which elicits a sitilar 12-hit code containing the
aircraft’s barometric altitude, referenced.to standard atmospheric conditions. 1

Since all equipped aircraft in the antenna minbem respond to each ATCRBS interrogation,it is
comon for replies from tircraft at nearly the sme ranges to overlap each other at the interrogator
receiver. This phenomenon is called synchronous garble.,It is controlled in the ground system by
using a narrow antenna beawidth and by restricting eaCII sensor to the a~~ol”te ~nim”m ~ange

required for alr traffic centrol purposes.

At short ranges, the signal strength -y be sufficient to interrogate transponders via leakage
through the antenna sidalobes. To centrol this phenounon, aircraft in the antenna sidelObaa are
prevented from replying by a technique knom as transdt’ sideloba suppression. The P2 Dulae of the
interrogation is transmitted on an
the interrogator power produced by
if the received P1 pulse is greater
the sidelohs of the antenna.

omi-directional antenna at a slightly higher power level tkn
the antenna sidelobes. Transponders are designed to reply only
than the received P2 pulse. This condition is not satisfied in



AIR TRAFFIC CONTROL RADAR BEACON SYSTEM (ATCRBS)

.,-,;<+.
,.

INTERROGATION

P1P2 P3

MODE A n. n
;8 ps +

lDENTIHCAnON CODE
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MODE SELECT BSACON SYSTEM

The Mde Select (Mode S) beacon system [3] was developed as an evolutionary improvement to the
ATCRBS system to enhance air traffic control surveillance reliability and to provide a
ground-air-grounddigital data comnication capability. Each aircraft is assigned a unique addresa
code which pehts data link messages to be transferred along tith surveillance interrogationsand
replies.

Like ATCRBS, Mde S will locate an aircraft in range and azimuth, report ita altitude and
identity, and provide the general surveillance service currently available. However, because of ita
ability to selectively interrogate only those aircraft tithin ita area of responsibility,Mode S can
avoid the interferencetiich results when replies are generated by all the transponder
hem.

within the
If Mode S schedules its interrogation appropriately, responaea from tircraft will not

overlap each other at the receiver.

The ~de S signal fo~ts are illustrated in the figure. Mode S uses the sme frequencies aa
ATCRBS for interrogationsand replies (1030 and 1090 =, respectively). The Mode S interrogation
consists of a two-pulse preamble plus a string of 56 or 112 data bits (including the 24-bit addreaa)
transmitted using binary differential phase shiftkeying (DPSK) at a 4 ~ps rate. The premble
pulses are 0.8 paec tide and are spaced 2.0 vsec apart. An ATCRBS transponder that receives the
interrogation interprets this pulse pair as an ATCRBS aidelobe suppression, causing it to be
suppressed for the raainder of the ~de S interrogation. Without such auppresaion, the following
Mode S data block would, with high probability, trigger ATCRBS transponders causing spurious
replies.

The reply also comprises 56 or 112 bits including addreaa, and ia tranatitted at 1 Mbps using
binary pulse-positionmodulation (PPM). The fou~pulse reply preamble is designed to be easily
diatingnished from an ATCRBS reply sequence. It can & reliably recognized and used as a source of
reply timing even in the presence of an overlappingATCRBS reply, Wile at the sme time achieving a
low rate of falae alama arising from mltiple AT.CMS replies.

The hde S parity coding scheme is designed so that an error occurring an~here in an
interrogation or a reply will modify the decoded.address. If there is an error on the upli~, the
transponder till not accept the mssage and till not reply, since the interrogationdoes not appear
to be addressed to it. If there is an error on the domlink, the interrogatorwill recognize that
an error has occurred, since tbe reply does not contain the ~ected addresa. This error detection
feature along with the ability to reinterrogate a particular aircraft if a reply is not correctly
received gives Wde S the required high surveillance and comunicat ions reliability.
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TWS I ~CTIONS ~ @~ONSNTS

There are three resincharacteristicsgf TMS I:

1.

2.

3.

TCAS I ie able to respond tith encoded altitude to interrogations from the air traffic
centrol system on the ground and from airborne T~S II units. Thus it includes a
transponder and an encoding altimeter.

T~ I has a maans for displaying the traffic adviso~ received from T~ 11. This
information is crosalinked from T~ 11 to the transponder in tha TWS I aircraft. Tha
croaslink message is discretely addressed to ‘the TW I aircraft uai~ Mde S signaling.
Thus, the T~ I transponder ast ba a Mde S tramponder tith an aaaociated pilot display.

TMS I has the CaDabilitV of detacting transtissions frm nearbv transDonders and s2ertine
the pilot when the characteristicsof any.transfiseion indicate that it dght be a threat.
Thus it has s- form of transponder detector.
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TCAS I FUNCTIONS AND COMPONENTS

c PROVIDES SURVEILLANCE ELEMENT FOR GROUND AND TCAS ~

- TRANSPONDER

- ENCODING ALTIMETER

. DISPLAYS TRAFFIC ADVISORY CROSSLINKED FROM TCAS ~

- TRANSPONDER MUST BE MODE S

- TCAS m TRAFFIC ADVISORY DISPLAY

● DETECTS TRANSMISSIONS FRO.M NEARBY TRANSPONDERS

- PASSIVE OR ACTIVE TRANSPONDER DETECTOR

ATC-118-4
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I

TCAS I BLO~ D~GW: ACTIm DETECTOR

The fi~re shows the block disgram of T~ I tith a low power active detector. Note that:

1.

2.

3.

The active detector transtits a standard AT~S Wde C interrogation
ATWS replies from AT-S and Male.S transponders.

Detection is provided for both AT-S and Wde S aircraft in regions
ground interrogator.

and thus receives

where there is no

htual suppression is required since both transponder ad detector operate on both beacon
frequencies.
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TCAS I BLOCK DIAGRAM

ACTIVE DETECTOR

1030 MHz INTERROGATION

[~
GROUND ATCI
TCAS E

l—

1090 MHz REPLY

ATCRBS
1030 MHz INTERROGATION ,

DETECTED

!~wATCRBS
AIRCRAFT 1090 MHz REPLY

TCASI AIRCRAFT
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I
ACTIVE TUS I INTS=WN~ CONSIDEWTIONS

Au active detector approach is feasible only if a transmitted power that cauees a negligible
increase in si~al interference aleo gives a useful detection range.

Au analysia was conducted to detetine the power level that could be eqloyed by 50% of the
aircraft in the high traffic de~ities (0.3 aircraft per square d) and that would cause no mre
than 10% of the sigoal interference generated by TM II operation. The result was a trans~tted
pmer equivalent to one 5.O~att Mode C interrogationevery second (i.e., one 5.O+att interrogation
per second, or OM 10.O-watt interrogation every 2 semnda, etc.).

!
!
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ACTIWTCAS

CONSTRAINTS

. 50% IMPL

1INTERFERENCE CONSIDERATIONS

EMENTATION IN ANY AIRSPACE

● NEGLIGIBLE INTERFERENCE TO GROUND AND TCAS II

ENVIRONMENT

RESULTS

● TRANSMIT POWER EQUAL TO ON.E, 5.0 WATT MODE C

iNTERROGATION/sEc :.

ATC-118-6
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Calculated values of tra&i~ probability for several pe& powers are ehon in the figure. The
perfo=nce at 4 watts is also shon since flight teat data were available at that power level.
Note that the calculated perfomnce for a 2&watt &de C interrogation (eve~ 4 seconds) yields
good detector perfomnce out to 2 nautical dies.

MS perfomnce prediction assues no loss in detection due to synchronous garble and is
therefore ofly applicable to densities where no more than one aircraft (on average) is tithin garble
range. This .’single-aircraft”density is shown for each of the ra~ea calculated. For active
TMS I utits tith a degarbling capability, reliable TAis would be possible in smwhat Mgher
traffic densities.

2 for a 2+le range iaThe density of 0.024 aircraft/d equivalent to the current density
outside of the T~ in the Seaton and Washington areas.
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1

I

CALCULATED VALUES OF TRACKING PROBABILITY

FOR A LOW POWER TCAS I DETECTOR

~

INTERROGATOR POWER (AT ANTENNA)

1 0.90 0.93 0.97 0.99

2 0.67 0.72 0.84 0.93

3 0.47 0.53 0.69 0.83

4 I 0.33

I

0.38

1“

0.56

I

0.72

OPERATIONAL
DENSITY

AC/NMl 2

0.047

0:024

0.015

0.010

ATC- 118-7
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A co~arison of calculated and ~asured perfo~nce for the 4+att case is shorn in the fi~re.
The airborne uasnreunts are seen to be in reasonably good agreement with the calculated
perfo-nce.
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PERFORMANCE AS A FUNCTION OF RANGEACTIVE TCAS

‘oo%~ I

ATC-1 18-8

AIRBORNE MEASUREMENTS

CALCULATED PERFORMANCE

50% -

0
0 # 1 t 1 1

01 2345678 910

RANGE (NMI)

* PERCENT OF AIRCRAFT FROM WHICH REPLIES ARE

ELICITED BY A 4-WATT INTERROGATION, FOR

AIRCRAFT WITHIN * 10° IN ELEVATION ANGLE



ACTI~ DE~CTOR -CTERISTICS

A functional block diagram of a possible TCAS I active transponder detector is shorn in the
fi@re. A single 20~att Wde C interrogation is generated once every four seconds. This standard

I ATCWS interrogationelicits ATCRES replies from both ATCRSS and Mde S aircraft. The interrogation
is followed by a listening interval of spproximtely 55 psec, which is stifficient to receive replies
from aircrsft up to three nautical tiles away. Raceived replies are tracked to elifinate fmit. A
topmounted antenna ia used to tinitize the effect of reflectionsfrom the ground.

I In addition to active surveillance, the detector shorn also includes provisions for rejecting
replies that are not near the TCAS I altitude. The slam logic for the active detector can track

! range to derive range rate. This mkes it possible to baae alerts on ra~e closure ss well aa range
and altitude proxidty, and should therefore help keep the false slam rate relatively low.c

!
I
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TCAS I ACTIVE DETECTOR

SUPPRESSION OUS
TO LOCAL TRANSPONDER

b

1030 MHz INTERROGATION
r TRANSMITTER - GENERATOR

FUNCTIONAL BLOCK DIAGRAM

FROM OWN
ENCODING ALTIMETER

I
i

1090 MHz
ATCRBS
REPLY - REPLY 4 ALT.

RECEIVER oEcOOER COMP
4 “TRACKER

OET
i

1
A

MTL - -70 dSm

I
SUPPRESSION BUS

FROM LOCAL XPONDER

““. &

ALARM PILOT
LOGIC DIsPLAY

ATc- 11 8-Y
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I

An exaple of flight test perfomnce for a 4~at t active interrogator ia shon in the fi~re.
The solid lines represent the location of aircraft as detetined by an experimental TWS II tit
installed in the flight test aircraft tith the TWS 1, and operati~ at full p-er. The dots
indicate regions where the 4+at t interrogator also elicited repliee.
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ACTIVE TCAS 1 PERFORMANCE - BOSTON TO NEW YORK
KEY

LOCATION OF A TARGET AIRCRAFT
AS DETERMINED BY TCAS Ii

~ REGION WHERE LOW-POWER
INTERROGATIONS ELICITED
REPLIES (4 WATTS, TOP ANTENNA)

AIRCRAFT

.

A~c_l18-10
o 5 10

RANGE (NMI) -23-.
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ImLE~NTATION WOUIWMSNTS

Every TWS I incorporates a Mode S transponder (shown at the top of the figure). The use of an
active transponder detector requires, in, effect, another transponder complete with receiver,
transmitter, ati logic ht operating on the opposite beacon frequencies. However, this .’inverted.’
transponder is active for less than 100 vsec every second. It thus appears practical to time share
the Mode S receiver and transmitter between the transponder and active detector tasks.

Details of this realization of an active detector are given in the following figure.

-24-
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TCAS I IMPLEMENTATION REQUIREMENTS

MODE S TRANSPONDER

1030 RECEIVER

( :

1030

LOGIC —

TRANSMITTER ~

1090 1090
BOTTOM
ANTENNA

———— ———— ———— ——— ———— ———— ——— ———

TOP
ANTENNA

L

t

1090 REC.EIVER

- ( ?

~
1090

J
LOGIC —

TRANSMITTER

1030 1030

ACTIVE TCAS I
ATC-118-11
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I

TUS I ACTIW TRANSPONDER DE~~OR

This implementation of s T~S I active transponder detector uses the Mde S transponder in a
time-sharing mode. The double-boxed elements in the diagram are those assemblies that mst be added
to the transponder to recotiiwre it tO a T~ 1 active detectOr. Switches effect the
reconfi~rat ion and frequency change. Note that there is no need for extrew speed or efficiency in
the reconfigurationstitches since: (1) ti~ is eveilable for etitching, (2) insertion loss in N
energy stitchi~ is not critical since sensitivity and RP pwer mtput for the transponder detector
are respectively about 4 dB and 20 dB less than the levele required for the hde S traneponder
function, (3) Local oscillator and Mster Oscillator frequency tit thing can be done at the ~
level, ad (4) mode decoder switching is strictly a logic function.
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TOP
ANTENNA

t

c

E
~w
3
n

BOTTOM
ANTENN,

1030

[
1090

FILTE

ATC-118-12

TCAS I ACTIVE TRANSPONDER DETECTOR
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S-Y

Masuremnts indicate that a low pnwer active TW I provides reliable detection of ~arby
aircraft. Its ability to ~asure ra~e petits the use of dam logic that should result in a
acceptable rate of false ala-.

It appears that the low power active approach cza ba realized econo~cally since its very low
duty qcle mkee it possible to tiw share the transponder transmitter ad receiver ele~nts.



●

●

MEASUREMENTS INDICATE THAT ACTIVE TCAS I PROVIDES

RELIABLE DETECTION OF NEARBY AIRCRAFT

IT APPEARS FEASIBLE TO SHARE THE TRANSPONDER

TRANSMITTER AND RECEIVER ELEMENTS WITH THE TCAS I

A~C-118-13
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