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OP' THE INVENTION Field of the Invention  The present invention relates
generally to the field of avionics for collision avoidance systems (CAS).
More specifically) the present invention relates generally to displays for
use with airborne traffic alert and collision avoidance systems and
transponders In formation flight. Background of the Invention Spurred by
the collision of two airliners over the Grand Canyon in 1956, the airlines
Initiated a study of collision avoidance concepts. By the late 1980's, a
system for airborne collision avoidance was developed with the cooperation
of the airlines) the aviation industry and the Federal Aviation
Administration (FAA). The system) referred to s as Traffic Alert and
Collision Avoidance System II (TCAS II) was mandated by Congress to be
installed on most commercial aircraft by the early 1990's. A chronology of
the development of airborne collision avoidance systems can be found in
"Introduction to TCAS II," printed by the Federal Aviation Administration
of the U.S. Department of ' Transportation) March I990. Za The development
of as effective airborne CAS has been the goal of the aviation community
for many years. Airborne collision avoidance systems provide protection
from collisions with other aircraft and are independent of ground based air
tragic control. As is well appreciated in the aviation industry, avoiding
such collisions with other aircraft is a very important endeavor.
Futhermore, collision avoidance is a problem for both military ' 26 and
commercial aircraft alike. In addition, a large, simultaneous number of
TCAS interrogations from close-in formation aircraft members generate
significant radio frequency (RF) interference and could potentially degrade
the effectiveness of maintaining precise position/separation criteria with
respect to ether aircraft and obstacles. Therefore, an additional collision
avoidance mode for use in close formation flight with other aircraft 3a is
highly desirable. In addition the problems described above) it is desirable
that aircraft, specifically -1  SUBSTITUTE BMEET  `~Y-G~~k-~~ln A~ACAWCn
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PCTNS99l304s9 military aircraft, perform precision airdrops, rendezvous,
air refueling and air-land missions at night and in all weather conditions,
including Instrument Meteorological Conditions (IMC) with a low probability
of detention. Also, it is desirable that these aircraft be allowed to fly
in formations including as few as 3 through as many as 2S0 s aircraft to
maintain formation position and separation at selectable ranges from 500 ft
(ft; where 1 ft = 4.304 m) !0 100 nautical miles (nm, where 1 nm - 1.85 km)
at all Instrument Flight Rules (IFR) altitudes. Also, the CAS system is to
be compatible (primarily because of cost issues) with current station
keeping equipment (SKE) systems or they will not be able to fly IMC
formation with SKE-equipped aircraft. ~o Referring to FIG 1, there is shown
a block diagram of a conventional TCAS system I00, comprising a TCAS
interrogator subsystem 110 and a Mode-Select (Mode-S) transponder subsystem
150. The ?CAS interrogator 110 Comprises a TCAS directional antenna 11 I) a
TCAS omni-directional antenna 1 I2) and TCAS computer unit 120, which
further includes receiver 121, transmitter 122, and processor 123 a Also
shown in FIG. 1 are aural annuncaitor 113, traffic advisory (TA) display
114, and resolution advisory (RA) displays 115. The Modo-S transpandor 160
comprises a receiver-transmitter 161, a control panel 162, and transponder
antennas 163 and 164. The TCAS interrogator I 10 and Mode-S transpondar 150
operate together to function as a collision avoidance system. Those skilled
inn the art understand that this is merely illustrative of a conventional
TCAS. za In a TCAS system) both the interrogator 110 and transponder 160
are airborne and provide a means for communication between aircraft. The
interrogator 160 initiates such communication by transmitting a query) far
example at 1030 MHz. The transponder responds to the query by transmitting
a reply, for example at 10b0 MHz, which is received and processed by the
interrogator. The reply received by the interrogator consists of a series
of information poises that may identify the aircraft, or contain altitude
or other information The reply can be a pulse position modulated (PPM)
signal containing data formatted in either in an Air Traffic Control Radar
Beacon System (ATCRH S) format or is one of several Mode-S formats. A TCAS
II equipped aircraft can monitor other aircraft within approximately a 20ao
um radius of the TCAS II equipped aircraft. When an intruding aircraft is
determined to be a threat the TCAS II system alerts the pilot to the danger
and gives the pilot bearing and distance to the intruding aircraft. If the
threat is not resolved and a collision or near -2 
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advises the pilot to take evasive action by, for example) climbing or
descending to avoid a collision. There are methods known in the prior art
for extending the range of TCAS, such as disclosed in Brettner et al, U.S.
Patent 5,g05,111. s Systems in addition to those described above have been
developed to provide steering commands for aircraft flying in formation)
For example) station-keeping equipment (SKE), used by the U.S. Air Force
can support a formation of up to 16 aircraft. Attempts have been made in
the past to provide a TCAS system that is compatible with formation flight;
One type of system is provided by Honeywell (former AlliedSignal ~o
Aerospace) under the mane Enhanced Traffic Alert Collision Avoidance System
(ETCAS). The ETCAS provides both a TCAS mode for operation in civilian
airspace and a limited formation search mode for military specific
missions. The ETCAS formation search mode functions as an aircraft
formation member identification and rendezvous system rather thaw a true
infra-forming positioning collision avoidance system. ~s The ETCAS falls
short of being a true infra-forcnatioa positioning collision avoidance
system in several ways. Fiat, once an aircraft joins a formation) the ETCAS
does not itself or in conjunction with any other an-board system maintain
aircraft position and separation within the formation. The ETCAS is simply
a situational awareness tool that designates other infra-formation aircraft
by receiving predetermined Mode 31A codes so transmitted from transponders
onboard said other' infra-formation sircra~. The ETCAS does not interface
with other aircraft systems) on board its host aircraft, to coapensate for
aircraft position errors within the formation. Second) the 1:TCAS does not
provide a display that indicates, for each formation follower aircraft, a
relative velocity (range-rate) between that follower aircraft and a
formation leader aircraft. FIeace, the pilot of a Zs . follower aircraft
has no relative velocity reference to maintain formation position with the
leader aircraft, which is especially critical during tinning maneuvers.
Third, the ETCAS formation/search mode technique is wholly based upon
active TCAS interrogations within the aircraft foraxation. These
transponder interrogations and the resulting Mode-S transponder replies
significantly tncreasa radio frequency (RF) reception interfettnce with 3o
a largo fora>ation of aircraft and could degrade an ability to maintain
precise aircraft position and separation within the formatio~a. Ia
addition) an increased composite level of RF severely inhibits a largo
formation of aircraft fiom covertly traversing airspace without -3_
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Patxnt 5,5?0,095 discloses an Aircraft Dependent Surveillance -Broadcast
(ADS-B) sya>em ~ W~cb aic~a~ in a predetermined airspace wntinuousty
transmits its own geographical position and altitude. This type of system
is suitable for a typical eirczaft operating in civilian aizspsce, but is
not suitable for aircraft that are flying is formation for the throe
reasons that follow. First) it is desirable that the aircraft forntation
responds to external iateaogationa) i fox cxaanple TCAS, with $ single
response. 'Ihe aircraft formation response c~eprcsants the entire foroa es
a very largo, for example t lcm2, virtual aircraft. A formation leader ~ o
aixcrsR wi,lI dettrrnire the position of the virtual atrcraft that
rcprescrrts the entire fonmntion apd report this position in response to
external interrogations. The reported position will lilacly be the
geometric ecnter of the formation) btrt could also be some other location
as well, for example the actual position of the leader aircraft. ;a Second,
It is fuabar deairad that the both tlu quantity and radio fi~equrncy (RF)
'' ,a level of intraformation communication be kept to a manta m. 'This
mtaus that the RF level is attenustod for dataliak between members of the
fosmadoa sad that only the 



formation loader aircraft is permitted to respond to tac~al interrogations.
Third, formation station keeping is the responsibility of the fom~ation
leader ~wircraft. The follower aircraft within tt~e formation display the
relative velocity and ;, so r~eladve altitude ef other formation follower
aircraft with tospeat to the leader aircraft. The leader aircraft can, for
example, move other aircraft within a formation by calculating steanatg
cotnmeads and incorporating these coau~ds into the relative altitude and .;
velvoity values tianalnitted to each of the follower aircxai3. Because tine
altitude and velocity values can additionally contain a steering campoaont)
successful nntraformation sa collision avoidance relics on the cooperative
effort of at least three aircraft including the `~`~~ leader aircraf3 and
twv follower aircraft that axe d nde>rt on a ape the 1 ader to maintain
separation therebetween. ;-y~~ There is aced for an iniraforinakion
collision avoidance systrm (IpCAS) that meetq . T. the fornvation flight
requirements listed above. It world be advanta$cous if such IlrCAS so mode
could be added as an additional mode to an existitrg TCAS systom. .~` ~ '
:'~l <~ i, ,, ~.a .,~i :;j,3 .`; ~~~.~,... ,r=..-.~ ,.-~;.,..,...,, ~rt.
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VENTIiON The folios ~.ng summary of the invention is provided to facilitate
an understanding of Borne of the innovative features unique to the present
iuvcntion, and is not intended to be a full description. A full
appreciation of the various aspects of the invention can only s be gained
by caking the entire specificatioa) claims) drawings) and abstract as a
whole, The present invention describes a system and method of maintaining
aircxaft position and safe separation of a large aircraft flying formation,
such as those types of uiilitary formati ons to perform a strategic bri
gale airdrop, although it can be used for any aemnautical service involving
the application of aircraft formation flying waits. The ,o presam invention
in.olves the ux of a arw display format for use with a passive Traffic ;, .
Alert and Collision Avoidance System (TCAS) and Mode-S data link
ts'ansponder to pmvide distributed ixnra-formation collision avoidance and
control among multipla formation aircraft. . ,, 



la one embodimeat, the present invention comprises a data Link Mode-Ss
stranspondeT, which. generates and i:ansmits Autometlc Dependent
Suxvtillaaoe Broadcast(ADS-H) broadcast data. Such ADS-B broadcast data
contains aircraft position';information of the host aircraft. The present
invention also includes a pas9ive traffic alert'' ,and collision avoidance
system (TCAS) computer in communication with the Mode-Straasponder. The
TCAS receives and processes broadcast data from another data
linksotraasponder that is located onboard another aircraft (e.g., a
follower aircraft within aforu~ation cell) to determine relative aircraft
position of the host aircraft with respect to theOthe,C 81tCr8R...Yn a
further embodiment of the present invention, a dada fink Mode-S
transpoaderiis in coaununicatioa with a TCAS computer. The TCAS computer
receives and processesssthe broadcast data from the transponder. The TCAS
computer is also in communicationv;with a flight mission computer, which
receives thQ broadcast data from the TCASs.:computar and gcaerates steering
commands based on the broadcast data. The presentinvention includes a
high-speed di~ptal communication link that is operatively cotmected.;to the
mission computer. which is used to transmit the steering commands t ' 3oo a
transponder-equipped foDower aircraft where tha steering commands are
processed by thet,, follower aircraft. The follower aircraft uses the
steering conunands ~ position itself with .respect to the formation lead
aircraft, This can be accomplished with either station.,:a I SUBSTITUTE
SHEfT'1 ,~ .~k,'~~r-J"~':~?~'T ~:f', v la Prmitc'i~fi1?_t"~_'.7~rht~
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DESCPAMD Pt:,1'IU994l30459 The present invention utciudes the steps of
providing a transponder (on one or more aircraft), which generates and
transmits ADS-B broadcast data including relative aircraft position, and
providing e. TCAS computer onboard a lead aireraf~. The TCAS is in s
communication with the traasponder and receives sad processes ADS-H
broadcast data from the trsnsponder. The i>xvct>tion includes the step of
(automatically) positioning and separating the follower aircraft with
respect to one another while flying in formation based oa the broadcast
data from the lead aircraft using, for example) automatic flight or station
keeping means. The iavcntion further includes s mission computer is
communicatsoa t o with the TGAS computer and the steps of: transmitting the
broadcast data ;rmm the TCAS computes to the mission computer; processing
the broadcast date; and seleeLivtly .; tzatuanitting the pmcess~ed
broadcast data between the lead aircraft and the follower ' ? aircraft via
a high speed data link. The step of processing further includes. tlu step
of calculating the follower aircraft range, range rate) relative altitude,
altitude rate, and ~ s bearing $om the broadcast (ADS-B) data received from
the Mode-S traasponder to determis~e whether a follower aircraft is is a
correct formapion position. The stop of selcctivoly t,<~ensmitting is
conducted, for example, using a anique flight ide>ntif3er of the ' ~`~
particular aircraft. The method also includes the step9 of alerting the
pilat9 of the follower ;. aircraft when as noz,-formation intruder
penetrates a prede~ad perimeter of aircraft flying zo in formation and
displaying the range rate or relative velocity of each follower aircraft
with respect to the formation lead aircraft, The method firrtber includes
tb~e step of :, ,. inbubittag air tra>t~c cor>itrol radar beacon systems
(ATCRHS) messages $om being sent by the follower aircraft Mode-S
transpoader. 1'~~ The present inve>m3oa is capable of supporting a #light
formation of 230 aircraft ' ;; . . ~ ~~ d'~'bcnh'I of multiple aircraft
formation cull units. It uses a pensive stuveillenco technique for
maintaining formation aircraft position within 500-ft to I pp-nm of one
another gt aU Is~trumrnt Flight Rules (IFR) altitudes. t?plated follow~rr
aircraft position information is broad 



cast periodically (e.$., 2 times per. second). These follower '.; aircraft
periodic Mock-S transponder transmis8ions of ADS-$ information arc seat to
sad ao received by the TCAS of the fvnnation lead airctafl.~ This extended
ADS-B data transmission is also referred to herein as Global Positioning
System (GPS) or Mode-S squitter. Fornaation airraraR . , positions)
relative altitude and velocity of each frallower -bi SUBSTITUTE SHEET
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aircraft are preserxted on the Vertical Speed Indicatorfl`raf~c Resolution
Advisory (VSIaIRA) display (c.g., cathode ray tube or flat zs 30 panel
display) and processed in the aircraft z...~ssion computer's
infra-formation positionipg collision avoidance system (1FPCAS) data fusion
center. The mission computer rtceives s data from the TCAS compuCer)
processes the data to obtain, for example, range and rangt rate, and then
the mission computer places the data in a format usable by external
equipment such as the station keeping equipment. Steering commands are
gcneratad and disseminated to the various or individual formation aircraft.
T1x steering commands are executed using on-board station kocping cc~ipment
(which caa also be used to maintain i o helicopter positioning) or
autopilot means. The passive surveillaace infra-formation collision
avoidance technique of the present invention sipnificandy redacts the range
upon which a large airrrsft formation can be dctectod and the resulting
lower RF interfereace maintains unintemipted position and separat'son
correction updates. '.'he precept invention overcomes xveral problems,
iacludiag, but not limited to: va providing a means to position and
separate aircraft in as exh~mely large flight formation (e.g., 100
aircraft) in nighdinstruatent meteorological conditions utilizing ADS-B
information and high frequeney data linker (and accompanying antennas) for
disseminating infra-formation steering commands; utilizing the aircraft
mission computar as a data fusion center for genexatlng stoeribg commands
based upon assimilated ADS-B information Zo receivod from the TCAS; sad
reducing the atnuunt of RF interference resulHna from multiple simultaneous
TCAS intorrogations and Mode-S tlraasponder replies. The present invention
maintains safe separatioa between 2 to 100 aircraft, and up to 250
aircraft) in night and Insuument Meteorological Conditions (IMC). The
precast invention eaables aircraft QositiorJsepasation at selectable ranges
fiom 300 ft to 100 nrn at all Iasinunent Flight Rules (IFR) altitudes. The
novel fearia~es of the present invention will become apparent to those of
s1411 in the art upon ex~nmiaanoa of the following detailed description of
the invention or can be learned by practice of the present invention. 1t
should be iutderstood) however, that the dctaiJed descriprion of the
iavention and the specific exarnplcs presented, while indicating certaiua
embodiments of tho present invention, are providod for illt~shradon
purposes only because various changers euad modiCcations withiua the spirit
and scope of the invention will become apparent to those of skill in the
art from the detailed descnifbion of the SU69TITUTE SHEET uy;~,~rr;
=-x,a,^,~r,;~,,~fx~x~ ; 1 rCl~:.a:..,.~.'e~i' `'n~r..ePenn~~ A ~ II C A 1
f1 C n c~ a ~ rT    ~~~.P~: _..:-.IL__ __ _.. . _ _.. . _ 04 `-01-2001
25d78 PCTIUS99/30459 0 ~ J1!~ ~ 203 



invention and claims that follow. r P DESCPAMD PCT/IJS99130459 HRIIEF
DESCRIPTION OF THE DRAWINGS The accompanying figures) in which like
reference numerals refer to identical or s fuz~etionally-similar elements
throughout the separate views and which are incorporated in and form part
of the specification) fbrther illustrate the present invention and,
togakher with the detailed description of the invention, serve to explain
the principles of the present invention. FIG.1 (prior art) is a block
diagram of a conventional TCAS system. ~ o PIG. 2 is s diagram of the
components of as exemple~ aircraft fomnation FICi. 3 is a block diaper of
an embodiment of the collision avoidance system for close formation flights
in accordaztee with the present invention. FIO. 4 is a block diagram of an
alternate embodiment of tire collision avoida>nca system for
intca-formation posltyoning flights iaaccordaace with the present
inventioln. FIG. 5 is a more detailed blook diagram of the embodiment of
FIG. 4 (the intraformation collision avoidance system architoctutc) iu
accordance with the present invention. FIG. 6 is an elevation of a TCAS V
SIlTItA display with the relative velocity (range rate) of formation
a9~reraf3 displayed in accordance yvith the present invention. xo FiC3~. 7
ie a flowchart of the methodology used to display information to the viewet
in accordance with the present invention. DETAILED DESCRIPTION OF THE
INVENTI01~ The present inv~eation is designed for use with a passivt
Collision Avoidance zs Systezta (CAS). A passive Collision Avoidance System
(CAS) is implemented by the present invention to maintain selectable
stpatatiox>< between foxa>iation cells sad fallowtt aircraft within each
cell using sit integrated cor~ol xygiem. The passive CAS is attained by the
present invention using centralized contml and decentralized ~acec~ion of
multiple aircraft formation cells. The present irrvcntion uses TCAS attd
C31oba1 Positiouirtg System -& SUBSTITUTE SHEET W i,~~:.'3f ~..,," ~..~~r
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The arms GPS squitter, Mode-S squitter, and ADS-B mean the same thing and
are used interchangeably thmuE,hout the description of the present
invention to describe extended data transmission ,l ;y ri 1 ,. ,,
Assembling a largo number of formation aircraft (e.g., for a massive size
military 6 airdrop in IMC and night flying conditions) is a positioning
Iseparation control problem 



that is implemented by the present invention in two parts; 1) Madifieatian
or augmentation of a conveanional TCAS, e.g.) L3 Commw~icatious (previous
Honeywell) TCAS-2000 (product no. RT-951 ), to add an additional IFPC.A.S
mode to permit close formation flight without unnecessary trai~c vo
advisories or resolution advisories; azbd 2) Uxe of data from a Mode-S
trtnsponder to process aircraft position, anrl an external high fi~eqvsncy
(e.g.) VHF, UHF) data link (ttapsmitter and receiver), with accompanying
antennas, to peas data) such as ADS-H and infra-formation steering
commands, between aircraf;. t s Referring to FIG. 2, them is shown. as
exemplary aircraft formation with its members heading toyvards a drop zone
260 for which au Intrs-Fornatioa Positioning Collision Avoidatxce System
(IFPCAS) is necessary. A~aceat aircraft flying in close proximity to one
another could maintain a safe separation using passive TCAS detection and
processing. A large formation (master ceD) 2U0 can be split into SmaDer
cells (210) 20 220, 230, 244) with a cell leader aircraft (225, 235, 245)
responsible for maintaining aircraft stparation among sell follower
alrcrsft'(212) 2a 3, 222) 223, 232) z33, 242, 243). A cell can ba dtfined
ss a sr~oallor formation of approximately 2-54 aitexaft, A largo formation
(up to 25Q aircraft) 240 may contains many cell within it. A Master
Formation Leader (i~'L) aircraft 250 is responsible foot maintsinir~g
sepat$tion between the multiple as cells (21a, 220, 230, 240) that make up
the entire formation 200 (the MFL acts as a beacon for the formation
followers). The MFL 250 maintains cell separation using information that is
periodically broadcast from each cell loader's transponder) for example,
Global Posibianing System (GPS) squitter data) The 1V1FL 250 receives the
data froth each cell leader (225, 23S, 245) 3o aircraft. Each cell leader
aircraft (223, 235) 245) can be idantifled by a unique Mode-S 24-blt
address. Precise position location of formation cells and other multiple
formations .r yt i J t i ' ~~Prinfa` ~jl~~.:~1~~9ttftl`~ SU88TITUTE SHEET
AMFNI-lFl~ SHFFT :r:;-,   04-01-2001 PCT/US99/30459 ~ 4 (l1.~~9 L~i ~ P
DESCPAMD H25478 PCT~CJa~>,..r...,~ can be accurately tracked using GPS
squitter data. MFL 250 fuses the data of all cell positions; such data
fusion is accomplished in the MFL's Flight Management System (FMS) 7FPCAS
data ivsion center as shown and disc~sed with respect to FIG. 5. Individual
cell steering commands are transrriitted via Mode-S data link to cell
leader s (225) 235) 245) aircraft as shown and discussed with respect to
FIG. 4. Steering commands are directed to individual cell lea~dcrs by their
unique Mode-S 24bit address. MFI. 250, cell Ieadex aircraft (225, 235,
2a5), and cell follower aircraft (212, 213, 222, 223, 232, 233, 242, 243)
can be identified by their Mode-S 24-bit address and/or Flight
Identification that are as9ignod to each aircraft and transmitted as part
of the existing io Mode-S message types. Cell leaders (225, 235, 245) then
process steering cornxnaads within their own FMS and disseminate steering
commands, for example relative altitude and relative velocity values, to
follower aircxa$ within their cell. Iadividnal cell follower aircraft not
upon the steering command if they are addressed to do so, for example via a
station ~s keeping system digital datalink with the cell tender aircraft.
It should be noted that every Mode-S message contains a cyclic redundancy
check (24-bit error detection code) to prevent erroxuous information from
being received by the aircraft. GPS squatter can also be used is a similar
manner to enable multiple formations to inter-fly and maintain
posidodsepsration at selectable dista>mes. In the multiple 2o fornaatIons
scenario a Super Master Fon~tion Le&der (SMFL) receives ADS-H information
$am the MFLs. The SMFL processes the fused data and disseminates steering
commands to formation clement master leaders to rnalntain position and
separation between multiple formations, Distributod formation positioning
control approach prevents single points of failure za and provides the
flexibility of passing MFL 250 and cell leader (225, 235, 245)
responsibilities to any formation aic~craft. Referring to FIG. 3, thec~c is
shown a graphical depiction of the passive surveillance System of tht
pt~eseat invention that is used to attain close formation collision
avoidance. Passive surveillance es used herein means that close formation
collision ao avoidance caxx be attained without active TCAS tsuf~c advisory
interrogations, as with conventions! 'fCAS. Passive surveillance can be
aclrieved through Mode-S under GPS sqtutter broadcast and subsequent ?CAS
reception and processing of that d~ m -10 SUBSTITUTE SHEET enn~mn~n cu~~-r
' ~:;r ~;rs~~n 
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aircraft position. FIG. 3 illustrates an exemplary embodiment of the
present invention Although only three aircraft systems are illustrated, it
should be clear to those spilled in the art that multiple aircraft will
have a similar relationship to that shown between the Cell Formation a
Leader Aircraft 225, Cell Follower Aircraft No. 1 (222) and Cell Follower
Aircraft No. 2 (223). The operation of TCAS and each component shown are
well known in the art and need not be described inn detail. Certain traf5c
control system tra~nsponders, such as the Mode-S transponder, include
unique aircraft identifiers so that each message from a target aircraft can
be stamped with the identity of the target aircraft. ,ADS-B messages are io
broadcast from each Mode-S trtuisponder (364) 361, and 362) at a
predetermined interval, e.g.) periodically one or two limes per second, aid
contain the ainraft's geographic coordinates (latitude and longitude),
magnetic heading, velocity) barometric altitude, and night iderrti8er,
etc., of the respective ait~craft. Such ADS-B data set is derived from each
aircraft's GPS and Inertial Navigation System (330, ,331, and 332), and
Flight is Management System (FMS) (not shown) via a bus interface, e.g.,
high-spend ARINC 429bus interface, and provided to the Mode-~S tr$asponder.
ADS-H data received by the TCAS-equipped aircraft is processed and
displayed in tht cockpit to better es~sble a flight crow to assess
potential conflicts. The leader aircraft TCAS 351 is manipulated by
software to receive the Mode-S squitter iaformatiou and compute the
positions of target zo ~ proximity aircraft. Target range, range rate)
relative altitude, eltitndc rate, and bearing arc cslculatcd from this
ADS-B data received firm the Mode-S trnnspoadera (360, 362) to determine
whore an aircraft is relative to the air space of the leader aircraft 225.
In a xormation, only the load sircralt 225 is permitted to respond to any
ground interrogations because of the radio frequency interference and
inability of FAA Air Tragic Control to rs decipher multiple retw~ns in a
very small arcs. From an accuracy point of view, the present invention uses
GPS/INS data that is broadcast by a follower aircraft (222) 223 which
permits srr exact calculation of position with no more than 10-m error in
most cases instead of a relative positivnal calculation. The relative
altitude) altitude rate) range, and relative velocity (range-rate), with
respect to formation lead aircrsf3, are all critical to so avoiding a
collision in the present invention Other parameters of the target aircraft
are accounted for to derive intent and closure rate. ' . The TCAS 3S2 of
the follower aircraft No. 2 {223? receives steering data, for -x 1
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relative velocity data, fiom the Mode-S trausponder 361 of the leader
aircraft 225 through the Mode-S trartsponder datalink at a predetermined
frequency, for example) 1090 MHz. Similarly, the Mode-S transponder 3~2 of
allower aircraft No. 2 (Z23 ) transmits ADS-H data to the TCAS 3 S 1 of the
leader aircravft 225 s through its Mode-S transponder datalink. >Jach TCAS
(350) 351, sad 352) is in communication with a corresponding Modc-S
transpotuler (360, 361, and 362) through an aizcraft data bus) for example
an ARINC 429 digital data bus) providing altitude, which is derived, for
example from each Air Data Computer (ADC) (340) 341, and 342). ADS-B data,
such as latitude, longitude, velocity) intended flight path, are provided)
far example, ~o from a global Navigation Satellite System/Inertial
Navigation System (GNSSIINB) (330) 331, and 332) to each TCAS (354, 35I)
and 352) (through a Flight !~Lanagement System (FMS), which is not shown)
and to each Mode-S transponder (360, 361) and 362). The IFPCAS display,
which is presented, for example to an aircraft pilot, in follower aircraft
No. 1 (222) is shown in Figure 6. ~a The ADS-H messages referenced herein
are comprised of five "extended length" squatter messages: ( 1 ) Extended
Sqtuttcr airborne position; (2) Extended squatter airbortu velocity; (3) l;
xtended squittes surface position; (4) Extended squatter aircraft
idratification; and (5) Evelnt-driven squi~ttcr. Fox formation flying, the
present inv~at;on primarily uses m~e9sage formats (1) and (2) for passive
airborne implementations and era so discussed in the following paragraphs.
Additional information regarding these ADS-B messages can be found In AEEC
(Airlines Electronic  Engineering Committee) ARINC (Aeronautical Radio,
Inc.), Circulation of Draft 2 of Project Paper 718A) "MARK 4 AIR TRAFFIC
CONTROL TRANSPONDER (A,TCRHSIMODE-S)," Sept.12,1997. The extended squatter
airborne position message is emitted oaty when the aircraft za xs airborne.
The extended squatter airborne position message contains position
information derived from the aircraft navigation aids (CtPS and INS). The
extes~d~ed squatter for aizborae position is trsnssnitted as Mode-S
Downlink Format Message 17 (DF 0l'7)) which is a format lrnown to those
skilled in tire art. The message is emitted twice per second at random
intervals that are uniformly distributed over the range 0.4 to O.S seconds
relative ao to the previous extended squittxr airborne position emission.
The extended squatter airborne velocity message is emitted only when the
aircraft is airborne. The extended squatter airborne velocity message
contains velocity infanmation -12 
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from aircraft navigation aids (GPS, INS). The extended squitter airborne
velocity message is transmitted as Modc-S Downlink Format Message 17 (DF
O1'i7, which is a format known to those skilled in the art. The message is
emitted twice per second at random intervals that are uniformly distributed
over the range 0.4 to 0.6 seconds relative s to the previous extended
sqtutter airborne velocity emission, It is important to note that the TCAS
units (35U) 352) installed in the follower aircraft (222, 223) can operate
in a passive mode) meaning that they do not actively intermgate other
aircraft. Under eonveational TCA,S operations) the TCAS and Mode-S
traxisponder share resolution advisory information) or sometimes called
coordination ~ o messages, when the 'TCAS is operating in the active
interrogation mode. According to the present invention, the active
interrogstaon ~of the TCAS is disabled during the 1FCAS mode. Broadcast
Mode-S squitter data is not only important to tight formation collision
avoidance, but also important to ei~ectively controlling the relative
position of cellular ~s formation units within the larger formation group.
The infra-formation positioni,ag system presented horain is basod upon a
distributed formation cell control scheme that utilizxs Mode-S traasponder
ADS-H squitter) TCAS ADS-H information processii~, mission computer target
track procxssing) and the resident aircraft SIKE. Ia this approach, a MFL
250 maintains cell positioning using the ADS-H informatf on that is
periodically broadcast zo fmm the cell leader sircrat3 (225) ?35, and 245)
Mode-S tranaponder. Referring to 1; I4. 4, there is shows as alternate
enzbodimcat of the present invention when operating in the IFPCAS mode. A
mission computer (410) 411) sad 4l3) and SKE (380) 381) and 383)
communicate with a respective TCAS (350, 351, and 353) as has bees
described earliler with respect to FTG. 3. Suitablo SKE include products zs
ANlAPN-169C or AN/APN-240 available from Sierra Research) a division of
Sierra Technologies Inc.) although details of the SICK are not necessary
for an understanding of the present invention. A digher level diagram of
this system architecture is shown in FIG. 5. Although only three aircraft
are illustrated in FIG. 4, an extromcly large formation 30 (e.g., 250
aircraft) consisting of multiple formation units would operate in a similar
manner. A passive surveillance approach could be equally effective in
enabling multiple formations to inter-fly and maintain formation
positionlseparation at selectable distances -13 SUBSTITUTE SHEET ~:_" ~~r,~
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PC'1'1US99r30439 ~m 5p0 ft to 100 run at a11 IFR altitudes. In this
scenario) an MFL 250 will receive Formation Cell Leader ADS-H position
information and generate steering commands that will be dissenninated in a
hierarchical manner as described above. A Mnster Formation Leader (see)
e.g., MFL of F1G. 2) coznmnnicates with a cell s leader aircraf t. '1"he
TCAS 353 provides the missio~a computer 413 a full set of AD S-B derived
track data. The MFL mission computer 413 can select formation cell leaders
by that aircraft's unique 2d-bit Mode-S address. Cell aircraft position and
separation iaforrnation can be calculated by the MFL mission computer 413
with resultant guidance commands) for example relative velocity and
relative altitude, disseminated to the cell ~ o formation leaders via a
very high frequency (VI3f) data link 390. Stcexing commands arc forwarded
from the YHF receive suite to the cell leader aircraft mission computer
411. Similarly) the cell leader aircraft mission computer 411 can provide
aircraft guidance coma~at~ds to an associated SKE 381 based oa the data
received from an associated ?CAS 351. The cell follower aircraft can them
execute the cch leader aircraft SItE commands, ~ s for example pitch, mU
and thrust to maintain a desired position within the formation. The system
architecture shown in FIG. 5 is illustrated with the IFPCAS ControDer,
De~ta Fusion) and Control Laws implemented fn the mission computer 410 as
sofl~vere functions. Muhi-f~tion Displays (MFD) 550 can be used to display
the forn~ation CAS information. The MFD can display both Cell aircraft
IFCAS targets as well as so conventional TCAS targets. 



It is important to note that the selection of formation members can be
accomplished using the unique 24-bit Modc-S address that is broadcast at
the tail end of each GFS squatter transarission. In addition) a secondary
means of member selection can 'be atfained using the Flight ID) which is
also transmitted as part of the Modc-S extendat za length massage.
Non-station keeping aircraR formations (e.g., tnnicer cell formations) can
be handled in a siarhar manner. In fact, TCAS-equipped tankers can utilize
Mode-S ADS-H information to rendezvous with specific formation aircraft
using the selective 24-bit address or Flight D3 transmitted Ln the Mode-S
squatter message. Such non-station ao keeping aircraR could maintain
position and separation within the formation unit by receiving Mode-S
squatter ADS-B data from the NJFL and/or cell leader aircraft and
reconfiguring the aircraR's mf ssiom data to comply with the Mode-S
squatter ADS-B dat$. -14 SUBSTITUTE SHEET wY.r~ :N~A'~ty~ ~~~`~iY-~Y~'~~ .
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DESCPAMD Si.rnilarly, rendezvous aircraft guidance commands could be
generated by their mission computers using serviced aircraft's ADS-B track
data. This is another example where the unique Mede-S address can be used
to selectively track a specific formation member aircraft. Referring to
FIG. S, there is shown an embodiment of the IFPGAS architectm~e in
accordance with the present itiventidn. ~?he aircta8 mission computer 410
is comprised of IFPCA.S Controller 555 subject to 1FPCAS Control Laws 560,
FMS S65) Data Pusion 570) and Display Processing 575. The L)ata Fusion
element 570 interfaces with perip~herai (digital) datalinlc ro equipment to
collect data available $om the TCAS 350, Moda-S Traasponder 360) V Data
Link Radio 520, SKE 380, and Zone Marker Receiver 510. The data collected
i9 Automatic Dependent Surveillance (ADS) data, Station Keeping Equipment
(SICE) data, and Tragic Alert and Collision Avoidaa~ce System (TCAS) and
Mode-S data. ADS data is received fmm other aircra'R within line of sight
range of this aircraft as well as from Air is Traffic Control (ATC) ground
stations. SKE data is received fironn other aircraft currently in formation
with this aitrxaR. TCASlMode-S data is t~eceived fiom other aircraft within
line of sight ra:age of this slrcraft as well as from ATC ground 9tatioise.
Because this data is obtained from multiple indep~endant sources, it
represents different views of the position arid state of this aircraft
rcladve to other adjacent sirctnft. x The total set of data collected will
contain duplicate data and possibly some contradictory dais. Data fi~s9on
algorithms (details are not necessary for uxutcrstnnding the present
invention) arc used to cortrlate this total set of da`a into loEical and
consistent subgrts of infor~matio~a that eliiminate duplicate data and
resolve conttadic~tory data. Several subsets are involved: a subset for
other follower aircraft currently is fonsnation with th; s follower zs
aircxaft; a subset for lead aircraft in adjacent or joining formationx; and
a subset for aircraft in tlse line of sight range of this aircraft, but not
associated with any foncnation. Each subset of information will contain
identification data, position data, intent data, threat priority data, and
infra-fonnatian data for each aircraft. The IFPCAS Controller 555
ioter'faces with peripheral datalink equipment to 3o determine their
current modes of operations. The IFPCAS Controller 55S element receives
crew command inputs and data fission information ~to determine which
I1KPCAS -15 SUBSTITUTE SHEET ~P~riit`'~v~_n~~''t~~i~~ Ann~mn~n cu~~T
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functions to activate. During infra-formation operations) the IFPCAS
Controller 555 responds to crew inputs and activates Control Laws 560 to
fly the aircraft in formation using data fusion information. Additionally,
the IFPCAS Controller 555 interfaces with the FMS 565 passing it conuol
data far flight plan charyges coordinated among other s aircraft is the
infra-fom~ation. In additiozi, the IFPCAS Controller 555 respands~ to crew
inputs to tnsble or minimiz~c RF emissions by sending control data to the
Mode-S Transponder 360 and TCAS 350. This will minimize the ability of
enemy forces to detect this aircraft in or near war zones dtuing military
aperations. The IFPCAS Control Laws 550 are control laws that use the Data
Fusion ~o information and IFPCAS Controller 555 inputs t~o pr~occss control
law algorithms that compute airspeed, altitude) heading, and throttle
targets for the Automatic Flight Control System (AFCS) 530 in a manner
apparent to thox skillod in the art. $ecau~e the control laws of
conventional TCAS are known by those sltillod in the art, the control laws
of the present invention are similarly implexncnted by those skilled in the
art while also ~s accounting for external equipment such as the SKE. The
AFCS 530 is a conventional aircraft automatic flight control system that
provides flight director, autopilot) and autothrottle control functions.
The AFGS 530 receives airspeed, altitude, heading, and throale targets from
the IFPCAS Control Laws clement 5b0 to control this aircraft within the
infra-formation These targets are used to keep the aircraft in formation
with other zo airGrat3 and to maintain the crew-entered separation
distances. . The Control Display Units (CDIn 540 are interfaces used by as
operator to input flight parameters into the FMS 565. The FM5 565 is a
conventional aircraft flight management system that provides flight plan
routes, and lateral and vertical guidance alone thoso routes. The FM5 565
receives control data fivm the IFPCAS Controller S55 zs to accomplish
coordinated flight plea route changes among all aircraft within the infra
formation. The Display Procesgina S75 element is a convontio~a,1 display
processing function that presents information to the flight crew on) for
example) MFD 550. The Display Processing 575 clemonc receives display data
from the IFPCAS Controller 555 and Data ao Fusion 570 functeons. This data
is an. integrated set of Cockpit Display of Tra'f~c Infornnation (CDTI}
that provides a clear and concise presentation of the adja;,ent traffic for
improved situational awareness. -t 6 suBsnrurE sE~ ,.. CIA .wt~PS~~'^....
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civilian aircraft that are capable of receiving TCAS ADS-13 data can see
farntaaon aircraft targets on their VSIITRA 600 (see FIG. 6). Because
forrnaiion aircraft are not passing resolution advisories, it will be the
responsibility of the non-formation sircrafl to maneuver out of the way. a
The TCAS 3$0 receives and processes the ADS-H information and displays
relative aircraft position (range) bearing) oral altitude) on the 'Jertical
Speed lndicatorlTraf~c Resolution Alert (VSIlTItA) display 600. When the
TCAS of the present irwention is configured for IFI'CAS mode, resolution
advisories arc inhibited because of the close proximity of aircraft within
tho cell. Of course, the prior art systems teach away ~o from this featura
of the present invention because resolution advisory is desired in those
other collision avoidance situations. Zone markex racciver 510 omulatcs GPS
squitter broadcasts from a Mode-S traaspoadcr 360, which are key to
ensc~ing precision airdrops. The TCAS 350 could designate the zone marker
with unique symbology as described herein. zone marker ~ o receiver 5 I O
updates 100 nm out appear feasible. However, it wit! be dependent upon the
RF tran.'snnit power levels that can tx tolerated for various mission
scenarios. The L3 Conununicatioas TCAS-2000 (e.g.) RT-951) and Mode-S
Traaaponder (c.g., XS-950) can meet the unique infra-formation positioaal
requirements described herein with some modifications to the TCAS-2000
unit. These changes will be discussed zo in the following paragraphs. A
modified or augnoented TCAS-2000 is a preferable TCAS (since it is the most
recent product) but other TCAS systems can be adapted and used as wcD in a
manner well known to those sldllod in the art. The TCAS-2000 is a new
Traffic Alert and Collision Avoidance Syststn and is available $om L3
Cornmunioations) the compatry that also 



za developed the TC.4S II. Standard (i.e., before rnodificarioa as
described herein) TCAS 2000 features include: increased display range to 80
nm to meet Communication) Navigation) SttrveillanceJAir Traffic Management
(CNSIATM) raluirements; variable disptey ranges (5, 10) 20) 40 and BO nm);
50 aircraft tracks (24 within five nm); I Z00 knots (ict; wlrerc 1 let ~
0.5I44 mls) closing speed; 10,000 fort per minute (fpm; where so t 000 fpm
= 5.07 m!s) verdcal rate; normal escape maneuvers; entranced escape
maneuvers; escape maneuver coordination; and airlgrrrund data link. -17
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By way of illustration sad not by limitation) an inputJoutput (I/O) cazd
355 is added (in, for example, $n existing spare card slot) in the
TCAS-2040 computer in addition to its other componer's ~s shown in FIG. 4.
This I/O card 355 provides the ADSH data interface from the TCAS-2000
computer to the aircraft mission computer 410. In s addition, the TCAS 350
derives its present position) altitude, and airspeed from GNSIfNS. Such
information is accomrraodated using this I/D card 355 to interface with the
aircraft's GPS receiver and INS systems (330). The L'O card 355
accommodates an ARINC 429 interface to the GNSSI INS 330 so the TCAS can
establish its own geographical position and airspeed reference. The TCAS
receives altitude data from the Mode-S Transpvnder  ~ a via a high-speed
ARINC 429 data bus. These param~cters are necessary in ozder to precisely
calculate exact range, range-rate, bearing and relative altitude of
adjacent, cell formation aircraft. A modification to the TCAS-Z000 Computer
Processing Unit card (not shown) is needed to decrease the average filtered
range error from approximately 72 ft to 5D ft. In ~e addition, a
modification to the Control Panel is needed to add the 1FPCAS
Modo-Selection option and to add the O.s-nm range selection option. so Z5
so A prefergble Mode-9 tsanaponder is the L3 Communications Mode-Select
(MndeS) Data Link Transponder (pmduct no. XS-950), which is a
"full-feature" system iaa~.plementing all cun~utly defined Mode-S
functions-but with built-in upgradeability for t~ttu~e growth. As will
bccorno apparent to those skilled in the art, other Mode-S traasprnaders
can be used in the presrnt invention. Cuaent Modc-S transponders are used
in conjunction with TCAS and ATCRBS to identify and track aircraft
position, including altitude. The Mode-S Data Link Transponder XS-950
product transmits and receives digital messages between aircraR and air
traffic control. It meets all reduirements for a Mode-S transponder es
described in DU-181,A) including Change 1. 1"he unit also conforms to ARINC
Chatnetd3stic 718 with interfaces for current sir transport applications.
The Mode-5 transponder is capable of transmitting and receiving exteraiod
length Mode-S digital messages lxtwecn aircraft and ground systems. 'I~e
data link provides more et~ciont, positive) and confirmed communications
than is possible with current voice systems. Modifications to the
conventional Mode-S tran9ponder arc required by the present invention to
inhibit Air Traffic Control Radsr Hcacon System (ATCRHS) interrogation -I 8
sussTlrurs sHeEr . j,y E.'H ~F: ?~..m .. ~ ~W , : Q53, t~ M,1: ~~~",;+..;
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replies while in the IFPCA5 operational mode. To further reduce RF envssion
levels) the presets invention further comprises an external RF power step
attenuator) which requires a change to the TCAS RF board. The Mor'~-~ RF
power transmission level is 640 watts peak pulse, 250 watts minimeun. An
external attenuator controlled from the pilot's station s reduces emission
levels for close proximity aircraft, contributes to reducing probability of
deteooion, and reduces the chance of adjacent aircraft L-Hand receiver
desensitization. Only the formation cell leader (e.g., 225 in FIG. 2) will
transmit at higher Mode-S squitter powrr levels to ensure positive
formation positional control with the Master Formation Leader (250 in FIG.
2). Nv modification to the L3 Communications XS-950 Mode-S to transponder
is required to broadcast GPS Squitter data because it is already Mode-S)
ICAO Level 4 capable (i.e., transmits and receives 16-segment extended
length (112) bit messages). In addition to hardware modifications to the
commercially-available TCAS 2000 (or other TCAS product)) softarare
modifications to it and to the Mode-S ADS-H systems t3 are contemplated for
the present Invention to raluce the number of unnecessary evasive maneuvers
and allow close formation flying. The modifications include, for example) a
GPS Squitter capability enhancement to the commercially available L3
Commuaicationa Mode-S transpondor product ao. XS-950. The IFPCAS mode will
be added to the existing software. This unique TCAS mode of operation will
provide pilodoperator situativnal zo awareness when flying in a formation
of multiple TCAS-equipped aircraft. Differences between the IFPCAS node of
the presaat invention and the conventional TCAS operation mode include) but
are not limited to: 'fCAS Interrogation inhibited; VSI/TItA display of
intruders with visuaVaurnl indication of when an intruder penetrates a
protected volume or meets some closure rata criteria within a~protected
volume; centered (or some positioning) z5 VSIffRA display with
approximately 0.5 nm selection 'range (soe FIG. 6) appropriate sized range
ring (e. g.) 500 ft) on V SUTRA display (sea FIC3. ~; intruder tango
quantization of a predetermined distance (e. g., 70 ft) and filtered to
provide r~solutioa of a predetermined distance (e.g., 50 ft); additional
annunciation of relative velocity and formation member identification (soe
FIG. 6); shutoff interference limiting logic; changes 3o necessary to
interface with a GNSS/1NS; new c>ata recorder parameters; and modify Mode-S
Transponder software code to inhibit Air Traffic Control Radar Hsscon
Syetctn (ATCRBS) response by followor aircraft (only the MFL will have the
transpoader enablod). A11 of these changes arc well within the skill of
those skilled in the art and their -19 BUBS'TeTUTE SHEET
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apparent to them. Both TCAS-2000 GPS Squitter data processing and Mode-S
extended length message AhS-B data a~snsxnission will be imptement~ 3 ~.s
'part of TCAS-2000 Change ~ software modification in accordance with the
prese~at invention as described above. The s exi9ting commercial TCAS-2000
system can be modified to operate i~a an 1FPCAS mode while maintaining the
normal TCAS mode of operation. Nomnal TCAS Traffic AdvisorylResolution
Advisory (TAIRA) capability would be inhibited to prevent aircraft
interrogations and rcsoiution advisory operation. Software in the
transponder is completed and certified to DO-17R$, the FAA ~o requirement
for software development and certification. 5oftwara updates can be
coxnptated on-board the aircraft by means of, for example, as ARINC 615
portable data loader, which has a data loader port located on the firont
connector. All of the foregoing software modifications ate well within the
skill of those skilled in the art and their implementation Kneed not be
discuxsed in detail. ~s Rcfenring to FYG. 6, thet.^e is shown a Vertical
Speed ZndicatorlTraffic R~esulution Advisory (VSIrTRA) (or Traffic
AdyisorylResolution Advisory) display 600 in accordance with the pit
invention. FIG. 6 illustrates ea exemplary VSIrTR.A display 600 with
formation members (6l0, 6~0, 630) identified) such as formarioa cell
aircraft (depicted as airplane icons) and lead forraation aircraft
(225)(depicted as an airplane icon zo inside a diamond). The VSIITRA
display can also show different symbology fox foamatioa tanker)
non-formation aircraft) etc. As shown in FIG. 6) the 'TCAS VSIrfR.A display
of the present invention not only shows the relative altitude b60 of own
follower aircraft 63 ~ (depicted as an airplane icon inside the dotted
tango ring 640) with the foratadon lead aircraft 225, but artnwxiates the
as relative velocity 65G (or range-rate) of own follower aircraft 630 with
the formation lead 225. Ctwn aircraft position is rcpreserned by the
airvraft icon 630 at the bottom of the display hooded toward the twelve
o'clock position. The number (U~) on tap of the airplane icon 225
represents the relative velocity 550 of own aircraft 630 in, for example,
nt~omr ad the number below the formation Icad aircraft (e.S.) 660 pointing
to O 1 ) 3o ropregents the relative altitude in, fbr example, thousand ft
increments. The positive number 650 above the lead formation aireraR 225
indicates own aircraft is traveling 50 nmlhr faster than the lead aircraft.
the positive number 6f0 below lead aircraft 225 -2Q 
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lead aircraft. A negative number 652 indicates that the follower aircraft
620 is traveling at a lower velocity than the formation lead aircraft 225
while a positive member indicates that the follower airc a~~ 610 is
traveling at a higher velocity than the formation lead aucraft 225.
Similarly) a negative relative s altitude 662 indicates follower aircraft
s20 is 100 ft below the lead aircraft 225. This enhancement makes the TCAS
a valuo-addod instrument fur the pilot flying in tig>tc formation profiles.
Relative velocity annunciation will be particularly useful for meintgining
aircraft relative position within a formation during turning maneuvers. A
conventional TCAS is aware of intruder Tango and range-rate but today it
displays only color warnings when the intruder's relative velocity presonts
a threat. The TCAS display of the present invention aperating in
infra-formation mode displays formation cell aircraft relative velocity
(650, 652, 654); relative velocity is displayed digitally along with the
relative altitude data (6d0) b62, 564) on the TCAS display 600. With
instantaneous lmowledge of the relative speed of each aircraft in a
famnation) ~s any crew can immediately cowed their speed to match the lead
aixaaR or communicate with an adjacent aircraft if it is flying off
formation speed. Once speed is under better control) it becames possible
for e11 the aircraft in fotmatioa to fly coupled to their flight maaegement
system) thug easurhrg each aircraft flits the same track. The TCAS display
600 of the present invention, which is augmented with relative velocity)
should eliminate so nearly a11 of the variation is range) significantly
reduce craw workload and enhance safe effective large cell formations in
1MC. The method of the present invention fellows the above description of
the systems embodiments and is dcscribod in the Summary of the Invention
section, Referring to FIG. 7, there is shown a flowchart of the
informatio~u processing to zs determine the manner in which information is
displayed to the aircraft flight crew on the display 604. In step 704, the
process of displaying TCAS .formation members is begun. In step 706) the
TCAS compuner of the lead and follower aircraft receives Mode-S Squitter
(ADS-H) message from an intruder to the protected volume. The VS1."IRA
display provides pilots situatianal awareness of formation aircraft
position and an audiovisual ao indication when an intruder penetrates a
protected volume or meets some closure rate criroeria within a protected
volume. Intruder range quantization is filttred to provide resolution of,
for example, 50 ft. The VSI/TRA display d00 inchideg appropriate-sized -Z 1
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PcTn~s99r~oas~ range ring 640 of approximately 500 ft and centered in step
708, the intruder is identified by its unique 24-bit Mode-S address ID and
stoned for further processing. In step 71 Q, the TCAS processor accesses a
look-up table to determine whether the intruder is ~ formation member
(FMBR) ar formation leader (FLDR). In step 712, a decision is made as to 



3 whether the intruder is a onnation member according to the Mode-S address
rD. If ttte intruder is a FMBR, then certai~a bits, referrcci to herein as
FMBR bits, in, for example, the AR1NC 429 are set in step 714 and a
TCAS-to-display data label is assigned. In step 720 the relative altitude)
range) range rate) and bearing information are set in the ARINC 429 and a
data label assigned, The intruder data label assigned in step 720 is then
transmitted ~o to the VSIITRA display 600 is slap 722. The information
obtained in step '08 is also provided to strp 716) which is a TCAS intruder
database that can be arranged by an aircraft's Mode-S address 1D. In step
716; the information is updated in the TCAS intruder database)
specifically, the range) range rate) relative altitude, altitude rate, and
the bearing of the intruder. The outputs of seep 716 are provided to step
720. ~ s R~ferring again to step 7l2, a decision is made as to whether the
intruder is a formation member according to the Mode-S address JD. If the
intruder is not a FMBR, then in step 718 the intruder is declared a FLDR.
)f the intruder is a FLDR, than the FLDR bits are set in the ARINC 429 iun
step 718 for processing in steps 720 and 722 as discussed earlier. ~o
Although there are numerous advantages realized by the TCAS system
described herein, there are two major adv aatagcs of using passive
surveillance for close formation aircraft separation. The f~'st major
advantage is that the positional accuracy is substantially equivalent to
the longitude and latitude positions! accuracy associated with the
aircraft's GPS Zs navigational source. A relative aircraft bearing within 2
root mesa square (RMS) can be attained with the present invention. This is
because TCAS calculates individual target cell  position based upon ADS-B
posidoaal data tra~mitter3 $om each aircraft. TCAS ADS-H operations enables
processing of at least 50 targets. The number of targets displayed to the
pilot will be based upon a prioritization scheme of number of aircraft
within a so specified horizo~al range, beating relative to the host
aircraft, and relative altitude. The nominal aircraft target processing and
display capability is a formation of 3 5 TCASequipped aiu~craft. The
received TCAS ADS-B data could be transferred to the aircraft's -2Z
SUBSTITUTE SHEET   viI v I wn~ sv...,r ~vrvr....vwu~ - _ w y ,.m ~.rrww.rm.
~.y'o nT.u UJ ~.J.7JZTVJUJ.b";,v 0401-2001 PCTIUS99/30459 P DESCPAMD H25478
O ~ ~~~ 2~O3PCT1US99/30459 mission computer via ARINC 429 data bus
interface for further processing and generation of SKE steering commands to
maintain aircraft horizontal and vertical separation within the cell.
Pmoesscd ,ADS-H. information that results in aircraft horizontal and
vertical positioning would be directly or indirectly coupled to the
autopilot or SICE via the Flight s Managerncnt Computer (FMC). The second
major gdvarttagc is that passive surveillance reduces RF emissions and
contributes to minimizing probability of dctectivn. TCAS interrogations are
not required to establish else relative position of aixraft squittcri~ag
ADS-H data. GPS squittcr data is emitted at random intervals uniformly
distributed over a range) for example, from 0.~ to ,0 0.6 seconds. 'The L3
Communications XS-950 traasponder contains ARINC 429 interfaces reserved
for inputting longitude, latitude, airspeed, magnetic heading) intended
flight path, and flight numbtt identification. Most of these parameters are
provided via Global Positioaing System Navigation Satellite System (GIv'SS}
and Flight Management System (FMS). Haiometric altitude, howcvcr, would be
derived by the on-board ADC is 340 via the Mode-S transponder interface.
Other variations aid modifications of the present invention will be
apparent to those of skill in the art, and it is the infant of the appended
claims that such variations and modifications be wvered. For example, the
antenna mounting technique taught in U.S. Pat. No. 5,805 ) 111 could be
implemented in the present invention to extend TCAS zo detection range. The
particular values and configurations discussed above can be varied and are
cited merely to illustrate a particular embodiment of the present invention
and ~ not intended to limit the scope of the invention. It is contemplated
that the use of the present invention can involve components havi~og
diH'erent characteristics as long as the principle, the display of traf$c
advisories, resolution advisories, proximate tragic) and zs other
information obtained while using a passive TCAS and Mode-S transponder in
communication is followed. The present invention applies to almost any CAS
system and is not limited to use by TCAS. It is intended that the scope of
the present invention be defused by the claims appended hereto. ..
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Whst is claimed Is: 1 1. A close formation collision avoidance system fox a
host follower aircraft (222), 2 ~ the system comprising a first data link
transponder (360), said transponder 3 generating and transmitting broadcast
data) the broadcast data comprising aircraft 4 position information of the
host followex aircraft; a traffic alert and collision 5 avoidance system
(TCAS) (350) in communication with said transponder for 6 receiving and
processing the broadcast data from a second data link transponder (360')
located onboard a leader aircra$ (225) to determine relative aircraft
position 8 of the host follower aircraft with respect to the leader
aircraft; a display (600) for 9 displaying the broadcast data to an
operator of the host follower aircraft, the 10 broadcast data comprising
the relative locations of the leader aircraft and a plurality 11 of
infra-formation follower aircraft (223); further characterized by: 12 said
display symbolically depicting each of the infra-formation follower 13
aircraft as an icon (610, 620) with adjacent indicia conuprising the
relative velocity (654, 6S2) between said infra-formation follower aixcraft
and said 15 leader aircraft. 2. The system of Claim 1, wherein said data
link transponder is a mode-select data link transponder. 1 3. The system of
Claim 1, wherein the broadcast data comprises automatic 2 dependent
surveillance broadcast (ADS-B) data. 1 4. The system of Claim 1, wherein
the broadcast data comprises global 2 positioning system (GPS) data. 1 5.
The system of Claim 1, wherein the broadcast data comprises Mode-S squitter
2 data. _ 2q _   0 4 JUN 2003 1 6. The system of Claim l, wherein said
display alerts an operator of the host follower aircraft when an intruder
penetrates a predefined perimeter of an aircraft 3 fornnation comprising
the leader aircraft and the plurality of infra-formation 4 follower
aircraft, 7. The system of Claim 1, further having operational modes
comprising; (a) a first mode wherein TCAS interrogation from the host
follower aircraft is T ' 3 enabled; and 4 (b) a second mode wherein TCAS
interrogation from the host follower aircraft is disabled and wherein RF
transmission output from the first data link 6 transponder is attenuated. 1
8. An infra-formation position and collision avoidance system for a
formation 2 leader aircraft (225), a first follower aircraft (222), and a
second follower aircraft 3 (223) wherein the first follower aircraft has
equipment comprising a first data link transponder (360) which generates
and transmits first broadcast data, said first 5 broadcast data from the
first follower aircraft comprising geographic position) 6 heading,
velocity, and altitude of the first follower aircraft, a first traffic
alert and 7 collision avoidance system (TCAS) (350); the second follower
aircraft has 8 equiprnent comprising a second data link transponder (360")
which generates and 4 transmits second broadcast data, said second
broadcast data from the second follower aircraft comprising geographic
position, heading, velocity, and altitude of ' t 1 the second follower
aircraft; and the leader aircraft has eduipment comprising a second traffic
alert and collision avoidance system (TCAS) (350') for receiving and 13
processing the first and second broadcast data; further characterized by:
(a) said leader aircraft including a mission computer for computing
'steering t 5 commands based on the first and second broadcast data to
prevent collisions 16 between the first and second follower aircraft; 17
(b) said leader aircraft including a third data link transponder (3b0') fox
18 transmitting third broadcast data comprising the steering commands to
said first follower aircraft and said seco_tid follower aircraft; - 25    0
4 J U ~d 2003 20 (c) said first follower aircraft including a display (600)
for displaying said third 21 broadcast data from the leader aircraft to an
operator of the first follower 22 aircrafC; and 



23 (d) said infra-formation position and collision avoidance system further
having 24 operational modes comprising: 25 . (i) a first mode wherein TCAS
interrogation is enabled; and 26 (ii) a second mode 'wherein interrogation
by the first trafi-tc alert and 27 collision avoidance system is disabled
and wherein RF transmission output from the first data link transponder is
attenuated. 1 9. The system of claim 8, wherein the first data link
transponder is a mode-select 2 data link transponder. 1 10. The system of
claim 8, wherein the first broadcast data comprises automatic 2 dependent
surveillance broadcast (ADS-B) data. 1 11. The system of claim 8, wherein
the first broadcast data comprises global 2 positioning system (GPS) data.
1 12. The system of claim 8, wherein the first broadcast data comprises
Mode-S '' squitter data. 1 13. The systezxa of claim 8, wherein said
display alerts an operator of the host 2 follower aircraft when an intruder
pene~ates a predefined perimeter of an aircraft 3 fozmation comprising the
leadex aixcxaft and the plurality of infra-formation 4 follower aircraft. -
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