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[57] ABSTRACT

A passive method for an aircraft to use its on-board
locating apparatus to monitor interrogation signals and
ISLS signals transmitted by at least one secondary sur-

veillance radar. and coded renlv cionale trancmitted hy
VELIANCE radar, and COGEC repuy Signais wransmiiied oy

at least one fixed ground transponder; to match said
transponder reply signals with said ISLS signals, in
order to associate said transponder reply signals with
interrogations from said radar; to repetitiously compute
said aircraft’s instantaneous n051t1nn in space, said com-
putations being based on hyperbollc and linear func-
tions related to said aircraft, said radar, and said associ-
ated fixed transponder; and to display said positions for
navigational purposes. Furthermore, having said com-
putations, said passive method uses said locating appara-
tus to monitor coded reply signals from transponders of
other aircraft; to match said other-aircraft reply s1gnals
with said ISLS ng‘u“us to determine which other-air-
craft transponder reply signals are associated with inter-
rogations from said radar; to repetitiously compute the
instantaneous positions of other aircraft in space, said
computations being based on elliptic and linear func-

tions related to said locating apparatus’ own aurr‘raﬁ'
1§ réiatec igcaung appal

said other aircraft, and said radar; and to display satd
positions for collision-avoidance purposes.

11 Claims, 16 Drawing Sheets
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F1G. /1.

Operation of receiver 42:
Receive radar pulses;

detect and time-tag inter-

rogations and ISLS trans-
missions; pass times and
interrogation modesg to

computer 46. See flg. 12.

Operation of receiver 44:
Receive transponder reply
pulses; detect, time-tag,
and translate pulse train
replies; pass times and
translated replies to
computer 46. See fig. 13.

o
<

102

Receive reports from the
1030 MHz recelver, match
.Llll.El. Luga L_J.Ullb uxxu .LD.LID
transmissions to the
radars that issued them; -
update radar status

tables. See fig. 14.

Receive reports from the
1090 MHz receiver; match

mw1damn A Fivad Franc-
LCHLLCD WU LAnAll uwiaiis

ponder mode A or mode C
codes, or file them as

dLLDLdLC CLdHBPUHucL
codes. See fig. 15.

/A04

108—

Examine tables of fixed transponder
replies to determine each radar's

stagger pattern, prf, and interlace
pattern. Compute each radar's scan
rate. Compare calculated values to

and undate
e’

established values if necessary.
See fig. 16.

QLLLSNeC VaLlUuesS,

110—

Compute the bearing of the locator's
own aircraft with respect to a
radar. See fig. i7.

Compute the position of
the locator's own

aircraft. See fig. 18.

112 Operation of output device
48: Display the position
of the locator's own

aircraft.

Compute p051tlons of
transponder-equipped air-
craft whose replies to
radar interrogations were
received. See fig. 19.

| 116 Operatlon of output device
48: Display the computed
positions of transponder-

equipped aircraft.

118—




F1G. 2.

Receiving Radar Interrogations

\\ (See figure 11, step

A

/ Receive rf energy at 1030 MHz J—-——120

any
uuy

Detect radar pulses 122

4

Detect interrogations and ISLS | —124
transmissions

Pass data to computer 46 |_———126

Receiving Transponder Replies

\(See figure i1, step 102)

N
/ Receive rf energy at 1090 MHz F——-HO

Detect transponder reply pulses | —132

Detect transponder replies L ——134

Decode transponder replies 136

Pass data to computer 46 |__——138




F1G. 14

Loading and Sorting Input from the 1030 MHz Receiver

(see figure !l, step 104)
Accept and store a report sent by [ —140
the 1030 MHz receiver, 42.

Was the report
of an interrogation or
of an ISLS broadcast?.

interrogation ISLS
broadcast
Attempt to match the Attempt to match the ISLS
interrogation to the radar| 144 broadcast to the radar
that issued it. 154— that issued it. If
successful, update the

l radar's status table.

Was

146

Q

the interrogatiSEN“‘~—-_ Temporarily file the
matcheiiﬂ_,f—””— 148—] interrogation report.

Iyes
)

Update the status table of| -150 Attempt to determine a
the source radar. radar's position in its
stagger pattern. If

152—] successful, update the

: radar's status table.
Delete old unmatched
reports.




Accept and store a report sent by { _—160
the 1090 MHz receiver, 44.

|

|

162
Reported code yes
matches a fixed transponder‘'s
<=:;-‘_~_~:f§? A code?
no
164
no Reported code yes
matches a fixed transponder's
Nc COde/?/_
——

Update the table of 166~{Update the table of
replies from the matching

aircraft transponder 168
replies fixed transponder.
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Maintaining Environmental Data Base

(see figure 11, step 108)
VN

( Enter L_——170
A&N 172
‘4’;,,,/"'a11 tables of yes
fixed~transponder replies
- been examined? ) 174

Exit

(o]

’

Process the reply table of the | _—176
next fixed transponder:

Group the replies by beam passage. |—178

Determine the stagger pattern, mode interlace | 180
pattern, and prf of the fixed transponder's

radar.

Determine the center~azimuth time of the 182
beam's passage over the fixed transponder.

Compute the scan period of the fixed trans- 184
ponder's radar.

Do 186
yes A”’;iI’;;:;;;;E\\‘-///
parameters agree with the
‘--\§§E§blished values?
\(

\r—] | Perform processing for error routine.

188



FIG I7.

Determining the Azimuth of the

Locator-Equipped Aircraft

(see figure 11, step 110)

ST N
< Enter )———200
Have 202
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di4 raqar es
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' T~~_ processed? ) 204
T
no

Can ~206
no the next
interrogation table

be Prnnpggaﬁl?
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|
Determine the locator center-azimuth time. [|——210
Compute the locator's azimuth. | —212
Is 214
yes the computed no
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Store the time and azi=- | -216 Accumulate data for a new
muth. Update the azimuth 218—Jazimuth track.
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|




242.
~

U.S. Patent

Nov. 1, 1988 Sheet 12 of 16

FI/G. /8. (10F3)

Determining the Position of

the Locatox's Aircraft

{See ., step 112)

( Enter. l—230
Ne——o o

unusable.

L.abel the gelected fixed

- transponder replies as

Was

a sequence

found?
4

Determine the hyperboloid containing the
locator's aircraft.

| —244

I
Y

Retrieve and compute needed constants.

246

!
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PP Ry .

Compute the bearing difference betwee e
locator and the fixed transponder; compute
quantities based on the bearing difference.
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250
no Is yes
the hyperboloid
egenerate
Compute intermediate —254 Compute the position
constants. 252~ of the locator's air-
craft in intermediate{ ™\

| coordinates.

//ﬁsts
he solutions ves
of the equation | A
nonreal? _
I,/”5%E§‘\<:’/ Compute the position

he equatlon‘\\\\\\k 260—] of the locator's air-
have a uniqu craft in intermediate
solution? _— coordinates.
no
! )
Compute the two pcss.’..ble ’ l(
pOSitlonS of the locator's
aircraft in 1ntermed1ate L—264 Convert the positlon
coordinates. Convert the of the locator’s air-
two positions to "final" 262—craft to "final"
coordinates. coordinates.
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Test the two possible
positions for validity.

|

Did
exactly one

268

position pass the A
validity tV—’ \/l
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¥

no

(D
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Store the position of the

Discard the extraneous

:
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position.

wail LIS

n: retain the valid

the locator's aircraft.
Update the locator's track
of its aircraft. Pass the
position of the aircraft

—270

272~

to the display device.
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Determining the Position of

Another Aircraft

(See figure 11, step 116)
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or already processed.
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.

aircraft at time t5.

Determine the position of the locator-equipped| 320

—

Retrieve constants hp, hg. and 4.

'

Compute constants based on the positions of

the radar, fixed transponder, and locator-
equipped aircraft.

324

T
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Determine the ellipsoid containing the
position of the selected alrcraft.
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Eliminate the extraneous solution; retain the
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METHOD AND APPARATUS FOR PASSIVE

AIRBORNE COLLISION AVOIDANCE AND
NAVIGATION

The invention described herein was made by an em-

3, e + £ +h TTnitad Qintag ~f
ployee of the Government of the United States of

America and may be manufactured and used by or for
the Government for governmental purposes without
the payment of royalties thereon or therefor.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention concerns navigation and colli-
sion-avoidance of aircraft, and particularly a method of
using an on-board locating system to passively com-
pute, monitor, and display the positions of own and
other aircraft.

2. Description of Prior Art

The need for airborne devices to help pilots avoid
midair collisions has been recognized for several years.
The July-August 1984 edition of “FAA General Avia-
tion News” reported that “over the past quarter cen-
tury, midairs have averaged over 25 per year, with an

overall total of 1550 fatalities. . . In 1982, the latest year

for which the National Transportation Safety Board has
complete figures, there were 36 midairs, resulting in 59
fatalities.” Most midair collisions involve military or
general aviation aircraft. Those that involve commer-
cial flights, such as the Sept. 25, 1978 collision over San
Diego Cahf which resulted in 144 deaths, typicaily
attract the greatest coverage by the news media.

An early airborne collision-avoidance system, pro-
posed in the 1970s, was not accepted by the Federal

Aviation Administration (FAA), largely because it 35

would have protected appropriately equipped aircraft
only from other aircraft carrying a similar collision-
avoidance device. Instead, the FAA concentrated its
efforts on systems that rely on detecting aircraft
equipped with secondary radar transponders. More
than half of the U.S. civil aviation fleet is transponder-
equipped and most of the flying done in the United

Thhaea

States is done by transponder-equinped craft. There-

States is done by transponder-equipped craft.
fore, a collision-avoidance device that detects proxi-
mate transponder-equipped aircraft can protect its own
aircraft from a large number of others. The invention
described herein also follows this approach, in that it
relies on the existing secondary radar system to provide
electromagnetic sxgnals which allow any sultably
equipped aircraft to passively detect transponder-
equipped aircrafi that are ciose to it.

Secondary radars, also called beacon radars, have
been used for many years to gather surveillance data for
air traffic controllers. Within the FAA they are for-
mally known as Air Traffic Control Beacon Interroga-
tors (ATCBD. There are several types, the ATCBI-3,
ATCBI4, and ATCBI-5 currently being used. Each
differs from the others in details depending mainly on
the manufacturer and the technology available at the
time of its design. Internationally, beacon radars are
formal]v known as “eegg!yj_a_rv surveillance radars.”
The Umted States standards for secondary radars and
the airborne transponders that work with them are
given by the U.S. National Standard for Mark X (SIF)
Air Traffic Control Radar-Beacon System Characteristics,
which is attachment 1 to Federal Aviation Administra-
tion Order 1010.51A. The international standards for
secondary radars and transponders are in Volume 1 of

[
wn

40

60

65

2

Annex 10 to the International Civil Aviation Organiza-
tion (ICAQO) Convention. The U.S. standards agree
with the international standards. The well-known refer-
ence Radar Handbook, edited by Merrill I. Skolnik
(McGraw-Hill Book Company Inc., 1970; Library of
Congress catalogue card number 69-13615) includes a
description of the seconds
38, “Beacons.”

Secondary radars should not be confused with pri-
mary radars. The two are frequenly co-located; their
outputs are often combined before being transmitted to

13 ¢ +h Ao
2 computerized air traffic contrcl facility; they occa-

sionally even use the same antenna. However, they
operate by different principles, and are designed and
built differently. A primary radar periodically transmits
a very powerful pulse of rf energy, and then detects
targets by receiving their reflections of the transmitted
pulse. A secondary radar periodically transmits a pair of
of pulses at relatively low power. When an aircraft
transponder receives the puise pair, it replies with a
train of rf pulses that are then received by the secondary
radar. The secondary radar system is thus a cooperative
system. Primary radars can be used to detect non-
cooperating targets, such as enemy aircraft, civil air-
craft without transponders, and severe siorms. Though
useful for defense, weather detection, and air traffic
control, primary radars are not relevant to the present
invention. Therefore, any further reference herein to a
radar signifies a secondary radar. The following mate-

i 3 i tha gannndar Adar
rial summarizes the operation of the secondary radar

system as presently used, illustrating the relationships
between groundbased radars and airborne transponders.

FIG. 1 depicts an aircraft equipped with a secondary
radar transponder, 10. The aircraft is flying in the vicin-
ity of a radar, 12. Directional antenna 14 of radar 12
rotates continuously about a vertical axis at a uniform
rate. Rotation rates (scan rates) such as 5 or 6 revolu-
tions per minute (rpm) are typicai for iong-range radars,
having ranges of approximately 200 nautical miles. Scan
rates such as 12 or 15 rpm are typical for terminal area
radars, having ranges of approximately 60 nautical
miles. As antenna 14 rotates, it emits a pulsed beam 16 of
clectromagnetic radiation at a frequency of 1030 MHz.
The beam consists of interrogating pulse pairs 18 (inter-
rogations), transmitted at a predetermined average
pulse repetition frequency (prf), typically between 300
and 450 interrogations per second. (Some of the newest
models of secondary radar, those with “monopulse”
antennas and processors, will operate at lower prf, typi-
cally 150 interrogations per second.) The horizontal
beam width is typicaily between 2.5 degrees and 3.5
degrees, measured at the half-power points. An interro-
gation 18 consists of pulses named P1 and P3, also
shown in FIG. 2. Each pulse lasts 0.8 microseconds; and
the leading edge of pulse P3 follows that of pulse P1 by
either 8 or 21 microseconds. Interrogations with 8-
microsecond spacing are called mode A interrogations;
those with 21-microsecond spacing are called mode C
interrogations.

An aircraft transponder determines the mode of an

i i 5 tha +i hat am tha 1020
interrogation by measunng tnd ume setween the 1030

MHz pulses it receives. When the transponder receives
amode A interrogation, it replies with a code represent-
ing its aircraft’s identity. When it receives a mode C
interrogation, it replies with a code representing its
aircraft’s altitude. A beacon radar’s interrogations fol-
low a repeated mode interlace pattern, such as alternat-
ing mode A and mode C interrogations, or two consec-

PE P D T
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3
utive mode A interrogations followed by a mode C
interrogation.

In FIG. 1, aircraft transponder 10 will reply to bea-
con-radar interrogation 18, 3 microseconds after receiv-
ing the leading edge of the P3 pulse. That 3-
microsecond time is part of the transponder’s “turn-
around” time, herein called t. The reply consists of
electromagnetic pulses, omnidirectionally transmitted
at a frequency of 1090 MHz from the aircraft’s tran-
sponder. FIG. 3 shows a typical train of such pulses,
and in particular, shows the framing pulses, F1 and F2,
which are always present in the reply, iheir leading
edges spaced 20.3 microseconds apart.

The presence or absence of a pulse in each of twelve
defined positions between the framing pulses (the “X”
position shown in FIG 3 is not used by civil aviation
tfaﬁspuuucn ) determines one bit of information in the
aircraft’s coded reply. The reply thus consists of twelve
bits, which are normally viewed as being grouped into
4 octal digits called A, B, C, and D. The transmitted
code is the 4-digit sequence ABCD. In FIG. 3, the

numarinal anffis annbk swialon camaltl oo P PN lhe

numendca suiix uf Catl pulde posiuon ululbdl.ub
contribution to the value of its octal digit made by the
presence of a pulse in that position. For example, the
presence of pulses in positions B1 and B4, and the ab-
sence of a pulse in position B2, indicates that the value
of octal digit B is 1X14+0X2+1X4=5. All reply
pulses are 0.45 microseconds long. Adjacent position
are separated by 1 microsecond. Thus, in FIG. 3, the
leading edge of the C4 pulse follows that of the A2
pulse by 1.45 microseconds likewise the leading edges
ofthe B4and D2p yulaca arc 1.45 microseconds ZI.F)&IL
Antenna 14 in FIG. 1 rotates in a clockwise direction
as shown by arrow 20, and irradiates objects with beam
16. The time during which beam 16 irradiates an object
is known as the beam dwell, and depends primarily on
the rotation rate and the beam width. A 3-degree radar
beam rotating at the rate of 4 seconds per revolution
will irradiate a transponder for 1/30 second during each
revolution. If the prf is, for example, 300 interrogations
per second, then the transponder will be interrogated

approximately 10 times during the beam dwell. In prac-

tice, the beam width that a transponder “experiences”
varies somewhat, depending on such factors as the ra-
dar’s output power and the transponder’s sensitivity.

FIG. 1 shows that each time radar 12 emits an inter-
rogation, it also omnidirectionally transmits a pair of
pu]ses 22 for “improved sidelobe suppressmn” (ISLS).
(Formerly a separate antenna was used to transmit the
ISLS pair; however, the FAA’s newest beacon radar
antenna, the “five-foot open array,” formally known as
type FA-9764, transmits both the directional interroga-
tion 18 and the omnidirectional ISLS pair 22.) The
pulses in the ISLS pair are called P1 and P2; and the
ISLS P1 puise is transmitted smultaneously with the
interrogation P1 pulse. As shown in FIG. 4, each pulse
lasts 0.8 microseconds; and the leading edge of the P2
pulse follows that of the P1 pulse by 2 microseconds. P1
and P2 have the same amplitude, which must at least
equal the amplitudes of pulses transmitted by the stron-
gest sidelobe of directional beam 16.

The ISLS pulse pair is transmitted to eliminate un-
wanted transponder replies, which can be triggered by
a transponder’s receipt of e.threr a sidelobe of interro-
reflection of beam 16. Both the
U.S. and international standards for secondary radar
require transponders to compare the amplitudes of re-

5 £ - o
gating beam 16, or a
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4
ceived pulses, and loc up for 35 microseconds unless P1
is significantly stronger than P2.

A transponder directly interrogated by beam 16 will
receive P1 at much greater amplitude than P2, because
of the far greater gain of directional beam 16. The tran-
sponder will therefore reply normally.

A transponder receiving a sidelobe of beam 16 will
find the amplitude of P2 to be at least that of P1, and
will lock up. A transponder receiving a reflection of
beam 16 will have already received the simultaneous
ISLS transmission, since the reflection must have trav-
eled farther to reach the transponder. Having found

P1 and P2 to be of equal amplitude, the transponder
will have locked up, and be incapable of replying to the
reflection.

There are many places where an aircraft may be in
overlapping coverage areas of several secondary radars.
At times, an aircraft may be in the surveillance beams,
16, of two or more of those radars. When a transponder
determines that it has received an interrogation, it ig-
nores all other interrogations that may reach it until it
has completed its reply. Thus if the interrogations from
one radar arrive at a transponder a few microseconds
before those of a second radar, the first radar prevents
the transponder from replying to the second. In fact the
second radar is likely to receive the transponder’s re-
plies o the first radar’s interrogations, and, basing its
computation on the time it transmitted its own interro-
gation, miscalculate the distance from itself to the air-
craft.

Two techniques are often used to prevent such inter-
ference problems. In the United States, the FAA varies
the pulse repetition frequency (prf) of neighboring ra-
dars, so that their interrogations are not synchronous.
Therefore, even if a particular interrogation from one
radar prevents a reply to an interrogation from a second
radar, their next few inierrogations will reach the air-
craft sufficiently separated in time to avoid locking out
each other.

The other technique, also used by the FAA, extends
this approach by changing the mterpulse penod—l e. by

“staggering” the interrogations. A radar with a prf of,
for example, 400 interrogations per second, has an aver-
age inter-interrogation period of 1/400 second, or 2500
microseconds. Over a long period of time, the radar
maintains that average prf however, over a time in
which, for example, 6 or 7 i uucuu&duuub are transmit-
ted, the time between successive P1 pulses can vary
from, for example, 1800 microseconds to 4000 micro-
seconds. The variation follows a fixed pattern, the
“stagger pattern,” which is continually repeated.

. . : . nee
Neighboring radars use different patterns.

even if two radars’ beams illuminate a transponder dur-
ing the same period, their interrogations will not be
synchronous, and both will receive replies from the

transponder.
In order to monitor the nerformance of a heacon

nonior 1 periormance O a seacen

radar, the FAA frequently installs a transponder on a
conveniently located building or tower, where it is
“visible” to the radar. The transponder’s position is
fixed and known, and technicians can monitor the ra-
dar’s reports of the tranﬁnnnder s nnmhnn If the reports
dlsagree with the known posmon, technicians can then
check the radar to determine if its operation is faulty.
The present invention also uses transponders fixed in
positions visible to beacon radars; however it uses them
for an entirely different purpose.

Awern £ e
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Work on airborne collision-avoidance devices has
been underway for severai years, most of it sponsored
or performed by the FAA and its contractors. In June
1981, the Administrator of the FAA, Mr. J. Lynn
Helms, publicly announced that the FAA would estab-
lish standards for two levels of airborne collision-avoid-

A Aoertans Thamnmma Lo accres oo Teaffia Tawt anA

ance UCVILCD, .VVILI\-L[ gECanmic Kinowil as 1 1anid mcx Lainu
Collision Avoidance Systems (TCAS). The TCAS-I
would be designed to operate in most general aviation
aircraft, while the more sophisticated and more expen-
sive TCAS-II would be designed for airliners and high-

narformance aeneral aviation craft. In hic annonnce-
pericrmance genera: aviation cratt. in IS announce-

ment that the FAA would promulgate TCAS minimum
standards, Mr. Helms encouraged private industry to
not only build equipment meeting those standards, but
also to incorporate improvements compatible with
them. The present invention consists of a method and an
apparatus that are entirely compatible with the stan-
dards established to date by the FAA and major avion-
ics manufacturers.
have worked together through the Radio Technical
Commission for Aeronautics (RTCA). The TCAS-I
Functional Guidelines is document RTCA/DO-184; and
the Minimum Operational Performance Standards jfor

T Al e d £V TT Assnsd Afalen
lru_[ju, Alert and Collision Avoidance uy.)u:"l AIToarie

Equipment is document RTCA/DO-185 (2 volumes).
The U.S. National Aviation Standard for the Traffic Alert
and Collision Avoidance System IT is FAA Order 6367.1.

In its simplest form, the TCAS-I operates passively in

its detection of another aircraft, It receives the other

aircraft’s transponder replies to secondary radar inter-
rogations, and estimates the other aircraft’s distance
from itself by measuring the strength of the replies. A
device using this principle was available during the
1970s, but was not widely accepted by the aviation
community. Distance measurement by this method is
not very accurate. Another limitation of the simplest
form of TCAS-I is that it will not offer the pilot any
directional guidance to help him locate threatening
aircraft. The method described herein will locate air-
craft with an accuracy comparable to that of the sec-
ondary radar system, thus overcoming major shortcom-

iman a8 TMAQT
IigS O1 1 LvAo-i.

The TCAS-II developed by the FAA will utilize a
directional antenna to interrogate other aircraft, operat-
ing essentially as an airborne secondary radar. While
this method of operation will enable it to accurately
measure the distance from its own aircraft to a proxi-
mate transponder-equipped aircraft, the directional in-
formation obtained by the minimum TCAS-II will only
be accurate to between five and ten degrees. That accu-
racy is not considered sufficient for computation of
horizontal collision-avoidance ‘maneuvers. The en-
hanced TCAS-II, using a more sophisticated and more
expensive antenna, should achieve two-degree accu-
racy. The invention described herein, utilizing informa-
tion based on the existing secondary radar system, can
be expected to obtain the bearing of a proximate aircraft
with greater accuracy than that of the minimum TCAS-

II. It may also surpass the directional accuracy of the
enhanced TCAS-II. While achievine excellent direc-

eanancel 1 LVaAS- 110 aCHOICVILIE CACCLCHE GIISC-

tional accuracy, the invention, described herein, will
avoid the large cost—expected to be several thousand
doliars—of the TCAS-II’s directional antenna.
Because each TCAS-II and each enhanced “active”
TCAS-I acts as an airborne secondary radar, issuing
interrogations and eliciting responses from aircraft in its

vicinity, its use is expected to increase the rate of false

The FAA and the manufaciurers :
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targets received by the ground-based secondary radars
which supply surveillance data to air traffic controllers.
As terminal area radars are generally located at airports,
and as the airspace surrounding airports is generally the
most crowded, this interference is apt to be worst for
radars at busy terminals, where the potential for mid-air
collision is greatest, and where it is most critical that air
traffic controllers receive high quality radar data. The
FAA has attempted to limit this unwanted side effect of
active TCAS operation by limiting TCAS transmissions
in congested airspace, and predicts that the decline in

narformance of eround-haced secondarvy radare will nat
pericrmance ol groung-oased secongary ragars will not

be unacceptable. Because the avionics used in the
method described herein is entirely passive, use of the
invention would not in any way increase the false target
rate experienced by secondary radars. Thus the in-
vented method could be used instead of active tech-
niques, or as a supplement to active techniques, to avoid
the degradation of the air traffic control system that
couid be caused by simuitaneous operation of many
active TCAS units in densely populated airspace.

In summary, the passive systems heretofore devel-
oped are incapable of providing sufficient accuracy to
operate without a prohlbmvely annoying “false alarrn
rate, and are uu}lkcly to meet with acceplance Uy the
aviation community. The active systems heretofore
developed must limit their operation in precisely those
areas where collision avoidance service is most needed,
the crowded airspace in the vicinity of airports; and

those nrovidine anoular onidance will be available onlv
tH0se proviging anguiar guicance wiil og avauaosie omy

at a cost so high as to discourage their purchase by the
overwhelming majority of aircraft owners. The inven-
tion described herein would provide needed accuracy
without increasing frequency congestion in terminal
areas. Its compatibility with the FA A-developed TCAS
allows it to be apphed whenever or wherever it may be
desirable to do so; and in principle, all hardware, soft-
ware, instailation and maintenance costs of its applica-
tion could be supported by the private sector. By taking
advantage of the technology of the existing secondary
radar system through a novel utilization of proven hard-
ware components, the invention prov1des collision

am i omame bl nvmseale b Am et an Sba

av'ulu&uvc ICL V'le dl a COSv 10W LUl W cavuulage 1w
public acceptance.
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An object of the present invention is to provide a
method for passively determining the position of own
aircraft with respect to a secondary surveillance radar
transmitting ISLS signals and a ground transponder
system, associated with said radar, transmitting reply
signals in response to interrogating signals from said
radar, and to provide said position information for dis-
play to be used for navigation purposes.

Another object of the present invention is to repetl—
tiGliSfy‘ compme own aircrafi’s instanianeous pualuun
by use of hyperbolic and linear functions related to own
aircraft, said radar, and said associated transponder
system.

A further object of the present invention is to provide

a mathnd for nacssively daterminino thae nagition of ano
& MISUICA 0T pasSiveayy Gailrmuining ¢ posiidn Oi an

other aircraft with respect to own aircraft, when a tran-
sponder in said other aircraft replies to interrogations.
matched to ISLS signals transmitted by said radar, and
to provide said position information for display, to be
used for collision-avoidance purposes.

A still further object of the present invention is to
repetitiously compute said other aircraft instantaneous



positions by use of elliptic and linear functions related to
own aircraft, said other aircraft, and said radar.

These and other objects and advantages will become
more apparent from the detailed description thereof
taken with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a secondary surveillance radar
transmitting an interrogation pulse beam and an omnidi-
rectional ISLS pulse pair for reception by a nearby
aircraft.

FIG. 2 shows an interrogation pulse pair P1

FIG. 3 shows a transponder reply pulse train.

FIG. 4 shows an ISLS signal pulse pair P1 and P2.

FIG. 5 shows a locator, consisting of 1030 MHz re-
ceiver, 1090 MHz receiver, computer, and output de-
vice.

FIG. 6 shows a radar transmitting an interrogation
and an ISLS pulse pair, a fixed transponder omnidirec-
tionally transmitting a train of reply pulses in response
to the interrogation, a locator’s own aircraft, and the
distances between the radar, transponder, and aircraft.

FIG. 7 shows the positions of the radar, fixed tran-
sponder, and locator’s own aircraft with respect to a
hyperbola and a ray determined by the iocator.

FIG. 8a 2 shows a condition in which a real solution
for the position of the locator’s own aircraft is not ob-
tainable.

FIG. 8b shows a condition in which exactly one real
solution for the position of the locator’s own aircraft is
obtained.

FIG. 8¢ shows a condition in which two real solu-
tions for the position of the locator’s own aircraft are
initially obtained.

FIG. 9 shows a radar transmitting an interrogation
and an ISLS pulse pair, the locator’s own aircraft and
another aircraft, the omnidirectionally transmitted
reply of the other aircraft’s transponder in response to
the interrogation, and the distances between the radar,

the locator’s own aircraft, and the other aircraft.

FIG. 10 shows the positions of the radar, the locator’s
own aircraft, and the other aircraft with respect to an
ellipse and a ray determined by the locator.

FIG. 11 illustrates the order of logical precedence of
the locator’s functions.

FIG. 12 illustrates the major functions of the locator’s
1030 MHz receiver.

FIG. 13 illustrates the major functions of the locator’s
1090 MHz receiver.

FIG. 14 summarizes the computer program routine
for processing inputs provided by the 1030 MHz re-
ceiver.

FIG. 15 summarizes the computer program routine
for processing inputs provided by the 1090 MHz re-
ceiver.

FIG. 16 shows the routine by which the computer
maintains the locator’s environmental data base.

FIG. 17 shows the routine by which the computer
determines the azimuth of its own aircraft with respect
to a radar.

FIG. 18 (3 pages) summarizes the routine by which
the computer determines the position of its own aircraft
in a 3-dimensional coordinate system based on the posi-
tions.of a radar and an assocrated fixed transponder

FIG. 19 (2 pages) summarizes the routine by which
the computer determines the position of another aircraft
in a 3-dimensional coordinate system based on the posi-
tions of a radar and an associated fixed transponder.
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nstalled on-board

The locator 40 shown in FIG. 5 is installed on-b
its own aircraft, and comprises a 1030 MHz receiver 42,
a 1090 MHz receiver 44, a computer 46, and an output
device 48. Receiver 42 receives and processes interro-
gations and ISLS transmissions emanating from second-
ary surveillance radars. Receiver 44 receives and pro-
cesses transponder replies to said interrogations. Both
receivers 42 and 44 digitize and decode the pulse trains
they receive and pass them to computer 46. Computer
46 computes its own aircraft’s position, and the posi-
tions of transponder-equipped aircraft in the vicinity of
its own aircraft. The positions of said aircraft are passed
to output device 48 by said computer, for display to the
pilot. The p pilot may use the simultaneous d umplny of said
positions for collision-avoidance purposes, and may also
use said display of his own aircraft’s position for naviga-
tional purposes.

Each of the major components shown in FIG. 5 is a

1
well-known device. The invention comprises a novel

utilization of the components of the locator, as well as
of other devices, rather than involving any novelty in
the hardware components themselves: Receiver 42
largcly performs the functions of the 1030 MHz re-
ceiver in a typical secondary radar transponder, and
receiver 44 largely performs the functions of a radar’s
1090 MHz receiver. The well-known reference Intro-
duction to Radar Systems, by Merrill I. Skolnik
(McGraw Hill Book Company, Inc., 1962; Library of
Congress catalogue card number 61-17675) illustrates
the 1030 MHz receiver and the 1090 MHz receiver in
FIG. 13.8, “Block diagram of the ATC beacon system.”
The functions of receivers 42 and 44 are described in
detail hereinbelow. Computer 46 and output device 48
can be any of several commercially available models.
For example, the output device could be a cathode ray
tube display, or some other kind of rapidly updated

wigzal Aiamlaes
U vidddi Qispiay.

The invention can be applied in the coverage area of
a beacon radar having at least one fixed transponder
able to receive interrogations only from that radar. A
transponder could be limited in such a manner by, for

As + 1
example, equipping it with a highly directional antenna.

The transponder’s replies, on the other hand, are trans-
mitted omnidirectionally. So that locator-equipped air-
craft may unambiguously identify fixed transponders by

their identity codes, each fixed transponder’s identity
must be permanently established; it must be different
from the identity of any other ﬁxcd transponder in its
vicinity (i.e. close enough for an aircraft to simulta-
neously hear replies from both of them); and no aircraft
may be permitted to use that identity code.

The locator’s computer, 46, maintains a file of infor-
mation on secondary radars and their associated fixed
transponders For each radar, computer 46 stores:

(1) its location, in three dimensions;

(2) its scan rate;

(3) its pulse repetition frequency (prf);

(4) its stagger pattern (if any);

(5) its mode A~mode C interlace pattern;

(6) the identity code and three-dimensional
each fixed transponder associated with it.

Of these data, the radar and transponder locations, and

the transponder 1dent1ty codes, must be prestored. The

remaining information is calculated by computet 46,
although it can also be nrestored and la

gh 1t can a1s0 be prestored and lat
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the computer. In particular, by knowing the locations of
a radar and each of its fixed transponders, computer 46
also knows each such transponder’s bearing and dis-
tance from its radar.

FIG. 6 (not drawn to scale) shows a fixed transpon-
der 50, which has just replied to mode A interrogation
18 issued by radar i2. Puises 52 are part of the train of
reply pulses by which the fixed transponder’s identity is
encoded. Locator 40 in aircraft 54 “hears” the transpon-
der’s reply on its 1090 MHz receiver 44. Receiver 44
decodes the reply, records the time the leading edge of
its F1 p‘mse was L‘ECEA'vcu, and passes the time and de-
coded reply to computer 46. The computer checks the
identity code against its file of fixed transponder identi-
ties, and eventually finds a match. During the short
period in which radar beam 16 passes over fixed tran-

nandar 8N tha tranenanda interrogated saveral
SponaGer ov, tnc ransponder is inierrggated ver

times, the number of interrogations being typically be-
tween 10 and 20. Computer 46 records the times re-
ceiver 44 heard replies from those interrogations, and
by averaging, estimates the time the center of beam 16
passed over fixed transponder 50. Since its data file
includes a record of the fixed transponder’s bearing
from the radar, computer 46 thus obtains a very accu-

rate estimate of the direciion of antenna 14 at the time 25

beam 16 passed over the fixed transponder. By measur-
ing the time between successive passages of the center

of beam 16 over fixed transponder 50, computer 46

determines or reverifies the antenna’s scan rate.
Within this application, the words “bearing” and
“azimuth” are both used to describe the direction of an
object—typically an aircraft or a fixed transponder—-
from a radar. As is conventional in the field of naviga-
tion, the direction is a horizontal angle measured clock-

wice from north
wise Irem nortn.

Knowing the position of antenna 14 at a particular
time, and knowing its scan rate, allows computer 46 to
accurately estimate the direction of surveillance beam
16 at any future time. In particular, every time 1030
MHz receiver 42 “hears” a sequence of interrogations,
indicating that beam 16 is passing over it, computer 46
determines the bearing of its own aircraft, 54, with
respect to radar 1Z. Likewise, whenever 1090 “hears™ a
sequence of replies from an aircraft’s transponder, com-
puter 46 determines that particular aircraft’s bearing
with respect to radar 12. (In both determinations, com-
puter 46 utilizes its filed or previously determined infor-
1uauGﬁ on Lhc 1a\'.‘uu > ntasécl Pdllc.lll dlld lllUdC llll,cl.‘
lace pattern: in the former case, to verify that the inter-
rogations emanated from that particular radar; in the
latter case, to verify that the transponder replies were in
response to interrogations from that particular radar.)

Locator 40 therefore nndaf?ﬂ its thnna determinations

roughly once per scan—-for examples, approximately
once every 5 seconds if radar 12 is a terminal radar, or
approximately once every 10 seconds if radar 12 is a
long-range radar.

The bearing of aircraft 54 from radar 12 is the first of
two important geometric facts that determine the air-
craft’s actual position The second fact is determined by
a comparison of the times locator 48 receives two omni-
directionally transmitted signals. In FIG. 6, the distance
from radar 12 to fixed transponder 50 is denoted d; the
distances from radar 12 to aircraft 54, and from tran-

sponder 50 to aircraft 54, are respectively denoted U
and V., Note that FIG,

and ote that FIG. 6 shows the plane determined by
the locations of radar 12, transponder 50, and aircraft
54. If the distances U, V, and d are more than a few

6 chowe the nlane determined by
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miles, then the altitude differences between the three
locations are relatively insignificant, and the plane of
FIG. 6 approximates the earth’s surface. Though not
shown in FIGS. 6, 7, 8. 9. and 10, altitude differences
are fully addressed in the explanation of the locator’s
operation, which follows herein.

As surveillance beam 18 passes over fixed transpon-
der 50, radar 12 continues to emit interrogation pulse
pairs. Suppose that a mode A interrogation 18 is emitted
at a time tgp. At that time, the first pulse of a pair of
omnidirectional side lobe suppression pulses 22 is also

PROUSEYRIGL B, Sy JE PR P IR T | PR

Smiticd. 1.Ct Ll UcC1uuLe un: LT at -\Nlll\tll I.IIC ivvawul >
1030 MHz receiver 42 hears the leading edge of P1, the
first ISLS pulse. Let t; denote the time the locator re-
ceiver 44 hears the leading edge of F1, the first pulse of
the omnidirectional reply 52 issued by tra.nsponder 50 in

rocnnnca tn intarrnoatinn 12 T at ¢+ . dannata tha tranenan.
Iesponse 1o wb\usvguuvu 138. Let t;denote the transpon

der’s “turnaround time,” the time from its receipt of the
leading edge of the P1 pulse of interrogation 18, until its
broadcast of the F1 pulse of its reply 52. Let ¢ denote (as
usual) the propagation speed of electromagnetic radia-
tion. Then TT—c‘(h—-fn\ and d+V=c(t3—tp—t;). From

1€en tg) and

these two equatlons it follows 1mmed1ately that

V—=U=c(t)—t;—t)—d. The times t> and t; are mea-
sured by locator 49; the time t; is a constant based on

established U.S. and international standards; the dis-
tance d is stored in the memory of computer 46, or is
computed from the stored positions of radar 12 and
transponder 50. Thus computer 46 calculates the differ-
ence V—-U.

The set of all points in a plane, the difference of
whose distances from two fixed points is a positive
constant less than the distance between the fixed points,
is, by definition, a hyperbola. The calculation of V—-U

tharafaore determinec a narticular hvnerhola on which
inereiore gotrmungs a particuiar ayperogia on wiich

aircraft 54 is located. Note that the fixed points are the
locations of radar 12 and transponder 50; the constant is
either U~V or V—=U, whichever is positive. In the
event that U =V, the hyperbola degenerates to a
straight line: in particular, to the perpendicular bisector
of the line segment connecting radar 12 and fixed tran-
sponder 50.

Since the bearing of aircraft 54 from radar 12 is also
known, its position is nearly determined. That is, refer-
ring to FIG. 7, aircraft 54 lies on a known ray 60 ema-
nating from radar 12, and also lies on a known hyper-
bola 62. Its location therefore satisﬁes both a linear
equa;icn with an associated i ulcqua.luy, lcplcacuuug the
ray, and a quadratic equation representing the hyper-
bola. Solving these equations is a routine computation,
done by computer 46, yielding in principle either one
real solution or two real solutions. In practice it would

also be nossible to obtain no real solutions, FIGS. 8, (a)

TREAUNS W pVNNATAT W WAVISLAL ALY A WRRL UATARA ALY & AR M3\
(b), and (c), illustrate these situations.

If computer 46 does not obtain a real solution, as
shown in FIG. 8(a), an error has occurred in data acqui-
sition or computation. Locator 40 discards the input
data; and when it later acquires new data, either from
the same sources, or from some other fixed transponder
associated with radar 12 (if another one exists), it redoes
the computation with the new data.

If computer 46 obtains exactly one real solution 64, as
shown in FIG. 8(b), the position of aircraft 54 is
uniquely determined.

If the computation yields two real solutions 66, as

chown in FIG. 8( lacator 40 mnust datarmina which of
SROWR IN 1a%5. 3¢, 10Cat0T SU mMust Geiermine wiili ot

them represents the true position of aircraft 54. The way
it does so is an application of the same method, de-
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scribed in the followmg paragraphs, that it uses to deter-
mine the pumuuu: of aircraft other than its own. In. par-
ticular, computer 46 temporarily assumes its aircraft 54
to be at each of the two possible positions 66. Basing its
calculation on each of the assumed positions of aircraft
54, computer 46 twice calculates the position of fixed

tramonnandar An anAarhae
transponder 50, as if it were a transponder on another

aircraft. Computer 46 has stored the actual position of
fixed transponder 50, and it compares its two calculated
positions to the actual position. One of the calculations,
being based on an erroneous location for aircraft 54,

will have vielded the wrong answer, ie. the wrong

1elced ong ans i€ Wron,

position for fixed transponder 50. The other calculation,
being based on the true position of aircraft 54, will have
produced the right answer. Computer 46 discards
whichever of the solutions 66 has been shown to be
erroneous, and retains the valid solution as the true
position of aircraft 54. It reports the true position to the
pilot through output device 48, and also uses it to initi-

ate or update a track of aircraft 54. The location of 2

aircraft 54 is used, as next described, in computing the
positions of transponder-equipped aircraft.

FIG. 9 shows aircraft 54, equipped with locator 40,
flying in the vicinity of radar 12 It also shows another

vicinity of radar 12. At time to’, radar 12 issues mode A
interrogation 18, which transponder 72 receives, and to
which it replies with its identity, coded into pulse train
74, four pulses of which are shown in FIG. 9. At time t¢’

i idi +3 ey tha DT snloa
radar 12 also transmits, omnidirectionally, the P1 pulse

of ISLS pulse pair 22. The locator’s 1030 MHz receiver
42 receives the ISLS pair, and records the time t;’ at
which it received the leading edge of P1. The locator’s
1090 MHz receiver 44 receives reply train 74, omnidi-

rectionally transmitted by transponder 72, and records

ctionally transmitted by trans; onder 72, and records
the time t;’ at which it received the leading edge of F1,
the first pulse of the reply. Receivers 42 and 44 respec-
tively pass times t;’ and t2’ to computer 46. As before,
let t; denote the “turnaround time” of transponder 72,
the time between its receipt of the leading edge of P1,
and its transmission of F1.

In FIG. 9, e denotes the distance between radar 12
and locator-equipped aircrafi 54; X denotes the distance
between radar 12 and transponder-equipped aircraft 70;
and Y denotes the distance between the two aircraft.

Because computer 46 has determined the position of
its own aircraft as descnbed above, and has also pre-
stored the p yumuuu of radar 12, it can compute e, the
distance between the aircraft and the radar. Having
computed e and stored the time t’, computer 46 then
computes tg': to'=t;’—e/c. (As before, ¢ denotes the
speed of electromagnetic propagation.) Computer 46

then computes the sum X+Y: X+ Y=c(t;' —tg'— ;).

The set of all points in a plane, the sum of whose
distances from two fixed points is a constant, is by defi-
nition an ellipse. The computer’s calculation of X+Y
therefore determines a particular ellipse, 80 in FIG. 10,
one of whose points represents the position of aircraft
70. The foci of that elhpse are the locations of radar 12
and locator-equipped aircraft 54. Locator 40, having
coniinually monitored the direction of the radar’s sur-
veillance beam, computes the bearing of aircraft 70 with
respect to radar 12. As shown in FIG. 10, the intersec-
tion of the ellipse 80 and the ray 82, representing that
bearmg, is necsssarily the posmon 84 of aircraft 70. It is
the unique simultaneous solution of iwo equations: the
quadratic equation representing ellipse 80, and the lin-
ear equation, with associated inequality, representing
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12-
ray 82. Computer 46, performs the calculations which
yield the solution.

Computer 46 then uses the result of its computation
of the position of aircraft 70 to initiate or update a track
of the aircraft. In the event that aircraft 70 is close to the
locator’s own aircraft 54, computer 46 passes the cur-
rent position of aircraft 70 to output device 48, which
displays it to the pilot. Tracking routines, threat detec-
tion routines, and display technologies are well-known;
the invented method does not depend on any particular
processing routine or technology.

The locator determines its aircraft’s position to be the
intersection of a ray and a branch of a hyperbola. If the
ray and the hyperbola intersect at approximately right
angles, the position determination will be susceptible to
only very slight errors. If, on the other hand, the ray
and the hvnr-‘rhnla intersect at a very small angle,
an inaccuracy in determination of either of them could
cause a larger error in the computed position.

A simple solution to this problem is to install more
than one fixed transponder for each radar, the transpon-
ders being scattered in various directions from the ra-
dar. In practice, the number of transponders to be used
with any particular radar would be decided by engi-
neering studies; however it seems likely that three or
four would generally suffice. The description of the
locator given herein accounts for the possibility that
several fixed transponders may be associated with one
radar. The tracking routine used in the locator should
be abie to recognize which fixed transponder currentiy
yields the most accurate posmon determination for
aircraft 54. It could do so, for example, by comparing
the aircraft’s most recently determined position to a
prestored or precomputed “map” indicating the best
fized transponder to be used in each of the areas sur-
rounding the radar.

Locator 40 determines aircraft positions in three di-
mensions. Therefore, the locator receives and stores its
own aircraft’s altitude—by automatic input from its

altimeter or h-nncpondgr ku rnr-nnnng and U\-wuduns

own mode C replies, or by the pilot’s manual input-
—and it also determines the altitudes of other aircraft by
decoding their mode C replies. The explanation herein
of the locator’s operation presents the equations used to
solve for the three-dimensional position of the locator’s
aircraft 54, and the three-dimensional position of any
proximate transponder-equipped aircraft 70. In a three-
dimensional view, the aititude of each aircraft deter-
mines a horizontal plane, and the bearing of each air-
craft determines a vertical half-plane, rather than a ray.
The absolute value of the difference U—V determines a
hyperboloid rather than a hyperbola, and the sum
X+Y determines an eilipsoid, rather than an ellipse.

Figures illustrating the distances and angles pertinent to
the three-dimensional configuration, and derivations of
the equations programmed into the locator, are not
included herein. Including such figures and derivations

11d constitute an G
would be of slight value, and could constitute an unnec-

essary complication to the understanding of the inven-
tion by one skilled in the art.

The locator performs its processing in “real time,”
wherefore its components, receivers 42 and 44, com-
puter 46, and output device 48, operate simultanecusly.
Within the computer S program, the various major rou-
tines also operate simultaneously, or at least share the
computer’s hardware resources so as to effectively op-
erate simultaneously. Computer systems with supervi-
sory software that permits “multiprogramming” and

£ramimin,
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“multiprocessing” are commercially available from
several manufacturers. The locator can be built with
any such computer, as long as its speed, storage capac-
ity, environmental suitability, etc. are satisfactory. The
choice of computer 46 would necessarily affect the
nature of the executive routine needed to coordinate
operation of the program’s data processing routines, i.e.
the routines that determine the positions of the locator’s
own aircraft, and of the transponder-equipped aircraft
in its vicinity. The executive determines such matters as
which hardware resources are used to execute which

and tha ardar and fregnencv of sxaecution
anG wé OIGlr and ICQUCnCy Of SRSCUUCh.

rontinac
routines,

While the executive could be written in various ways,
depending on the style of its programmer, its operation
must in any case preserve a logical order of precedence
essential to the locator’s operation, in that the output of
certain of the data nrnceuim:v routines co tes innm
to others. FIG. 11 111ustrates the order of precedence

Note that FIGS. 11 through 19 and the related disclo-
sure are inciuded herein so as to further expiain the
invention. They are not intended to limit the scope of
the invention.

Receivers 42 and 44, whose tasks are summarized in
steps 100 and 102 respecnvely, operate contmuously,
sifnce ulu:uusauuua, ISLS transmissions, and tTanspon-
der replies could be received at any time, particularly in
an environment where there is more than one radar, and
where there are many transponder-equipped aircraft.
The computer program routines for loading and sorting
innut from 1030 MHz receivar 42 and 1000 MH7z re-

input from 1030 MHz receiver 42 and 1090 MHz re
ceiver 44, summarized in steps 104 and 106 respectively,
must operate fast enough to keep up with the flow of
input from the two receivers. If computer 46 is one that
can accept and process inputs occurring at random,
then it could be programmed so that operation of the
loading and sorting routines would be triggered by
signals sent from the receivers when they are ready to
pass data o the computer.

Routine 108, for maintaining the program’s table of
basic information—i.e. locations of radars and fixed
transponders, radar rotation rates, pulse repetition fre-
quencies, stagger patterns, and mode interlace pattern-
s—necessarily follows routines 104 and 106, for loading
and sorting input, since the loading and sorting routines
organize the data for the table maintenance routine.

Because the table maintenance routine, 108, deter-
mines fixed transponder center-azimuth times, it must
be executed before routine 110, the routine for deter-
mining the bearing of the locator’s own aircraft.

The bearing of the locator’s own aircraft is one of the
geometric parameters needed in the calculation of the
aircraft’s position; therefore, routine 110 must precede
routine 112, which completes the computation of the
position of the locator’s aircraft.

After the position of the locator’s aircraft has been
Coml‘)ﬁlcu, ll. can De sent io uutpul GCVILC ‘R!, wmcn
displays it, as shown in step 114.

Determining the position of the locator’s own aircraft
is also prerequisite to determining the positions of other
aircraft in its vicinity; consequently step 116, which

determines the other aircraft nocitione. muct follow ctan
QeIormInes 0e CLaer aircrail positions, must iC.0wW siep

112,

After computing the position of another aircraft, the
locator displays it through output device 48, as illus-
trated in step 118.

FIG. 12 summarizes the operation of the 1030 MHz
receiver, 42. When locator 40 is on, the receiver oper-
ates continuously, receiving rf energy transmitted from
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secondary radars at the frequency 1030 MHz, as shown
in step 120.

In step 122, receiver 42 determines whether it has
received a radar pulse. It does so by checking the re-
ceived rf energy to detect a pulse’s leading edge and
trailing edge, and by verifying that all other pulse shape
characteristics specmed by U.S. and ICAQO standards,
such as leading edge rise time, pulse amplitude, pulse
duration (width), and trailing edge fall time, are satis-
fied. If the pulse meets specifications, it is time-tagged
and temporarily stored. Received energy which does

not meat the gnecification for 2
net meet ing speciication Ior a

discarded as noise.

As shown in step 124, receiver 42 next checks the
valid pulses it temporarily stored, to find a pair properly
spaced to be an ISLS transmission. If it finds such a pair
of pulses, P1 and P2, it records the time it received the
leading edge of P1. The receiver next compares the
amplitudes of P1 and P2, to determine whether it re-
ceived oniy an ISLS transmission, or part of an interro-
gation. (If the amplitude of P1 greatly exceeds that of
P2, then the locator’s aircraft, 54, must be in the cover-
age of interrogation beam 16; and P1 must therefore be
the fu'st pulse of an interrogation s P1, P3 pair If Pl’
aulpul.uut: is not much greater than that of P2, then
aircraft 54 is necessarily outside the coverage of beam
16, and the P1, P2 pair must be an ISLS transmission.)
If receiver 42 determines that it has received the P1
pulse of an interrogation, it next checks its temporary

storace to find a nulse nronerlv gnaced to be the match-
storage (O InC a pulse properiy spaced (C ve the maitch

ing P3. In the event that it finds a pulse whose leading
edge follows that of the P1 pulse by 8 microseconds or
21 microseconds, it records the pair as constituting
either a mode A or mode C interrogation, as appropri-
ate. In the event that receiver 42 cannot find a pulse
qualifying as P3, it records the P1, P2 pair as an ISLS
transmission.

As indicated in step 126, receiver 42 reports its find-
ings to computer 46. In particular, if the receiver de-
tected an interrogation, it reports its mode, either mode
A or mode C, and the time it received the leading edge
of the P1 pulse. If receiver 42 detected only an ISLS
transmission, then it sm‘.p;y reports the time it received
the leading edge of P1, since in this case receiver 42 has
no way to determine the mode of the interrogation
issued simultaneously with the ISLS transmission.

FIG. 13 summarizes the operation of the 1090 MHz
receiver, 44, When locator 49 is on, the receiver oper-
ates continuously, receiving rf energy transmitted by
transponders at the frequency 1090 MHz, as shown in
step 130.

In step 132, receiver 44 determines whether it has
received a transponder reply puise. It does so by check-
ing the received rf energy to detect a pulse’s leading
edge and trailing edge, and by verifying that all other
puise shape characteristics specified by U.S. and ICAO
standards, such as leading edge rise time, pulse ampli-
tude, pulse duration (width), and trailing edge fall time,
are satisfied. If the pulse meets specifications, receiver
44 notes the arrival time of its leading edge, and tempo-

rarilyv ctaree the nnlea. In ganeral receivad enerov that
Iarfay SLOICS Ui PULSC. af gONiclas, ITCCIVEDR SNSrgy nat

does not meet the specification for a valid transponder
reply pulse is discarded as noise. However, it is also
desirable that receiver 44 be designed to recognize the
possibility that a wide pulse may actually consist of
overlapped normal pulses from two different transpon-
ders, and that the receiver save such wide pulses for
further processing.

valid radar »nlge ic
VailG ragar puise 1§
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As shown in step 134, receiver 44 next checks the
valid pulses it temporarily stored, to find a pair properly
spaced to be the framing pulses, F1 and F2, of a tran-
sponder’s reply. If a pair of pulses does qualify as F1 and
F2, then the receiver checks the shapes and positions of
all the pulses found between them; and if all are valid, it

racaenizac tha troin af nmulcac ag o troncmnandas ramle,

A\-\—Usuw\.a lll\- ialil vl puidvs ad a uauayuuucl lClle Lt
is desirable that receiver 44 be designed so that when it
detects a misspaced or wide pulse, it further checks the
pulses received before F1 and after F2, to determine if
another set of framing pulses is present; and if it does

indeed detect another pmr of fran—nng puleac that it

AUCCCC Qe alQUIIC pall Of IIaming puases, at o

checks to determine if the misspaced pu]sc belongs to
the other pair, or if the wide pulse should be separated
into two normal pulses, one belonging to each pair. If
receiver 44 does determine that a misspaced or wide
pulse resulted from the overlap or interleaving of two
transponder replies, it separates the pulse trains into
individual rephes Otherw1se, receiver 44 dlscards any
misspaced or wide pulses.

It is also desirable that receiver 44 be de51gned to
check pulses received before F1 and after F2, to deter-
mine if the apparent “bracket” (framing pulse pair) is
likely to have resulted from an overlap of two transpon-
der replies; in which case the bracket and the pulses
within it probably represent a “phantom” reply, which
should be discarded.

Having detected a transponder reply, receiver 44

next decodes it, as shown in step 136, and as illustrated
m FIG 2

Step 138 shows that the receiver then passes the de-
coded reply and the arrival time of its F1 pulse, both in
digital form, to computer 46.

FIG. 14 summaries the computer program routine by

which computer 46 loads and sorts the data passed to it

hich computer 46 loads and sorts the data passed to it
by receiver 42 Step 140 shows that the computer first
accepts and stores a report coming from the receiver.
As shown in step 142, it next inspects the report to
determine which kind of transmission was received:
interrogation or ISLS broadcast.

Step 144 shows that if a report concerns an interroga-
tion, computer 46 attempts to match the interrogation
to the radar that issued it. For each radar whose stagger
pattern and mode interlace pattern are known, and
whose positions in its patterns were recently deter-
mined, computer 46 extrapolates the patterns up to (or
Jjust past) the reported arrival time, the time when the
leading edge of the P1 pulse arrived at receiver 42. If
the interrogation’s arrival time matches some radar’s
extrapolated stagger pattern, and its mode matches the
same radar’s extrapolated interlace pattern, then that
radar is determined to be the source of the interroga-

1 1 3 133 14 ha
tion. For the sake of efficiency, the routine should be

written to first test an interrogation’s arrival time and
mode against the extrapolated patterns of any radar
whose interrogations were heard within the immediate
past, i.e. within a time period comparable to a beam
dwcll to next test atzamqt the extrgm)lated patterns of
any radar heard approxxmately one scan period prior to
the arrival time; and finally, to test against the patterns
of all other radars heard within the previous few min-
utes. If in step 144 the computer cannot match both the
arrival time and mode to a radar’s extrapolated patterns,
then, as is illustrated in steps 146 and 148, the report is
temporarily filed with other such reports of i mterroga—
tions whose sources have not yet been determined.
Step 150 indicates that when an interrogation is
matched to a radar, its arrival time, mode, and stagger
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pattern position are filed as an entry in a table dedicated
to that radar’s transmissions. The computer chronoiogi-
cally orders the table, and records as an update of the
radar’s status, the entry having the most recent arrival
time.

As is shown in step 152, an interrogation that was not
matched to a radar, and has therefore been stored, may
be held for about the time of a beam dwell—up to about
1/10 second—before being discarded. Whenever it adds
an interrogation report to the file, computer 46 checks
to determine if any sequence of stored arrival times

smbbames aoas

) mottane (MTha
matchae a radar’s ctaccar 4 {The pattern may
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have been prestored, or it may have been determined by
the environmental data base maintenance routine,
whose description follows herein.) If a sequence of
arrival times does match some radar’s stagger pattern,

then the computer files each of those arrival times,

along with its matchmg stagger pattern position and its
interrogation’s reported mode, as an entry in a table
dedicated to that radar’s transmissions. The table is
chronologically ordered by the computer, and the entry
with the most recent arrival time is recorded as provid-
ing the radar’s current status.

Step 154 shows that if a report concerns an ISLS
broadcast, computer 46 aiso attempts to match the
transmission to its source. For each radar whose stagger
pattern is known, and whose position in its pattern was
recently determined, computer 46 extrapolates the pat-
tern times uwp to or just past the broadcast’s reported
arrival time. If the arrival time matches some radar’s
extrapolated stagger pattern, then that radar is deter-
mined to be the source of the broadcast. If the arrival
time does not match any of the extrapolated stagger
pattern times, the report is discarded. Note that al-
though computer 46 could be programmed to check
unmatched ISLS broadcasts, much as it checks un-
matched interrogations in step 152, there would be little
benefit from doing so: A locator-equipped aircraft fly-
ing into a radar’s coverage area is likely to receive the

radar’s |nh-rrr\cmhr\nc lnng before "CC“"'E"E its ISLS

broadcasts, because of the greater strength of the inter-
rogation beam, 16. Therefore, interrogations should
normally serve far better than ISLS broadcasts, for the
locator’s initial determination of a radar’s position in its
stagger pattern.

If the arrival time of the ISLS broadcast does match

some radar’s extrapolated stagger pattern, then the time
and stagger pattern position are filed as an entry in the
table dedicated to that radar’s transmissions. If the ra-
dar’s mode interlace pattern is known, and its position
therein was recently determined, the pattern is extrapo-
lated to the reported arrival time, and the mode is filed
in the new eniry. Recall that the mode is that of the
interrogation issued simultaneously with the reported
ISLS broadcast. The computer chronologically orders
the table, and records the entry having the most recent
arrival time as an update of the radar’s status.

FIG. 18 the ¢ srogram routia

A< SUIMMMAarizes tng \/Vulyut\al PICEram routine
by which computer 46 loads and sorts data passed to it
by receiver 44. Step 160 shows that the computer first
accepts and stores a report coming from the receiver.
As shown in step 162, it next determines if the reported
code matches some fixed transponder’s mode A code,
i.e. its identity code. The computer does this most effi-
ciently by successively comparing the reported code,
until it finds a match, against:

(1) the last fixed-transponder mode A code that
matched a reported transponder reply;
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(2) all other fixed-transponder mode A codes recently

renorted hu receiver 44.
CPCriec 5

(3) all other ﬁxed-transponder mode A codes in the
geographic area of aircraft 54.
If computer 46 does find a match, it records the mode A
code as the most recent fixed-transponder identity code
to have matched a report.
Step 164 shows that if the computer cannot match the
reported code to any fixed transponder’s mode A code,

it next attempts to find a matching fixed-transponder 1

mode C (altitude) code. For the sake of efficiency, its
check again follows the order likely to achieve a match
with the least fruitless processing. That is, until it finds
a match or exhausts its list of fixed transponders, com-
puiter 46 successively compares the reported code
against:

(1) the mode C code of the last fixed transponder whose

mode A code matched a report;

(2) the mode C codes of all other fixed transponders

Iy ra.
whose mode A codes were recently reported by re-

“ ceiver 44;
(3) the mode C codes of all other fixed transponders in
the geographic area of aircraft 54.
Step 166 shows that if computer 46 does match the
reported code to some fixed transponder’s mode A or
mode C code, then it stores the reported arrival time
and determined mode (A or C) as a new entry in a table
dedicated to that pariicuiar fixed iransponder. (The
table is “labeled” with the transponder’s mode A and
mode C codes.) For convenience in later processing, the
computer chronologically orders the table.
If computer 46 cannot match the reported code to
- any fixed t uauspuuum ’s mode A or mode C code, it then
concludes that the reported reply must have emanated
from an aircraft transponder. Step 168 shows that in this
case, the computer files the reported arrival time and
code as a new entry in a table of received replies from

aircraft transponders. For convenience in later process-

ing, the computer chronologically orders the table.
FIG. 16 shows the routine by which computer 46
maintains the locator’s environmental data base. It is
essential that the locations of radars and fixed transpon-
ders be prestored. Though it is desirable that each ra-
dar’s scan rate, pulse repetition frequency (prf), stagger
pattern, and mode interlace pattern also be prestored,
the environmental data base mainienance routine com-
putes those parameters. By periodically computing
them, locator 40 reverifies the validity of its environ-
mental data, even if all radar parameters were initially
prestored. Although the locator’s computer can be pro-

<. 5 tha datn lanan smenimbamacns oo
grammed various ways, tnc gata vasc maimntenance rou-

tine need only be executed once every few seconds,
since its input is contained in the fixed-transponder
reply tables, and each such table is updated only once
during each scan (antenna rotation) of its associated

In FIG 16, steps 170, 172, 174, and 176 show that the
routine operates as a “loop,” in which each passage
through the ioop processes the repiy tabie of another
fixed transponder, until all such reply tables have been
processed.

Step 178 shows that for the table under consideration,
computer 46 first groups the table’s entries, records of
fixed uallapuudcl u:phc;, auu.uu.lug to the beam pas-
sage in which they occurred. Aggregation by beam
passage is already implicictly accomplished by virtue of
the chronological ordering in step 166. Determining the
boundaries of each beam passage is simplified by the
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fact that beam dwell is roughly 1/10 second at most

seive
while the time between successive passages is roughly

one scan period, i.e. at least 4 seconds.

Having grouped all replies from the same beam pas-
sage, the computer next determines, in step 180, the
stagger pattern, mode interlace pattern, and prf of the
fixed transnonder’s radar. The stageer nattern is deter-

SIS TETESEL TRST IS v oammEes TESE MESDOYVS pTTYYYR LS A9 Reens
mined by the sequence of time intervals between succes-
sive arrival times stored in the reply table. Likewise, the
computer ascertains the mode interlace pattern from the
sequence of reply modes stored in the table’s entries.
After determining the stagger pattern, the computer can
calculate the average time interval between successive
replies, the reciprocal of which gives the pulse repeti-
tion 1fequency‘ \pn )

In step 182, the computer calculates and stores the
transponder’s “center-azimuth time,” i.e. the time when
the center of the beam passed over the fixed transpon-
der. It does so by averaging the (already grouped) ar-
rival times of the rephes elicited during that beam pas-
sage. (The averaging need not be simple. For example,
the routine might fit the sample of arrival times to an
assumed probability density function describing the
probability of transponder reply as a function of the
transponder’s angular position with respect to the beam
center; and the time when the beam center passed over
the transponder could then be determined from that fit.)

Step 184 shows that the computer next determines
the scan period of the fixed transponder’s radar. Since
the radar interrogates the transponder once per scan,
and rotates at 2 uniform rate, the most recent scan per-
iod is simply the difference between the two most re-
cent center-azimuth times. Note that the next-to-the-
most-recent center-azimuth time may have been com-
puted and stored during a previous execution of the data
base maintenance routine, depending on the frequency
of the routine’s execution and on the radar’s rotation

Th lonlatac th A +:
rate. The routine calculates the radar’s scan fate, in

degrees per second, by dividing 360° by the computed
scan period; and it stores both the scan period and scan
rate.

In computing the parameters that characterize the
radar’s aperation, the program should accommodate
the real-world possﬂnlmes that the fixed transponder
might not reply to every interrogation issued while the
beam is passing over it, and the locator right not receive
all of the transponder’s replies. Therefore, if values are
already established for stagger pattern, interlace pat-
tern, and scan period, whether by prestorage or by
computation, the routine should immediately check
newly computed valucs against established values, to
determine if any differences could be due to the absence
of a reply. For example, if the computed scan period,
the difference between the last two computed center-
azimuth times, is an integer multiple of the established

scan ppnnd it is safe to assume that the locator S}m"l,

missed the fixed transponder’s replies during one or
more beam passages. Likewise, if an interval of the
computed stagger pattern is the sum of two or three
consecutive intervals of the established pattern, it is safe
to assume that either the locator simply missed at least
one or two of the transponder’s replies, or that the
transponder failed to reply to some of the radar’s inter-
rogations during the beam’s passage over it. In the event
that some radar parameter does not yet have an estab-
lished value, the first computed value might be stored,
but not used until confirmed by subsequent computa-
tions on data received during the next few scans. i.e., the
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locator might need to go through a “warm up” period
of a few scans before using the data from a particular
radar to compute aircraft positions. These consider-
ations should be taken into account in the programming
of steps 180 and 184, and in the programming of step
186, which compares the values of the parameters com-
puted in steps 180 and 184 to the corresponding estab-
hshed values

If all computed values agree with the corresponding
established values, the program returns to step 172,
either to begin processing of the next reply table, or to
exit the routine, if ail reply tables have been processed.

If a computed value of a radar parameter does not
agree with its established value, then some form of error
processing must take place, as shown in step 188. The
programming for this step could take various forms.
For example, over a period of several scans, the com-
puter could store all calculated values of the parameter.
If those values were all consistent with each other, and
disagreed with the established value, then the estab-
lished value would be replaced with the calculated
value. Otherwise, the established value would be re-
tained.

After completing whatever error routine processing
is required in the current execution of the loop, the
program returns to step 172, where it determines
whether to begin another pass through the loop, or to
exit.

FIG. 17 shows the computer program routine by
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which locator 40 determines its azimuth (bearing) with

respect to a radar in whose coverage area its aircraft 54
is flying. Since the radar normally “sees” the aircraft
approximately once per scan, the routine’s frequency of
execution need only be on the order of a radar’s scan
frequency, i.e. once every few seconds. (Only if aircraft
54 is being interrogated by several radars might greater
execution frequency be of some benefit.)

Steps 200, 202, and 204 show that the routine operates
asa loop, with each  pass through the loop processing
data {rom the tabie of interrogation reports dedicated to
some particular radar (see step 150). As shown in step
206, such a table of interrogation reports must also sat-
isfy certain criteria in order to be processsed. In particu-
lar, the radar that issued the mterrogatlons must have a
known scan rate; and it must have a fixed transponder
whose center-azimuth time was recently computed (see
step 182). Computer 46 retrieves the scan rate and the
fixed transponder’s center-azimuth time for use in a
later step in this routine.

Upon finding a table of interrogation reports satisfy-
ing the above-mentioned criteria, the computer pro-
ceeds to step 208, wherein it aggregates the reports of
the beam’s most recent passage over the locator’s air-
craft 54. The aggregation was unpllcxtly accomplished
by the chronological ordering in step 150 or step 152;
and it is normally easy for the computer to determine
the boundaries of the beam passage, since the passage
takes no more than about 1/10 second, and occurs ap-
proximately once per scan period.

After all reports from the most recent beam nassage

€1l TLpats IV 120 MOST TeCCnt Odam passage

over the Iocator’s aircraft have been aggregated, com-
puter 46 determines when the beam’s center passed over
the aircraft. That is, as indicated in step 210, the com-
puter determines the locator’s center-azimuth time. It
does so by an averaging technique, such as the tech-

nique used in step 182 to determine when the interroga-
tion beam’s center passed over a fixed transponder.
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Step 212 shows that after determining the locator’s

H A
center-azimuth time, the computer is ready to deter-

mine the bearing of the locator’s aircraft with respect to
the radar. The computer first calculates the difference
between the locator’s center-azimuth time and the fixed
transponder’s center-azimuth time. Multiplying that
time difference (in seconds) by the radar’s rotation rate
(in, for example, degrees per second) yields as product
the beam’s angular change from its passage over the
transponder untii its passage over the locator. Adding
that angular change to the fixed transponder’s bearing
with respect to the radar then gives as the sum the
bearing of the locator-equipped aircraft at its center-
azimuth time. (According to the style of the computer
program, the fixed transponder’s bearing with respect
to the radar may have been input along with the loca-
tions of the radar and fixed transponder; or the bearing
may have been calculated directly from those locations
during an initial “warm up” routme)

Step 214 shows that computer 46 next checks the
bearmg of its aircraft, calculated in step 212, to verify
that it is reasonable. If the just-calculated bearing agrees
with previous determinations of the locator’s bearmg
(with respect to the same radar) then as shown in step
216, the computer stores the n u\,vuy calculated center-
azimuth time and bearing. The computer also uses the
last few calculated (center-azimuth time, bearing) pairs
to update its estimate of w, the current rate of change of
the bearing.

The estimate for o might simply be the quotient

whose numerator is the difference of the last two calcu-

lated bearings, and whose denominator is the difference

of the corresponding center-azimuth times; or the com-

puter mlght combine the last few such calculated quo-

tients in some appropriately weighted average, to givea
“smoothed” estimate for w.

In the event that the just-computed bearing does not
agree with previously determined bearings, the com-
puter executes an error-handling routine, as indicated in
step 218. The routine could be written in various ways:
for example, it might store the just-computed center-
azimuth time and bearing, until future computations of
the bearing, based on new data, either confirm or refute
the present result. Confirmation of the present result
would cause computer 46 to re-initiate its “track” of the
bearing of aircraft 54, using the newly calculated bear-
ings; refutation of the present result would cause com-
puter 46 to discard it.

In deciding whether a calculated bearing is reason-
able, computer 46 shoud recognize that large bearing
changes, even changes of 180°, can occur within one

radar scan penod when axrctaft 54 is close to the radar.
The programming of the reasonableness check, step

he grammir the reasonableness check, step
214, should take advautage of the locator’s track of its
own aircraft’s position—if a track has already been
established—to detect such large changes in bearing.
FIG. 18 shows the routine by which computer 46
determines its own aircraft’s position. After entering the
routine at step 230, the computer proceeds to step 232
wherein it examines the tables of replxes from fixed
transponders interrogated by those radars with respect
to which the locator has recently determined its bear-
mg (The reply tables were loaded in step 166.) In exam-
ining each table, the computer attempts to find a se-
quence of recent replies, all received within a time com-
parable to a beam dwell. If unable to find any such
sequence, the computer abandons the current execution
of the routine, as indicated in steps 234 and 236. If it
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does find a sequence of fixed transponder replies, then
as indicated in step 234, the computer proceeds to step
238, wherein it searches the table of ISLS broadcasts
emanating from the radar that elicited those replies.
(The table of ISLS broadcasts was loaded in step 154.)
Computer 46 searches the table of ISLS broadcasts in
order to find the sequence of broadcasts that matches
the chosen sequence of fixed transponder replies. In
particular, the ISLS broadcasts must:

(1) follow the same stagger pattern, if any, as the se-
quence of fixed transponder replies (which property

A hyy th oy 1oy abae
should already be ensured by the processing in step

154);

(2) be the most recent such sequence for which each
ISLS transmission arrived at the locator prior to the
arrival of the corresponding fixed transponder reply;
and

(3) have arrival times at the locator which do not pre-
cede the arrival times of the corresponding fixed
transponder replies by more than some established
tolerance. The tolerance, utilized as a reasonableness
check, is on the order of a few hundred microsecond-
s—in any case less than an inter-interrogation period.
Ifa matchmg sequence of ISLS broadcasts cannot be

1uuuu, LllCll as lb bllUWIl lﬂ blCP lw, [Ile Computer
branches to step 242, wherein the selected sequence of
fixed transponder replies is labeled as being unusable,
and from which the computer returns to step 232, to try
to find another sequence of replies.

- 7= £ 1T €
If on the other hand a matching sequence of ISLS

broadcasts is found, computer 46 proceeds with calcula-
tion of its aircraft’s position. Step 244 shows that the
computer calculates ty—t;, the time difference by
which receipt of each ISLS broadcast preceded receipt
of the corresponding fixed transponder reply; and it
then subtracts off the turnaround time, t;, to yield the
quantity t—t;j—t, (In this calculation, computer 46
must recognize that the transponder’s repliies to mode C
interrogations can be expected to have arrived at the
locator 13 microseconds farther behind their matching
ISLS broadcasts than the transponder’s replies to mode
A interrogations. This difference is due to the fact that
the transponder issues its replies to interrogations a
fixed time after receiving the leading edge of the P3
pulse; and measuring with respect to the tire the P1
pulse is issued, the P3 pulse is issued 13 microseconds

later for mode C interrogations than for mode A inter-
rnaahrmc Annnrdmo to the way the program is writ.
ten, t; may be v1ewed as being 13 microseconds longer
for mode C replies than for mode A replies; or the extra
13 microseconds may be eliminated in the computation
of ta—t1). Although in principle, only one transponder
reply and matching ISLS broadcast are needed to estab-
lish time difference t2—11, the typical presence of sev-
eral replies and matching ISLS broadcasts makes it
possible for the computer to obtain a more accurate
estimate of that difference, for example by averaging
the individual arrival time differences. Computer 46
next calculates the product c(tz—t;—t;) (c again de-
notes the speed of electromagnetic propagation) and
then subtracts therefrom the prestored or precompuied
distance d between the radar and the fixed transponder.
That is, the computer calculates

V—-U=c(ta—t;—t)—d. It also computes the quantity
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a= §|V U|, and verifies that d/2 is greater than a. If 65

d/2 is not greater than a, there is some problem with the

data. In that case the computer returns to step 242 (the
return is not specifically shown on FIG. 18) and pre-
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pares to reinitiate its attempt to determine its own posi-
tion.
If d/2 is greater than a, computer 46 continues with

its determination of its own aircraft’s position. In step

246 it retrieves from storage the heights above sea level
of the radar and fixed transponder, h, and h; respec-
tively. It next calculates the quantity b=(d2/4)—a2,
and calculates trigonometric functions of an angle a. If

b;is greater than b,

through the radar and the fixed transponder intersects
the plane of the earth’s surface. If h,is greater than h;, a
is the negative of that angle. If h,=h;,, . is 0. The formu-
las for the trigonometric functions of a are:

+ whinh tha 13n
aisthe acute angle at wiiicn tne 1ine

. he — hr
SinQ = ————

-—
N a2 — (he — B

sina__
cosa

The computer then retrieves from storage its own
aircraft’s altltude, zo. As previously noted, the altitude
zg could be input to the locator by some form of direct
connection from the aircraft’s mode C encoder, by a
pilot-operated input device, or by the locator’s sorting
from its table of aircraft transponder replies, those that
emanated from its own transponder. The present inven-
tion does not depend on the manner in which the alti-
tude datum zg is entered.

In step 248, computer 46 retrieves from storage its
most recent determination of its bearing with respect to
the radar whose fixed transponder rephes it is using to
determine its position. In particular, the computer re-
trieves its most recent (center-azimuth time, bearing)
pair (t,0) and the corresponding azimuth change rate w.
Using these data, the computer calculates its own air-
craft’s bearing at time t| to be 8+ w(t;—t). Subtracting
the fixed transponder’s bearing from the aircraft’s bear-
ing at t) then yieids the bearing difference 6. (In caicu-
lating 8, computer 46 performs the subtraction modulo
360°—i.e. the computer expresses the result as a non-
negative angle less than 360°.) Computer 46 next deter-
mines three intermediate quantities, the formulas for
two of which utilize the just-computed value of 6:

In step 250, computer 46 checks to determine if the
absolute difference |V —U|, calculated in step 244,
represents a “degenerate” hyperboloid. If a=0 (i.e. if
V=U) then the hyperboloid is indeed degenerate, and
the determination of the aircraft’s position continues in
step 252, with a simple computation in an intermediate
coordinate system based on the locations of the radar
and fixed transponder. The position of aircraft 54, ex-
pressed in intermediate coordinates as (uo,vo,wo), is
determined bv the formulag a0 vamm A win =" A fiar

LA RNEE U MR IULINKIAS W=V, V= Ay Wi AT
storing these values for ug, vo, and wo, the computer
branches directly to step 262.
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If step 250 shows that a is nonzero, then computer 46
continues the determination of its aircraft’s position by
calculating, in step 254, the quantities D, E, and F,
according to the formulas:

D=(b%/a?)—tan2a — B%,

E=248+2Ctana;

In step 256, the computer checks to determine if
continuing the computation with its current data will

yield nonreal solutions, which would occur when E2? is
less than 4DF, If that is the case, the nrooram reverts to

A03S RAall @057, A1 14aR 18 U0 Case, UIC PIogiam Irevers 1o

step 242, where it marks the chosen sequence of tran-

sponder replies as unusable, and then proceeds to step

232, to reinitiate its attempt to determine its position.
If E2is not strictly less than 4DF, computer 46 next

checks, in step 258, to determine if there is a unique .

solutxon for the position of aircraft 54. This occurs in
the event that E2=4DF; in which case the program
branches to step 260, where the computer calculates its
aircraft’s position, expressed in intermediate coordi-
nates (ug,vo,wg). The computation uses the following
formulas, first calculating ug, then wo, then vo:

—E

H==p

wo = C — uptana;

vp = (wosina — (ug + (d/2))cose)tané.
After computing ug, v, and wy, the program contin-
ues at step 262, where it converts the nosition expressed

here it converts the position expressed
in mtcrmedxate coordinates to a position expressed in
“final” coordinates based partially on the locations of
the radar and fixed transponder, and using the earth’s
surface at sea level as one of its coordinate planes, the
(x.y)-plane. (Converting the aircraft’s position to any
other well-defined coordinate system is a routine,
though possibly complex, task which computer 46
couid be programmed to perform as might be required.)
The equations for converting the aircraft’s position
from its value (ug,vo,wo) in the intermediate (u,v,w)-sys-
tem to its value (xq,yo0,zo) in the “final” (x,y,z)-system,
are xp==upcosa—wosina, and yo=vo. The value of zy
was input, and need not be caiculated. Computer 46
stores (x0,Y0,Z0) as its aircraft’s position at time ty, and
then proceeds to step 272.

If in step 258 computer 46 did not find E2=4DF, then
it proceeds to step 264, where it computes in intermedi-
ate coordinates the two possible solutions for its air-
craft’s position. The computer caiculates the two possi-
ble values of ug, ug(+) and ug(~), by the formulas:

u&'i') —=E4 J‘g = 4DF

)

—£_N£2 _4pF

2D

uf)_) =

It then calculates corresponding values of vg and wo,
using the formulas:

W(‘F)-_-C_ u0(+)tam;

24

wol =)= C~up{~tang;

o) = (wo(+sina — (uo{+) +(d/2))cosa)tand;

ol =) (~)sina ()

— i -
TEARY —{ug* .

2 4-{a. "/’2))(‘:05&)i3ﬂ\7
The computer then converts the two possible positions
to “final” coordinates, (xo{+), yo{*), zo) and (x¢(-),
yo{=), zg), using the formulas:

10 xo{ ) =up{Heosa — wo(Hsina,

{4.)

S -

ol
x08)=up{—Icosa —wo{—sina,
JRE—

Having calculated the two possible positions of aircraft
54, (xo(+), yol+), zg) and (xo(~), yol—), zo), the locator
continues at step 266, where it tests to determine which
of them is the actual position. It does so by twice operat-
ing the central portion of the procedure described
herein for determining the location of another transpon-
der—usually that of another aircraft, but in this case, the
fixed transponder whose reply sequence was selected in
step 232. The input for one of the procedure calls is one
of the locator’s own hypothetical positions, (xo{+),

yo{*), zo) at time t1, and the fixed transponder’s altitude
h;. (Within the routine for calculating another transpon-

N " ) )
der’s position, the altitude h; is used, more generally, as

the “other” transponder’s altitude, z1.) The input for the
other of the two procedure calls is the locator’s other
hypothetical position, (xo{(—),yo(—),z0) at time t;, and the
fixed transponder’s altitude h;. The output from each of

the calls is a comnuted nosition of the fixed tranenonder

he calls is a computed position of the fixed transponder.
Step 268 shows that if nelther of the computed positions
matches the actual (stored) position of the fixed tran-
sponder, or if both computed positions match the actual
position of the fixed transponder, then some sort of
error has occurred; in which case the routine branches
to its “error return” at step 242. If exactly one of the
computed positions of the fixed transponder matches its
actual position, then computer 46 continues with step
270. In step 270, the computer discards whichever hy-
pothetical position of its own aircraft vielded the incor-
rect position of the fixed transponder; and the computer
retains as valid, the hypothetical position that yielded
the correct position of the fixed transponder.

In step 272, the computer stores the valid position as
(x0,¥0,20), the actual position of aircraft 54 at time t;.
That position is then used to initiate or update a track of
aircraft 54. If locator 40 has recently determined its
aircraft’s position, the last few (time, position, velocity)

triples are used to compute (as an appropriately
weighted average) the current velocity of the locator’s
aircraft. (Tracking routines are well-known; the inven-
tion does not depend on the use of any particular one.)

ity nemd
Computer 46 stores the newly calculated velocity, and

passes the position (x0,y0,z0) to the pilot’s display de-
60 vice. (The display of the current position of aircraft 54
may also utilize the results of the tracking routine; how-
ever the particular display technique used by the loca-
tor is not relevant to the present invention,) After com-
pleting these actions, computer 46 exits the routine at

65 step 274.
FIG. 19 shows the routine by which computer 46
determines the position of an aircraft other than its own.
Because there could be many aircraft in the vicinity of

0
v
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40

45

35
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locator 40, this routine would normally need to be exe-

782

cuted at a fairly high frequency. For example, the exe- -

cution frequency might be programmed to depend on
the average rate at which the locator is receiving air-
craft transponder replies.

As can be seen from steps 300, 302, 304, and 306, the
rouiine operaies as a loop. In each pass through the
loop, computer 46 attempts to determine the position of
another aircraft, basing its determination partly on the
transponder replies it has received, emanating from that
aircraft. If in step 302 the computer is unable to find a
suitable sequence of replies for processing, then, as is
shown in steps 304 and 306, the routine’s current execu-
tion is terminated.

Step 308 serves as a general “return” for each pass
through the loop. Whether the processing yielded an

alr{‘raff nnmhnn or was fnr some reason nncnr‘r‘nssful

the program in step 308 labels each of the transponder
replies previously selected (in step 302) as being no
longer usable. Computer 46 then proceeds to step 302,
where it again attempts to find a sequence of transpon-
der replies from which it will calculate another air-
craft’s position.

In order to find, in step 302, a sequence of transpon-

der repiies on which io base iis caicuiations of another :

aircraft’s position, computer 46 searches the table of
aircraft transponder replies, loaded in step 168. In
searching the table, the computer ignores replies labeled
as being no longer usable. A sequence of replies is suit-

i€ A Ter i€ 3¢ antiafy tha FAallaseia
able for processmg il anG omuy it satisfies the lGllGWLlA5

criteria:

1. The replies were all received by the locator within a
beam dwell (time tolerance) of each other.

2.The arrival times of the replies fit some radar’s known

stagger pattern, includine possibly the “frulga]” nat-

tagger pattern, including possibly the “triv
tern of equal spacing—i.e. no staggering.

. The replies have at most two different codes; and if
there are two codes, the changing of codes from
reply to reply fits the mode interlace pattern of the
radar whose stagger pattern matched the reply ar-
rival times. That radar is then presumed to be the one
which elicited the transponder replies

The last stored reply that could be part of the se-
quence was received some parameter time tolerance
ago. This tolerance, on the order of a beam dwell,
guarantees that the locator has received all replies
from the radar beam’s passage over the transponder.

Th tnhad tha sanls,
5. The radar whose stagger pattern matched the reply

times has a known scan rate; the locator recently

received replies from at least one of that radar’s asso-

ciated fixed transponders; and computer 46 has al-
ready processed those replies to determine (at step

182) when the radar beam’s center passed over the

fixed transponder.

Upon ﬁndmg a suitable sequence of aircraft transpon-
der replies, computer 46 proceeds to step 310, where it
searches the table of (reports of) transmissions received
from the radar whose interrogations elicited the se-
lected transponder replies. In its search through the
table of radar transmissions, the computer attempts to
find a sequenoe of ISLS broadcasts that matches the
selected sequence of transponder replies. That is, the
computer searches for a sequence that:

1. has the same stagger pattern, if any, as the selected
aircraft transponder reply sequence.
2. is the most recent such ISLS sequence for which each

broadcast arrived at the locator prior to the arrival of
the corresponding aircraft transponder reply.
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3. has the arrival times of its ISLS broadcasts no more
than some parameter time tolerance ahead of the
arrival times of the corresponding aircraft transpon- .
der replies. (This criterion, a “reasonableness” check,
might mmally use a tolerance based on the maximum
distances expected in the computation. If the locator
has recently determined the position of the other
aircraft, the tolerance might be based on recent val-
ues of the time difference t3'—t;".)

If the computer is unable to find such a sequence of
ISLS broadcasts, then as shown in step 312, it returns to
step 308. Otherwise, it proceeds to step 314, in which it
begins to calculate the position of the aircraft which
emitted the selected transponder replies.

In step 314, the computer determines the aircraft’s
bearing with respect to the radar that elicited the se-
lected replies. To do so, it first determines the time t, at
which the beam center passed over the aircraft tran-
sponder, by averaging the reply arrival times. This
processing is analogous to that performed in steps 182
and 210. The computer next retrieves from storage the
scan rate of the radar, o, The computer also retrieves
the bearing, 65 and a recent center- azxmuth time, t; of
a fixed transponder associated with the radar. The com-
puter muitiplies the time difference t,—1sby the radar’s
scan rate w,, and stores the product as 7, the difference
between the bearings of the aircraft and the fixed tran-
sponder at time t,. The computer also calculates and
stores the quantlty tan), and the sum 1+-0y, which sum
is the bearing of the aircraft with respect to the radar at
time to. (All of the computations involving angles are
done modulo 360°.)

In step 316, computer 46 decodes the replies which,
according to the radar’s mode interlace pattern, are

1 rr 1 Th iroraft’s ra
responses to mode C interrogations. The aircraft’s re-

ported altitude, or as appropriately weighted average of
all the altitudes reported in the mode C replies, is then
stored as the aircraft’s altitude, zj, at time t,. If the
locator did not receive any replies to mode C interroga-
tions, as could happen, for example, if the aircraft’s
transponder does not have mode C capability, then
computer 46 takes the other aircraft’s altitude z; to be
the same as its own aititude, zo—which is the most
cautious approach for collision avoidance purposes.
As shown in step 318, the computer next calculates
the time difference t'—ty’, the time by which each
ISLS broadcast preceded its corresponding aircraft
transponder reply in arriving at the locator. As in step
244, only one transponder reply and matching ISLS
broadcast are needed to establish t'—ty’; but the typical
presence of several replies, all resulting from a single
beam passage, and of the replies’ corresponding ISLS

broadcasts, enables the computer to more accuratelv

_______ ts, enables the computer to more accurately
estimate ty’' —t1’ by averaging the corresponding arrival
time differences.

In step 320, the computer retrieves from storage a
recent determination of its own aircraft’s position, pref-
erably the (time, position, velocity) triple, stored at step
272, having time closest to t;. It then extrapolates there-
from, to determine its aircraft’s position at time tq. If the
derivation of its own aircraft’s position was based on a
(radar, fixed transponder) pair different from that cur-
rently being used to determine the other aircraft’s posi-
tion, the locator then converts the extrapolated position
to its value (Xo,¥0,Z0) in the coordinate system based on

3 A
the radar and fixed transponder currently being used.

In step 322, the computer retrieves from storage the
altitudes of the radar and fixed transponder, h, and h;,
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respectively. It also retrieves the prestored or precom-

e | nd tha fiead
puted distance d between the radar and the fixed tran-

sponder. Using these constants, computer 46 then calcu-
lates, at step 324, trigonometric functions of three signif-
icant angles, a, 8, and y.

The definition of a, and the formulas for computing

ranf thaca oiven in the
tﬂgeﬂometnc functions the;\,\u, are tiose given in the

description of step 246; however the computation is
redone in the present routine, since the values of h,, hy,
and d may be different for the possibly different radar
and fixed transponder being used to determine the other

. 3 .
aircraft’s position.

B is the angle between two vertical planes: the verti-
cal plane containing the fixed transponder and the ra-
dar, and the vertical plane containing the locator-
equipped aircraft and the radar. Viewing the earth’s

+, Iaols
surface from above, R is measured CGHmerCmCAWise,

from the plane containing the fixed transponder to the

plane containing the locator-equipped aircraft i.e., 8 is

measured by the usual mathematical convention.
When zo, the altitude of the locator-equipped aircraft,

. - . N
is greater than h;, the altitude of the radar, ¥ is the acute

angle at which the line through the aircraft and the
radar intersects the plane of the earth’s surface. In the
rare cases in which hyis greater than zo, 7 is the negative

of that angle; and in the rare case in which h,=zg, v is
0

Before calculating trigonometric functions of 8 and
7Y, computer 46 calculates the length e of the line seg-
ment extending from the radar to the locator-equipped
aircraft; and also computes length e of that line seg-

e 1refnna
ment’s projection onto the plane of the earth’s surface.

The formulas for these computations are:

e=\ (x0 + (d/2)cosa) + yo? + (20 — k)? and

en =N (0 + (@/2)c0sa)? + 0

The trigonometric functions of 8 and ¥ are then eas-
ily computed:

. »o
sin = =,
€h

x0 + (d/2)cosa

cos = R
€h

sin,

tanf = cosB

20 — hy

siny =
: e

€h
cosy = =, and
’ d

siny

1ANY == wme—
v cosy

Having computed trigonometric functions of a, 8,
and vy, the computer then calculates intermediate quan-
tities G, H, I, and J, according to the formulas

G=cosysinf+cosycosBtany,
H=cosf —sinStany,

I=—(sinysinB+ sinycosBtann), and

J=3((d/Dcosa — xphtann —
NG/ L00 Zaottl]

The computer next calculates intermediate quantities K,
5 L, and M, according to the formulas

X 22y — by - 29

- 2cosy '
J—IK

10 L= < , and
G — Itany
M= T

Computer 46 follows its calculation of constants in
step 324 by determining, in step 326, the ellipsoid on
which the other aircraft is located. The computer first
calculates t;' —t¢', the total elapsed time from the issu-
ance of the radar’s interrogation until the locator’s re-
ceipt of the other aircraft’s reply thereto. The elapsed
time is calculated by the formula
t2'—to'=(t2'—t1)+e/c. The computer subtracts the
turnaround time, t,, from the total elapsed time t'—tq’;
and it multiplies the difference thereby obtained by c,
the speed of electromagnetic propagation, to obtain the
sum X+ Y=c(t2' —ty'—tp).

As a safety check, computer 46 then verifies that
X+Y is greater than e. If that is not the case, then there
is some problem with the data, or with a previous com-
30 putation; further computations will not be successful;
and so the computer proceeds directly to step 308.

On the other hand, if X+Y is greater than e, com-
puter 46 continues at step 328 its derivation of the other
aircraft’s position, first calculating g=(X+Y)/2, and
then calculating h2=g2 (e/2)2. The computer next
calculates intermediate quantities P, Q, and R, accord-
ing to the formulas

(%
(=]

o
n

P=h2+gA(M2 +tanly),
Q= —2g%LM+Ktany),
R=g¥(L2+K2—h2);

and then calculates the quantity Q2 4PR. If Q>—4PR
is negative, an error has occurred in data acquisition or
computation, and further computations will not yxeld
real solutions. In that case, the computer branches im-
mediately to step 388.

If, however, Q2—4PR is nonnegative, computer 46
continues the derivation at step 328, where it calculates
two possible solutions for the position of the other a1r-
craft. The solutions, (ri(+), s1(+), t;(+)) and (r1(-), s1(-)
t1(-)), are computed in an intermediate coordinate sys—

tem based on the locations of the radar and the locator-

annner] mrm-nf'f nr-nnrdmn to the formulas:

45

50

55

r$+) 2 — 4PR
60
s = L — mrf?,
t&"') =K-— r&"') tany,
65 A = =Q= N o2 — apr
2P '
(=L - M),
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The bUl.LllJul.Ul then converts the POSIiIONS EXpressea
in intermediate coordinates, (ri(+), si(+),t;(+)) and
(), s1(-), t1(=), to their respective expressions,
1), y1t+), z1) and (x40, y1(-), z1), as points in a
“final” coordinate system based partially on the loca-

tinne af tha radar and fivad trancnnnda d havine tha
ticns O (n¢ radar and iiXeq ransponaer, and daving ine

plane of the earth’s surface as its (x,y)-plane. The equa-
tions used by the computer to perform this conversion
are:

x1(H) =i Heosy—n{+)siny)cosB —si(+-
XinB+3(xg—(d/2)cosa),

D =(rHosy— 1+ siny)sing+s{+HcosB+-

x1(=)=(r1(—cosy— 11 (-)siny)cosB — s1(—-
)sing + 4 (xo—(d/2)cosa), and

»)=(deosy— 1y siny)sinB +s1(~eosB+-

#yo.

The valie of z Zj was mp“l.—\)l if not available from

transponder reply data, was assumed to be the same as

zo—and it is therefore unnecessary to recompute z;.
Of these two solutions, (x1(+), yi(+), z1) and (x1(-),
y1(=), z1), one is correct and the other extraneous. The

* computer nroceeds to step 330, in which it tests to de-

computer proceeds to step 330, in which it tests
termine which solution is correct. The first test per-
formed at step 330 verifies that none of the following
conditions exists:
(1) y1¢+) and y3(-) have the same sign;
(2) one of yi(+) or yi(—) is 0, but not the other;
(3) x1(+)-|—(d/2)cosa and xy(~ )+(d/2)cosa have the
same sign.
If any of these three conditions is satisfied, an error has
occurred, and the computer immediately branches to
step 308. Otherwise the computer determines the cor-
rect solution by checking the value of 9. In particular, if
7 is strictly between 0° and 180°, the correct solution is
the one whose second coordinate—i.e. yi{+) or yi¢
—)—is negative. If 7 is strictly between 180° and 360°,
the correct solution is the one whose second coordinate,
yit+) or yi(-), is positive. If =0°, the correct solution
is the one havmg its first coordmate, x1(+) or xl( ),
greater than —{d/2}c0&’z
7n=180°, the correct solution is the one having its first
coordinate, xi(+) or x1{-), less than —(d/2)cosa. In
which ever case prevails, the computer retains the cor-
rect solution, storing it as (x1,y1,21), the position of the
other aircraft at time t;; and the computer discards the
extraneous solution.

In step 332, the computer passes the position of the
other aircraft, (x1,y1,z1), to a threat assessment routine,
which determines whether to display the position to the
pilot. The threat assessment routine should utilize or
incorporate a tracking routine to permit prediction of
the course of any potentially threatening aircraft; how-
ever, the pamcmar threat assessment routine used by
the locator is not relevant to the present invention.

The computer finally returns to step 308, where its
program- causes it to label the selected transponder
replies as having been already processed, and from

which it nroceeds to sten 202, to attemnt another nass

212G A0 PEOCCCS 10 8L V4, 1O Qlltmpt anoiidlr pass

through the loop.
I claim:
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1. Apparatus in own aircraft for passively determin-
ing the position of said own aircraft by utilizing differ-
ences between times of arrival at said own aircraft of
Improved Sidelobe Suppression (ISLS) pulse pairs
transmitted from a Secondary Surveﬂlance Radar
(SSR) and trains of reply pulses (replies) transmitted by
a fixed secondary-radar transponder on response to
mode A and mode C interrogation pulse pairs (interro-
gation) transmitted by said SSR, and for passively de-
termining the position of any proximate transponder-
equipped other aircraft by unhzmg said determined
pGSi‘iiGﬁ of said own aircraft and differences beiween
times of arrival at said own aircraft of said ISLS pulse
pairs and replies transmitted by said other aircraft’s
airborne transponder in response to said interrogations,
comprising:

actA: 1 41 Aanta £ + 1a.
means for prestoring location data for at least one

ground-based SSR continually transmitting said
mode A and mode C interrogations through an
irradiating rotating beam, and omnidirectionally
transmitting an ISLS pulse pair with each interro-
gation, the first pulse of each said ISLS pulse pair

22000, 100 1IISL PUlSC O €acll sall 1o2.0 Pulse palr

being transmmed together with a first pulse of an
interrogation; for prestoring location data for at
least one fixed transponder, said transponder being
equipped to receive interrogations from only said
SSR and to respond to each said mode A interroga-
tion with a locally unique coded reply; for prestor-
ing operational data describing said SSR’s mode
A-mode C interlace patiern, stagger patiern, pmbc
repetition frequency, and rotation rate; and for
prestoring signal data identifying said fixed tran-
sponder’s locally unique coded reply;

a first recewmg means contmually recelvmg said

id tarrnoatin
ISLS pulse pairs, for receiving said interrogation

pulse pairs when said own aircraft is irradiated by
said beam, for decoding said pulse pairs to distin-
guish said mode A interrogations, mode C interro-
gations, and ISLS pulse pairs respectively; and for
Iecr_\:r_imn' times of arrival at said own aircraft of
leading edges of said first pulses of said interroga-
tion pulse pairs and ISLS pulse pairs;

a first determining means responsive to said first re-
ceiving means for initially determining said SSR’s
positions in said stagger pattern and said mode
A-mode C interlace pattern; and for extrapolating
sald SSR’s posmons in said stagger pattem and said ~
interlace paucul and c-:-rﬁpariﬁg said times of ar-
rival at said own aircraft with said extrapolated
positions to determine whether said SSR transmit-
ted said received interrogations and ISLS pulse
pairs;

a second rpppiving means for receivine and decoding

a second receiving means for receiving and decoding
replies omnidirectionally transmitted by said fixed
transponder and by said other-aircraft transponder
in response to said interrogations when said tran-
sponders are respectively irradiated by said beam;
and for recording times of arrival at said own air-
craft of leading edges of first pulses of said fixed-
transponder replies and said other-aircraft-tran-
bpunuéf repuca

a third receiving means for receiving and recording
said own aircraft’s altitude;

a second determining means responsive to said sec-
ond receiving means for identifying said fixed tran-

i n § id +amad aional
sponder and said SSR from said prestored signal

data and said locally unique coded replies transmit-
ted by said fixed transponder; and for determining
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said other aircraft’s identity and altitude from said
other aircraft transponder’s decoded replies to said
mode A and mode C interrogations respectively;
a first calculating means for updating said operational

resuiting difference to obtain |V —Uj, the absolute
value of the difference between the distances from
said own aircraft to said SSR and from said own
aircraft to said fixed transponder, according to the

‘said fixed transponder differ by |U-V|;

32
half-plane representing said own aircraft’s bearing
from said SSR, and a hyperboloid representing
points whose distances from said SSR and from
and by

data by identifying each reply of decoded fixed- 5 determining which of said points of intersection
transponder replies to determine said mode represents said own aircraft’s position,
A-mode C interlace pattem, by calculating differ- a fourth calculating means for repeatedly caicuiating
ences between successive times of arrival of said said other aircraft’s bearing with respect to said
leading edges of first pulses of fixed-transponder SSR by averaging said arrival times at said own
replies occurring within a single passage of said 10 aircraft of said other aircraft transponder’s replies
beam over said fixed transponder, to obtain a se- occurring during a single passage of said beam over
quence of time intervals representing said SSR’s said other aircraft to determine a time when said
stagger pattern; by calculating the reciprocal of an beam center irradiated said other aircraft; by calcu-
average of said intervals to determine said SSR’s lating a difference between said time when said
pulse repetition frequency; by averaging said ar- 15 beam center irradiated said other aircraft and a
rival times of fixed transponder replies ocurring time when said beam center irradiated said fixed
within each passage of said beam over said fixed transponder; by multiplying said difference by said
transponder to determine times when a center of rotation rate of said SSR, and adding the resulting
said beam irradiated said fixed transponder, and product to the bearing of said fixed transponder
caiculating a difference of said times to determine 20 with respect to said SSR;
said SSR’s rotation period; and by calculating a a second extrapolating means for extrapolating from
reciprocal of said rotation period to determine said said own aircraft’s calculated positions to deter-
SSR’s rotation rate; mine said own aircraft’s position at said time when
a second calculatmg means for repeatedly calculatmg said beam center irradiated said other aircraft;
said own aircrait’s bearing with respect to said SSR 25 a fifth caiculating means for caiculating a distance e
by utilizing said prestored location data to calcu- between said own aircraft and said SSR utilizing
late said fixed transponder’s bearing with respect to said prestored location data for said SSR and said
said SSR; by averaging said interrogation arrival extrapolated position of said own aircraft;
times at said own aircraft during a single passage of second matching means for matching a time of
said beam over said own aircraft, to determine 30 arrival t2’ at said own aircrafi of a ieading edge of
times when said beam cenber irradiated said own a first pulse of said other-aircraft-transponder reply
aircraft; by calculating a difference between a time with a time of arrival t;' at said own aircraft of a
when said beam center irradiated said own aircraft leading edge of a first pulse of an ISLS pulse pair
and a time when said beam center irradiated said transmitted together with the interrogation whose
fixed transponder; by multiplying said differrence 35 elicited reply from said other aircraft, transponder
by said SSR’s rotation rate; and by adding the arrived at said own aircraft at said time ty';
product of said multiplication to said fixed tran- a sixth calculating means for calculating said other
sponder’s bearing with respect to said SSR; aircraft position by dividing said distance e by said
a first matching means for matching a time of arrival electromagnenc propagation speed c, and subtract-
t2 at said own aircraft of a leading edge of a first 40 ing the resulting quotient from said time ti’ to ob-
pulse of a fixed transponder reply, with a time of tain a time t,’=t)’—e/c at which said SSR trans-
arrival t) at said own aircraft of a leading edge of a mitted the leading edge of the first pulse of said
first puise of an ISLS puise pair transmitted to- ISLS pulse pair which arrived at said own aircraft
gether with the interrogation whose elicited reply at said time t;’; by calculating the difference
from said fixed transponder arrived at said own 45 t2'—t,, subtracting therefrom said turnaround time
aircraft at said time tp; ty and multxplymg the result thereof by said propa-
means for extrapolating said own aircraft calculated gation speed c to obtain X+ Y, the sum of distances
bearing with respect to said SSR to determine said from said other aircraft to said SSR and from said
own aircraft bearing with respect to said SSR at other aircraft to said own aircraft, according to the
said time t;; 50 equation X+Y =c(ty' —t,'—t,); and by solving lin-
a third, calculating means for repeatedly calculating ear and quadratic equations and linear inequalities
said own aircraft’s position by utilizing said pre- to determine a point of intersection of a horizontal
stored location data to calculate a distance d be- plane representing said other aircraft’s aititude, a
tween said SSR and said fixed transponder; by vertical half-plane representing said other aircraft’s
calculating a difference of said arrival times t;—t;, 55 bearing with respect to said SSR, and an ellipsoid
subtracting therefrom a standardized transponder representing points, the sum of whose distances
turnaround time t,, multiplying the result thereof from said SSR and from said own aircraft equals
by a propagation speed of electromagnetic radia- X+Y, said intersection representing the position of
tion c, subtracting from the resulting product said said other aircraft; and
distance d and calculating the absolute value of the 60  display means for displaying said calculated position

of said own aircraft for navigational purposes and
for displaying said calculated positions of said own

aircraft and said other aircraft for collision-avoid

collision-avoid-
ance purposes.

equatlon [V-U|= le(t2— ti—t)— —d|; solving lin- 65
car and quadratic equations ylelclng not more than
two points, of intersection of a horizontal plane

representing said own aircraft’s altitude, a vertical

2. Apparatus in own aircraft for passively determin-
ing the position of said own aircraft by utilizing differ-
ences between times of arrival at said own aircraft of
Improved Sidelobe Suppression (ISLS) pulse pairs

L3 St St
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transmitted from a Secondary Surveillance Radar
(SSR) and trains of reply pulses (replies) transmitied by
a fixed secondary-radar transponder in response to
mode A and mode C interrogating pulse pairs (interro-
gations) transmitted by said SSR, and for passively
determining the position of any proximate transponder-
equipped other aircraft by uiilizing said determined
position of said own aircraft and differences between
times of arrival at said own aircraft of said ISLS pulse
pairs and replies transmitted by said other . aircraft’s
airborne transponder in response to said interrogations,
COmprising;

means for prestoring location data for said SSR and
for said fixed transponder, and for prestoring signal
data identifying said fixed transponder’s mode A
reply code;

a first determining means for determining times of
arrival at said own aircraft of leading edges of said
ISLS and interrogation pulse pairs;

a second determining means for determining times of
arrival at own aircraft of leading edges of said
replies by said fixed transponder and by said other-
aircraft transponder;

a third determining means for determining said own
aircraft’s altitude;

a fourth determining means for determining said

nthar airaeaft’e altitnnda fram caid Athar niraenfé_
Oy amrdrait’'s a:iiiuge iromm saiG ownlr-aircraiv

transponder replies to said mode C interrogations;
a calculating means for calculating the position of
said own aircraft utilizing said own aircraft’s alti-
tude, said times of arrival of said inmterrogation

nn]cAc said times of arrival of said leadine edoes of
fading €4ges ol

said ISLS pulses and said replies from said fixed
transponder, and said prestored location and signal
data; and for calculating, the position of said other
aircraft utilizing said other aircraft’s altitude, said
calcnlated position of said own aircraft, said times
of arrival of said leading edges of said ISLS pulses
and said replies by said other aircraft transponder,
and said prestored location and signal data; and
a display means for indicating said calculated position
of said own aircraft for navigational purposes, and
for indicating said calculated positions of said own
aircraft and said other aircraft for collision-avoid-
ance purposes.
3. A method of passively determining in own aircraft
the position of said own aircraft by utilizing differences
between times of arrival at said own aircraft of Im-
proved Sidelobe Suppression (ISLS) pulse pairs trans-
mitted from a Sccondary Surveillance Radar (SSR) and
trains of reply pulses (replies) transmitted by a fixed
secondary-radar transponder in response to mode A and
mode C interrogation pulse pairs (interrogations) trans-
mitted by said SSR, and for passively determining the
position of any proximate transponder-equipped other
aircraft by utilizing said determined position of said
own aircraft and differences between times of arrival at
said own aircraft of said ISLS pulse pairs and replies
transmitted by said other aircraft’s airborne transponder
in response to said interrogations, comprising the steps
of:
prestoring location data for said SSR and for said
fixed transponder, and prestoring signai data identi-
fying said fixed transponder’s mode A reply;

determining times of arrival at said own aircraft of
leading edges of said ISLS and interrogation pulse
pairs;
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determining times of arrival at own aircraft of leading
edges of said replies by said fixed transponder and
by said other-aircraft transponder;

determining said own aircraft’s altitude;

determining said other aircraft’s altitude from said
other-aircraft-transponder replies to said mode C
interrogations;

" calculating the position of said own aircraft utilizing
said own aircraft’s altitude, said times of arrival of
said interrogation pulses, said times of arrival of
said leading edges of said ISLS pulses and said
rcpm:b I].'Um bdlu nxcu iransponuer, an(] Sala PIC'
stored location and signal data; and calculating the
position of said other aircraft utilizing said other
aircraft’s altitude, said calculated position of said
own aircraft, said times of arrival of said leading
edges of said ISLS pulses and said replies by said
other aircraft transponder, and said prestored loca-
tion and signal data; and

indicating said calculated position of said own air-
craft for navigational purposes, and indicating said

Anlasslatad maciedacee af oanld adaicn adoaon . |
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other aircraft for collision-avoidance purposes.

4. Apparatus in own aircraft for passively determin-
ing the position of said own aircraft by utiliing differ-
ences betwen times of arrival at said own aircraft of
Improved Sidelobe Suppression (ISLS) pulse pairs
transmitted from a Secondary Surveillance Radar
(SSR) and trains of reply pulses (replies) transmitted by
a fixed secondary-radar transponder in response to
mode A and mode C interrogation pulse pairs (interro-

ad h anid QCD nAd fae o 1
gaticns) transmitted by said SSR, and for passively

determining the posmon of any proximate transponder-
equipped other aircraft by utilizing said determined
position of said own aircraft and differences between
times of arrival at said own aircraft of said ISLS pulse

?mr: and renlies transmitted h\r said other aircraft’s

and replies transmitted said other aircraft’s
airborne transponder in response to said interrogations,
comprising:
means for prestoring location data for at least one
ground-based SSR continually transmitting said
interrogations through an irradiating rotating
beam, and omnidirectionally transmitting an ISLS
pulse pair with each interrogation, the first pulse of
each said ISLS puise pair being transmitted to-
gether with a first pulse of an interrogation; for
prestoring location data for at least one fixed tran-
sponder, said transponder being equipped to re-
ceive interrogations from only said SSR and to
respond to each said mode A interrogation with a
locally unique coded reply; and for prestoring sig-
nal data identifying said fixed transponder’s locally
unique coded reply;
a first receiving means for recording times of arrival

£+ ~AF 1lanAs Af anad TOT Q ned
at own aircraft of 1€AGINE & Cusco Ot 8aid 15L.5 ana

interrogation first pulses;

a second receiving means for decoding replies omni-
directionally transmitted by said fixed transponder
and by said airborne transponder in response to

said interroeations when said transnonders are

mecriogalions ACID SAlC MIAnNSpONCLIs arc

respectively irradiated by said beam; and for re-
cording times of arrival at said own aircraft or
ieading edges of first pulses of said fixed transpon-
der replies and said other-aircraft-transponder re-
plies;

a third receiving means for receiving and recording
said own aircraft’s altitude;
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means for identifying said fixed transponder and said
SSR from said prestored signal data and said lo-
cally unique coded replies transmitted by said fixed
transponder; and for determining said other air-
craft’s identity and altitude from said other aircraft
transponder’s decoded replies to said mode A and
mode C interrogations respectively;

a first calculating means for determining times when
a center of said beam irradiated said fixed transpon-
der, by averaging arrival times of said fixed-tran-

sponder replies at said own aircraft occurring dur-

ing a single passage of said beam over said fixed

transponder; for calculating a difference between
successive times when said beam center irradiated
said fixed transponder to determine said SSR’s
rotation period; and for calculating the reciprocal
of said rotation period to determine said SSR’s
rotation rate;

a second, calculating means for repeatedly calculat-
ing said own aircraft’s bearing with respect to said
SSR by utilizing said prestored location data to
calculate said fixed transponder’s bearing with
respect to said SSR, by averaging interrogation
arrival times at said own aircraft during a single

passage of said beam center irradiated said own :

aircraft; by calculating a difference between a time
when said beam center irradiated said own aircraft
and a time when said beam center irradiated said
fixed transponder; by multiplying said difference
by said SSR rotation rate, and by adding the prod-
uct of said maultiplication to said fixed transpon-
der’s bearing with respect to said SSR;

a first matching means for matching a time of arrival
t2 at said own aircraft of a leading edge of a first

o 4imma ~F
pulse of a fixed transponder reply, with a time of

arrival t; at said own aircraft of a leading edge of a
first pulse of an ISLS pulse pair transmitted to-
gether with the interrogation whose elicited reply
from said fixed transponder arrived at said own
aircraft at said time ty;
means for extrapolating said own aircraft calculated
bearing with respect to said SSR to determine said
own aircraft bearing with repect to said SSR at said
time ty;
third calculating means for calculating said own
aircraft’s position by utilizing said prestored loca-
tion data to calculate a distance d between said
SSR and said fixed transponder; Dy ca.lculatmg a
difference of said arrival times t; —t, subtracting
therefrom a standardized transponder turnaround
time t;, multiplying the result thereof by a propaga-
tion speed of electromagnetic radiation c, subtract-

em oy sasmm At aacd Aloen o oo
ing from the resulting product said distance d, and

calculating the absolute value of the resulting dif-
ference to obtain |V —U]|, the absolute value of the
difference between the distances from said own
aircraft to said SSR and from said own aircraft to

said fixed transponder, according to the equation

|V—U| =|c(tz—t1—t)—d|; by solving linear and
quadratic equatlons yielding not more than two
points, of intersection of a horizontal plane repre-
senting said own aircraft’s altitude, a vertical half-
plane representing said own aircraft’s bearing from
said SSR, and a hyperbolold representing points
whose distances from sald SSR and from said fixed
transponder differ by | A\ —U| and by aetermmmg
which of said points of intersection represents said
own aircraft’s position;
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a fourth calculating means for repeatedly calculating
said other aircraft’s bearing with respect to said
SSR by averaging said arrival times at said own
aircraft of said other-aircraft transponder’s replies
occurring during a single passage of said beam over
said other aircraft to determine a time when said
beam center irradiated said other aircraft; by calcu-
lating a difference between said time when said
beam center irradiated said other aircraft and a
time when said beam center irradiated said fixed
transponder; by multiplying said difference by said
rotation rate of said SSR, and adding the resuliing
product to the bearing of said fixed transponder
with respect to said SSR;

means for extrapolating from said own, aircraft’s
calculated positions to determine said own air-

7 aid ha. Ao
craft’s position at said time when said beam center

irradiated said other aircraft;
a fifth calculating means for calculating a distance e
between said own aircraft and said SSR utilizing

said prestored location data for said SSR and said
extrapolated position of said own aircraft;

a second matchmg means for matching a time of
arrival tp’ at said own aircraft of a leading edge of
a first puise of said other-aircraft transponder reply
with a time of arrival t;’ at said own aircraft of a
leading edge of a first pulse of an ISLS pulse pair
transmitted together with the interrogation whose
elicited reply from said other-aircraft transponder
arrived at said own aircraft at said time ty’;

a sixth calculating means for calculating said other
aircraft’s position by dividing said distance e by
said electromagnetic propagation speed c, and sub-
tracting the resulting quotient from said time t;’ to
obtain a time t,'=t;'—e/c at which said SSR irans-
mitted the leading edge of the first puise of said
ISLS pulse pair which arrived at said own aircraft
at said time ti’; by calculating the difference
tz’—to', subtracting therefrom said tumaround time

gation speed cto obtam X+Y the sum of the dis-

tances from said other aircraft to said SSR and
from said other aircraft to said own aircraft, ac-
cording to the equation X4 Y=c(tp' —t,'—t,); and

by solving linear and quadratic equations and linear

mcqualmes to determine a point of intersection of a
horizontal plane representing said other aircraft’s
altitude, a vetical haif-plane representing said other
aircraft’s bearing with respect to said SSR, and an
ellipsoid representing points, the sum of whose
distances from said SSR and from said own aircraft
equals X +Y, said intersection representing the
posiiion of said other aircraft; and

means for displaying said calculated position of said

own aircraft for navitgational purposes and for
displaying said calculated positions of said own
aircraft and said other aircraft for collision-avoid-
ance purposes.

S. An apparatus as in claim 7 further comprising
means for prestoring characteristic operational data for
said SSR’s mode A-mode C interlace pattern, stagger
pattern, pulse repetition frequency, and said rotation

rate,

6. An apparatus as in claim § further comprising
means for determining said SSR’s positions in said mode
A-mode C interlace pattern and said stagger pattern,
and for extrapolating said SSR’s positions in said inter-
lace and stagger patterns to determine whether said

£EET teIns 10 geigrming A184CT SalG
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SSR transmitted said received interrogations and ISLS
puise pairs by comparing said times of arrival at said
own aircraft of said received interrogations and ISLS
pulse pairs with said extrapolated positions.

7. An apparatus as in claim 5 further comprising
means for updating said characteristic operational data:
by identifying each reply of said fixed transponder re-
plies to determine said mode A-mode C interlace pat-
tern; by calculating differences between successive
times of arrival of said leading edges of said first pulses
of said fixed transponder replies occurring within a

single passage of said beam over said fizxed transponder,

S25°T pEESEST TR ST ULALL UVRL SR siala vanspliiiuni,
to obtain a sequence of time intervals representing said
SSR’s stagger pattern; and by calculating a reciprocal of
an average of said intervals to determine said SSR’s
pulse repetition frequency.

8. A method of passively determining in own aircraft
the position of said own aircraft by utilizing differences
between times of arrival at said own aircraft of Im-
proved Sidelobe Suppression (ISLS) puise pairs trans-
mitted by a Secondary Surveillance Radar (SSR) and
trains of reply pulses (replies) transmitted by a fixed
secondary-radar transponder in response to mode A and
mode C interrogation pulse pairs (interrogations) trans-

id
mitted by said

position of any proximate transponder-equipped other
aircraft by utilizing said determined position of said
own aircraft and differences between times of arrival at
said own aircraft of said ISLS pulse pairs and replies

transmitted from said other aircraft’s airborne tranenon-

LA ke LOM SAIC OICT altCrail s airporne transpon-

der in response to said interrogations, comprising the
steps of:
prestoring iocation data for at least one ground-based
SSR - continually transmitting said interrogations
through an irradiating rotating beam, and omnidi-
rectionally transmitting an ISLS pulse pair with
each interrogation, a first pulse of each said ISLS
pulse pair being transmitied togetner with a first
pulse of an interrogation; prestoring location data
for at least one fixed transponder, said transponder
being equipped to receive interrogations from only
said SSR and to respond to each said mode A inter-

rogation with a locally unique coded reply; and

prestoring signal data identifying said fixed tran-
sponder’s locally unique coded reply;

recording times of arrival at said own aircraft of
leading edges of said ISLS and interrogtation first
pulses;

decoding replies omnidirectinally transmitted by said
fixed transponder and by said airborne transponder
in response to said interrogations when said tran-
sponders are respectively irradiated by said beam;
and recording times of arrival at said own aircraft
of leading edges of first pulses of said fixed-tran-
sponder replies and said other-aircraft-transponder
replies;

recording own aircraft’s altitude;

identifying said fixed transponder and said SSR from
said prestored signal data and said locally unique
coded replies transmitted by said fixed transpon-

der; and determining said other aircraft’s identity

and altitude from said airborne transponder’s de-
coded replies to said mode A and mode C interro-
gations respectively;

determining times when a center of said beam irradi-
ated said fixed transponder by averaging arrival
times of said fixed transponder replies at said own
aircraft occurring during a single passage of said

and of moccierale datac— i Ll
SSR, and of passively determining the
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beam over said fixed transponder; calculating a
difference between successive times when said
beam center irradiated said fixed transponder to
determine said SSR’s rotation period; and calculat-
ing the reciprocal of said rotation period to deter-
mine said SSR’s rotation rate;

calculating repeadedly said own aircraft’s bearing
with respect to said SSR by utilizing said prestored
location data to calculate said fixed transponder’s
bearing with respect to said SSR, by averaging
interrogation arrival times at said own aircraft
during a single passage of said beam over said own
aircraft to determine times when said beam center
irradiated said own aircraft; by calculating a differ-
ence between a time when said beam center irradi-
ated said fixed transponder; by multiplying said

difference by said SSR’s rotation rate, and by add-

ing the product of said multiplication to said fixed
transponder’s bearing with respect to said SSR;

matching a time of arrival t; at said own aircraft of a
leading edge of a first pulse of a fixed transponder
reply, with a time of arrival t; at said own aircraft
ofa leadmg edge of a first pulse of an ISLS puise
pair transmitted together with the interrogation
whose elicited reply from said fixed transponder
arrives at said own aircraft at said time t;

extrapolating said own aircraft calculated bearing
with respect to said SSR to determine said own
aircraft bearing with respect to said SSR at said
time t;;

calculating said own aircraft’s position by utilizing
said prestored location data to calculate a distance
d between said SSR and said fixed transponder; by

calculating a difference of said arrival times ty—t;,

subtracting therefrom a standardized transponder

tumaround time t;, multiplying the result thereof
by a propagation speed of electromagnetic radia-
tion c, subtracting from the resulting product said
distance d and calculating the absolute value of the
resulting differnece to obtain |V —U|, the absolute
value of the differnece between the distances from
said own aircraft to said SSR and from said own
aircraft to said fixed transponder accorcung to the
equation |V—-U|=|c(t2—t;—t)—d|; by solving
linear and quadratic equations yielding not more
than two points of intersection of a horizontal
plane representing said own aircraft’s altitude,
vetical ‘*alf-ylam. representing said own aircraft’s
bearing with respect to said SSR, and a hyperbo-
loid representing points whose distances from said
SSR and from said fixed transponder differ by
|V—U|; and by determining the point of intersec-
tion representing said own aircraft’s position;
calculatmg repeatedly said other aircraft’s’ bearing
with respect to said SSR by averaging said arrival
times at said own aircraft of said other-aircraft
transponder’s replies occurring during a single
assage of said beam over said other aircraft to de-
termine a time when said beam center irradiated
said other aircraft; by calculating a difference be-
tween said time when said beam cenier irradiated
said other aircraft and a time when said beam cen-
ter irradiated said fixed transponder; by muitiply-
ing said difference by said rotation rate of said SSR,
and adding the resulting product to the bearing of

said fixed transponder with respect to said SSR;

extrapolating from said calculated positions of said
own aircraft to determine said own aircraft’s posi- -
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tion at said-time when said beam center irradiated
said other aircraft;

calculating a distance e between said own aircraft and
said SSR utilizing said prestored location data for
said SSR and said extrapolated position of said own
aircraft;

matching a time of arrival t;’ at said own aircraft of a
leading edge of a first pulse of said other aircraft
transponder reply with a time of arrival t;’ at said
own aircraft of a leading edge of a first pulse of an
ISLS pulse pair transmitted together with the inter-
fﬁgiﬁon WHOSE CIICIICQ I'Bply Il.'Om aalu OU'I.CI.' au'-
craft transponder arrived at said own aircraft at
said time t3';

calculating said other aircraft’s position by dividing
said distance e by said electromagnetic propagation
speed ¢, and subtracting the resulting quotient from
said time ty’ to obtain a time t,"=t1'—e/c at which
said SSR transmitted the leading edge of the first
pulse of said ISLS pulse pair which arrived at said
own aircraft at said time ti’; by calculating the

p . . 1
ff —t, m urn-
difference t2'—t,', subtracting therefrom said turn-

around time t;, and multiplying the result thereof
by said propagation speed c to obtain X+Y, the
sum of the distances from said other aircraft to said
SSR and from said other aircraft to said own air-
craft, according to the equation X4 Y=c(ty'-
—to'—tz); and by solving linear and quadratic equa-
tions and linear inequalities to determine a point of
intersection of a horizontal plane representing said
other aircraft’s bearing with respect to said SSR,
and an ellipsoid representing points, the sum of
whose distances from said SSR and from said own
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aircraft equals X 4 Y, said intersection representing
the position of said other aircraft; and
displaying said calculated- position of said own air-
craft for navigational purposes and displaying said
calculated positions of said own aircraft and said
other aircraft for collision-avoidance purposes.

9. A method as in claim 8 further comprising the steps
of prestoring characteristic operational data for said
SSR’s mode A-mode C interlace pattern, stagger pat-
tern, pulse repetition frequency, and said rotation rate.

10. A method as in claim 9 further comprising the
steps of determining said SSR’s positions in said mode
A-mode C interlace pattem and said stagger pattern,
and of extrapolating said SSR’s positions in said inter-
lace and stagger patterns to determine whether said
SSR transmitted said received interrogations and ISLS
pulse pairs by comparing said times of arrival at said
own aircraft of said received interrogations and ISLS
pulse pairs with said extrapolated positions.

11. A method as in claim 9 further comprising the
steps of updating said characteristic operational data: by
identifying each reply of said fixed transponder replies
to determine said mode A~mode C interlace pattern; by
calculating differences between successive times of
arrival of said leading edges of said first pulses of said
fixed transponder replies occurring within a single pas-
sage of said beam over said fixed transponder, to obtain
a sequence of time intervals representing said SSR’s
stagger pattern; and by caiculating a reciprocal of an
average of said intervals to determine said SSR’s pulse

repetition frequency.
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line 39
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ine 39, replace "w " with --&--.
i lace "@+w(¢,-¢) " with -- S
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Column 25,
Column 26, line 36, replace
Column 27, line 55, replace "{yh“ with --%?.-—.

Column 29, line 5, insert a space between "5, " and e,
Column 29, line 6, after
Column 29, lines 14, 16, 19, and 22: if these equations cannot
fit on a single line fér each eguation, the second line of each
equation should begin with a new term in the sum. Hyphens should
not be used as they are easily confused with minus signs. The

corrections are as follows for these equations:

t Coluan 29, line 14, delete s,
Column 29, line 153, replace “’ffnﬁ " wita -- 3,“"5mp -
Coluan 29, line 17, delete +q GGSB‘I" e
Coluwn 29, line 18, replace "4 Ye " owitn 44, ‘“ﬁ‘i""
Column 29, line 20, aeleve " '-ﬁ‘-- _
Column 29, line 21, replace sigimB " with -—-',':.'ag ==

Columnn 29, line 22, delete "*Sw“‘ﬁ‘\"""°
Column 29, line 23, replace "j yo " witn ——y5tes@ri o -
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INVENTOR(S) : Bennett Flax

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shawn below:

A uu"’ "
[ - -

ling
e 410IC

-
Column 29, line 44, replace 1) " with —;ﬂf -—.

C
Column 30, line 7, replace "on" with --in--.
Column 30, line 9, replace "gation)" with --gations)--.
Column 31, line 51, delete ",".
Column 31, line , delete ",".
Column 32, line 35, delete ","
Coiumn 33, line 35, after "calculating" delete ",".
Column 34, line 25, replace "utiliing" with --utilizing--
Column 34, line 63, replace "or" with --of--.

Column 35, line 19, delete ",
Column 35, line 25, between "beam" and "center" insert --over

said own aircraft to determine times when said beam--.

Column 35, line 61, delete *,".
Column 36, line 15, delete ",".
Column 36, line 48, replace "vetical" with --vertical--.

Column 36, line 52, delete space aiter "X".
Column 36, line 5

5
Column 36, line 59, replace "7" with --4--.

, replace "navitgational" with —--navigational--.
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i1 is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

olumn 37, line 47, replace "interrogtation" with
-—interrogation--.

Column 37, line 49, replace "omnidirectinalily
--omnidirectionally--.

Column 38, line 7, replace “"repeadedly" with -—repeatedly--.

Column 38, line 16, between adjacent words "said" and "fixed"
aircraft and a time when said beam center irradiated

8,1ine 26, replace "arrives® with =--arrived--.

0Q
(o]
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P
w w

ine 40, replace "differnece" with --difference--.

ot
i
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n

o

41, replace "differnece” with --difference--—.

b

n

o

48, replace "vetical” with --vertical--.

o
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w W w
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-
-

n
i

(=8
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58, replace "assage" with --passage--.

1
? i
Column 39, line 31, after "aircraft's" insert --altitude, a
vertical half-plane representing said other aircraft’s--.

Signed and Sealed this
Ninth Day of April, 1991

Attest:
HARRY F. MANBECK, JR.

Antesting Officer Commissioner of Patents and Trademarks




