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AIRCRAFT COLLISION WARNING

FIELD OF THE PRESENTLY DISCLOSED SUBJECT MIATTER
This invention relates to the field of aircraft collision alerts and avoidance.
BACKGROUND

Mid-air collisions between aircrafts represent a major risk in the aviation
world. In order to reduce this risk, commercial aviation requires large aircrafts to be
eguipped with an airborne collision avoidance system {ACAS). One type of ACAS,
which is commonly used by commercial aircrafts, is a Traffic Alert and Collision
Avoidance system (TCAS). TCAS is based on interrogation of nearby aircraft
transponders, which can then be localized relative to the interrogating aircraft based

on the signals returned from the interrogated transponder.

When different aircrafts progress in conflicting routes, which expose thse
aircrafts to a risk of collision, the pilots of the aircrafts are provided with a collision
warning by TCAS. In case of imminent collision, the systerm can also provide the
aircrafts with maneuvering instructions {e.g. ciimb or descend instructions) directed

for avoiding collision between the aircrafts.
GENERAL DESCRIPTION

According to one aspect of the presently disclosed subject matter there is
provided a method of computerized method of collision risk detection between an

interrogating aircraft and at least one interrogated aircraft; the method comprising:

receiving signals from the at least one other aircraft; processing signals and
determining situation awareness data; determining at least a range between the

interrogating aircraft and at least one interrogated aircrafi;
performing at least one of the operations {a) and (b):

aj determining an interrogating circle arcund the interrogating aircraft;

wherein the at least one other aircraft is located on the interrogating circle;
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b} determining an interrogating sphere surrounding the interrogating
aircraft; wherein  the at least one other aircraft is located on the interrogating

sphere;
and

generating a collision warning, the collision warning including data indicative

of at least an estimated location of the at least one interrogated aircraft.

in addition to the above features, the method according to this aspect of the
presently disclosed subject matter can optionally comprise one or more of features

{i} to {xiii} below, in any desired combination or permutation.

i}. the computerized method further comprises: generating and
transmitting interrogating signals; wherein the signals are generated by an aviation
transponder onboard the at least one interrogated aircraft responsive to the

interrogating signals.

i} wherein the situation awareness data include closing velocity of the at

least one interrogated aircraft.

iii}. the computerized method further comprises: generating collision
avoidance maneuvering instructions for guiding the interrogating aircraft for

avoiding collision.

iv}. the computerized method further comprises: after execution of a
collision avoidance maneuver, generating manesuvering feedback indicating whether

the collision avoidance maneuver has reduced collision risk.

v} the computerized method further comprises: obtaining, via a data
link, situation awareness data with respect to the at least one interrogated aircraft

from one or more other interrogating aircrafts;

determining enriched situation awarsness data based on information
gbtained by the interrogating aircraft and the one or more other interrogating

aircrafts; and
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generating the collision warning basad on the enriched situation awarensass

data.

i}, wherein the enriched situation awareness data comprises information
indicative of one or more other interrogating circles, sach one of the one or more
other interrogating circles encircling a respective aircraft from among the one or
more other interrogating aircrafts; the computerized method comprising:
determining one or more intersection points between the interrogating circle and
the one or more other interrogating circles; wherein the interrogated aircraft is

located at one of the intersection points.

vii}. wherein the one or more other interrogating aircrafts include two or
more other interrogating aircrafts, the computerized method comprising:
determining an intersection point between the interrogating circle around the
interrogating aircraft and at least two other interrogating circles, each one of the at
least two other interrogating circles encircling a respective aircraft from among the

two or more other interrogating aircrafts.

viii). wherein the enriched situation awareness data comprises information
indicative of one or more other interrogating spheres, each one of the one or more
other interrogating spheres surrounding a respective aircraft from among the one or
more other interrogating aircrafts; the computerized method comprising:
determining one or more intersection points between the interrogating sphere and
the one or more gther interrogating spheres; wherein the interrogating aircraft is

located at one of the intersection points.

ix). wherein the at least one other interrogating aircraft includes only one
other interrogating aircraft, the method comprising: determining an intersection
between the interrogating sphere surrounding the interrogating aircraft and a
respective interrogating sphere surrounding the one other interrogating aircraft;
wherein the intersection is indicative of a circle and the interrogated aircraft is

located on the circle.
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x}. wherein the at least one other interrogating aircraft includes two or
more other interrogating aircrafts, the computerized method comprising:
determining an intersection between the interrogating sphere surrounding the
interrogating aircraft and at least two other interrogating spheres each surrounding

a respective other interrogating aircraft,

Xi}. wherein the at least one other interrogating aircraft includes two
other interrogating aircrafts and the intersection is indicative of two intersecting

points, the interrogated aircraft is iocated on one of the two intersecting points.

xii}. wherein the at lsast one other interrogating aircraft includes thres
other interrogating aircraft and the intersection is indicative of one intersecting
point, the interrogated aircraft is located at the one intersecting point.

xiii}). the computerized method comprising:

responsive to obtaining a first situation awareness data, generating a track
file for tracking situation awareness data of a first interrogated aircraft;

responsive to obtaining a second situation awareness data, determining
whether the first situation awareness data and the second situation awareness data
correspond to the same interrogated aircraft;

if so, updating the first track file with the second situation awareness data;
and,

if not so, generating a second track file for tracking situation awareness data
of a second interrogated aircraft.

According to another aspect of the presently disciosed subject matter there is
provided a collision warning system for detection of coilision risk between an

interrogating aircraft and at least one interrogated aircraft, the system comprising:

a receiver, a processing unit and a collision warning unit; the receiver is

configured to recsive signals transmitted from the at least one interrogated aircraft;
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the processing unit is configured to:

process the signals and determine situation awareness data; determine at

least a range between the interrogating aircraft and at least one other aircraft;
perform at least one of the operations {a) and {b):

a) determining an interrogating circle around the interrogating aircraft;

wherein the at least one interrogated aircraft is located on the interrogating circle;

b} determining an interrogating sphere surrounding the interrogating
aircraft; wherein the at least one other aircraft is located on the interrogating

sphere;

and the collision warning unit is configured to generate a collision warning,
the collision warning including data indicative of at least an estimated location of the

interrogated aircraft.

According to another aspect of the presently disclosed subject matter there is
provided a non-transitory program storage device readable by machine, tangibly
embodying a computer readable code portion executable by the machine to perform
a method of collision risk detection between an interrogating aircraft and at least

one interrogated aircraft; the method comprising:
receiving signals from the at least one other aircraft;
processing signals and determining situation awareness data;

determining at least a range between the interrogating aircraft and at least

one interrogated aircraft;
performing at least one of the operations {a} and (b}:

aj determining an interrogating circle around the interrogating aircraft;

wherein the at least one other aircraft is located on the interrogating circle;
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b} determining an interrogating sphere surrounding the interrogating
aircraft; wherein  the at least one other aircraft is located on the interrogating

sphere;

and obtaining, via a friendly data link, situation awareness data with respect

5  tothe atleast one other aircraft from one or more other interrogating aircrafts;

determining enriched situation awareness data based on information

obtained by the interrogating aircraft and the one or more other interrogating
aircrafts; and

generating the collision warning based on the enriched situation awareness

10 data, the collision warning including data indicative of at least an estimated location

of the interrogated aircraft.

in addition to the above features, the system and the program storage device
according to various aspects of the presently disclosed subject matter can optionally
comprise one or more of features (i) to (xiii} listed above, mutatis mutandis, in any

15  desired combination or permutation.
BRIEF DESCRIPTION OF THE DRAWINGS

in order to understand the presently disclosed subject matter and to see how
it may be carried out in practice, the subject matter will now be described, by way of

non-limiting examples only, with reference to the accompanying drawings, in which:

20 Fig. 1 is a functional block diagram illustrating an example of an onboard

collision warning system, in accordance with the presently disclosed subject matter;

Fig. 2 is a flowchart showing an example of a sequence of operations, in

accordance with the presently disclosed subject matter;

Fig. 3 is a flowchart showing an example of a sequence of operations, in

25  accordance with the presently disclosed subject matter;

Fig. 4 shows a schematic top view illustration of an example of an
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interrogating aircraft at the center of a circle of an interrogation circle, in accordance

with the presently disclosed subject matter;

Figs. 5 & and B show a schematic top view illustration of an example of two
interrogating aircrafts with overlapping interrogation circles, in accordance with the

presently disclosed subject matter;

Fig. & shows a schematic top view illustration of an example of thres
interrogating aircrafts with overlapping interrogation circles, in accordance with the

presently disclosed subject matter;

Fig. 7 A shows a schematic illustration of an example of two interrogating
aircrafts with respective overlapping interrogation spheres, in accordance with the

presently disclosed subject matter;

Fig. 7 B shows a schematic illustration of an example of three interrogating
aircrafts with respective overlapping interrogation spheres, in accordance with the

presently disclosed subject matter; and

Fig. & is a flowchart showing an example of sequence of operations, in

accordance with the presently disclosed subject matter.
DETAILED DESCRIPTION

in the drawings and descriptions set forth, identical reference numerals
indicate those components that are common in different drawings. Elements in the

drawings are not necessarily drawn to scale.

Unless specifically stated otherwise, as apparent from the following
discussions, it is appreciated that throughout the specification discussions utilizing
terms such as "connecting”, "using”, “handing over”, "disconnecting”, or the like,
include action and/or processes of a computerized device that manipulate and/or
transform data into other data, said data represented as physical quantities, e.g. such

as electronic quantities, and/or said data representing the physical objects.

Collision warning system 120 described herein is a computerized device. The
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terms "computerized device", "computer”, "processing unit” or any variation thereof
should be expansively construed to cover any kind of electronic device with data
processing capabilities, such as a processor {e.g. digital signal processor {DSP),
microcontroller, field programmable circuit {ASIC), atc) or a device which comprises
or is operatively connected to one or more computer processors including by way of

non-limiting example, a personal computer, server, lap top computer, computing

system, a communication device and/or any combination thereof.

As used herein, the phrase "for example,” "such as”, "for instance® and
variants thereof describe non-limiting embodiments of the presently disclosed
subject matter. Reference in the specification to "one case”, "some cases”, "other
cases” or variants thereof means that a particular feature, structure or characteristic
described in connection with the embodiment{(s} is included in at least one
embodiment of the presently disclosed subject matter. Thus the appearance of the
phrase “one case”, “some cases”, "other cases” or variants thereof does not

necessarily refer to the same embodiment{s).

it is appreciated that certain features of the claimed subject matter, which
are, for clarity, described in the coniext of separate embodiments, may also be
provided in combination in a single embodiment. Conversely, various features of the
invention, which are, for brevity, described in the context of a single embodiment,
may also be provided separately or in any suitable sub-combination. While the
invention has been shown and described with respect to particular embodiments, it
is not thus limited. Numerous modifications, changes and improvements within the

scope of the claimed subject matter will now occur to the reader.

The term "interrogating aircraft” is used herein to refer in general to an
aircraft operating a collision warning system as disclosed herein. The term
"interrogated aircraft” is used herein to refer in general to an aircraft which is in the
vicinity of an interrogating aircraft and which may create a collision risk with the

interrogating aircraft. For simplicity the above terms are used in general and should
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not be construed to imply that an interrogation signal has been necessary used.

In embodiments of the claimed subject matter, fewer, more and/or different
stages than those shown in Fig. 2 and Fig. 3 may be executed. In embodiments of the
claimed subject matter one or more stages illustrated in Fig. 2 and Fig. 3 may be
executad in a different order and/or one or more groups of stages may be executed
simultaneously. Fig. 1 #liustrates a schematic of the system architecture in
accordance with embodiments of the presently disclosed subject matter. The
modules in Fig. 1 may be centralized in one location or dispersed over more than one
location. In other embodiments of the invention, the system may comprise fewer,

more and/or different modules than those shown in Fig, 1.

Bearing the above in mind, attention is drawn to Fig. 1 which is a functional
block diagram illustrating an example of an onboard collision avoidance system, in
accordance with the presently disclosed subject matter. As mentioned above, Traffic
Alert and Collision Avoidance systems {TCAS) are designed to be usad by commercial
aircrafts and general aviation. The size and weight of such systems is therefore
adapted for commercial aircrafts and is thus inadequate for other types of aircrafts
{such as small manned aircrafts, military aircrafts and unmanned aerial vehicles, both
civilian and military} which have various constraints on the payload which they can

carry.

Furthermore, the collision avoidance information generated by these systems
{including collision warnings and collision avoidance maneuvering instructions) are
based on the commaon flight characteristics of commercial aircrafts. In general,
military aircrafts are characterized by flight patterns and maneuverability which are
different to those of civil aviation. For example, fighter aircrafts fly fast and
sometimes perform sharp maneuvers, helicopters hover in the air, fiy sideways and in
a vertical direction, Unmanned Aerial Vehicles often fly at low velocity, and

sometimes maneuver slowly as well.

As a result, TCAS may generate false instructions to aircrafts such as military
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aircrafts carrying TCAS or to civil aviation that is about to collide with a military
aircraft carrying TCAS. Therefore, collision avoidance information generated by TCAS

is inadeguate for aircrafts other than civil aviation aircrafts.

in addition, a TCAS onboard an aircraft operates with a hidirectional
communication link exposed to any other aircrafts equipped with TCAS. Thus, a TCAS
onboard a military aircraft would enable other aircrafts to track the military aircraft,

which is undesirable for obvious reasons.

Military aircrafts are often equipped with other types of collision avoidance
systems {such as "Fhud training kit" developed by lsrael Aerospace Industries Ltd.)
which are configured, inter glio, for providing collision avoidance warnings between

different military aircrafts equipped with such systems.

Collision warning systern 120 described herein is configured to take into
account the unigue flight profile of military aircraft to generate appropriate collision
alert and maneuvering instructions {if generated). While a military aircraft equipped
with system 128 is responsible for maneuvering out of a collision situation, a civil
aircraft, which is in a collision risk with military aircraft, is not necessarily aware of

the collision risk in real time.

Collision warning system 120 disclosed herein can be configured as a device
located onboard an interrogating aircraft and can be configured to utilize the
information obtained from an aviation transponder located onboard one or more
nearby interrogated aircrafts for determining whether a collision risk exists between
the interrogating and interrogated aircrafts. Collision warning system 120 can be
further configured to determine collision avoidance information in case a collision
risk is identified. The collision warning system can be used for example by civilian and
military aircrafts, which do not carry TCAS, for avoiding collision with other aircrafts

carrying a standard aviation transponder.

The term "aviation transponder device” as used herein includes any type of

electronic device onboard an aircraft which produces a response when it receives an
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interrogation signal. One type of aviation transponder device is the friend or foe
identification system {known as “identification, friend or foe”, abbreviated IFF}. IFF
systerns are identification systems located onboard military and civilian aircrafts,
which enable other interrogating systems (including other aircrafts or secondary

surveillance radars) to identify the aircraft carrying the IFF system.

Aviation transponder devices can operate in different interrogation modes
{also known as "aviation fransponder interrogation modes"}) where aviation
transponder devices operating in different modes provide different information
responsive to the interrogating signal. Communication protocols which have been
standardized for civilian aviation include three different operation modes, mode 5,

mode C and mode A.

In mode 5, in response to an interrogating signal, an aviation transponder
device is woken up and transmits a signal comprising information {“situation
awareness data”} with respect to the interrogated aircraft. The information provided
by a transponder device, when operating in mode S, enables the interrogating device
to determine, infer afio, the position, velocity and heading of the interrogated

aircraft.

The information provided by an aviation transponder device sysiem when
operating in mode C includes data indicative of the altitude of the interrogated
aircraft while the information provided by an aviation transponder device when
operating in mode A {3/A) includes only some identification of the interrogated
aircraft. Information provided in mode A {e.g. 4 digit aircraft code} does not
necessarily enable unigue identification of an interrogated aircraft, as more than one

aircraft may return identical information.

Collision warning system 120 is configured to determing and provide collision
information based on response signals received from aviation transponder devices

operating in any one of the interrogating modes.

Furthermore, collision warning system 120 can be configured to generate
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alerts based on data received from aircrafts fransmitting Automatic Dependant
Surveillance — Broadcast {ADS-B). ADS-B is a cooperative surveillance technology for
tracking aircraft. The aircraft determines its own position via GNSS and periadically
broadcasts this data via a radio frequency transmission. ADS-B does not require
interrogation.

According to one example of the presently disclosed subject matter, collision
warning system 120 can comprise transponder 304, data fusion unit 103, track file
manager 105, communication unit 107, collision warning unit 10% and coliision

avoidance maneuvering unit 111.

Transponder 101 is configured to generate an interrogation signal and
transmit the signal for interrogating aircrafts {referred to herein as “interrogated
aircrafts"} located within a certain range from the interrogating aircraft. Collision
avoidance system can also comprise a receiver dedicated for receiving signals

returned from different interrogated aircrafts as well as ADS-B transmissions.

Data fusion unit 383 is configured to process received signals and extract data
transmitted by the signals. As explained below in more detail, data fusion unit 103
can be further configured to determine additional {enriched) situation awareness

data which is not directly provided by the interrogated aircraft.

Track file manager 185 is configured to generate for each aircraft that has
responded to the interrogating signal {or has transmitted situation awareness data
independently by ADS-B) a respective track file for storing the available respective
situation awareness data. As explained below, aircraft identification logic is
implemented in order to identify and individually keep track of each interrogated

aircraft.

In addition to the aircraft’s identification data {i.e. data enabling 1o identify
and keep track of each interrogated aircraft individually} a given track file comprises
any additionally available situation awareness data with respect to the aircraft,

whether extracted from the received signal or determined by data fusion unit 103
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{including for example, current altitude, velocity, heading and position).

Collision warning unit 107 is configured to determine, based on the situation
awareness data of an interrogated aircraft and the situation awareness data of the
interrogating aircraft, whether the two aircrafts are in risk of collision. if # is
determined that a collision risk indeed exists, collision warning system is configured

to generate a warning indicating the collision danger.

Collision warning system 120 can further comprise collision avoidance
maneuvering unit 109 configured, in the svent of a collision risk, to determine
collision avoidance maneuvering instructions. The pilot {in case of a manned aircraft)
or an operator {in case of an Unmanned Aerial vehicle} can execute the maneuvers in
order to avoid collision. Collision warnings as well as collision avoidance maneuvering
instructions can be provided for example as visual information on a display and/or as
an audible alert and/or message. Collision avoidance maneuvering instructions can
also be directly fed and executed by an autonomous flight control system operatively
connected to collision warning system 120 and configured to autonomously guide

the aircraft during flight {e.g. in an Unmanned Aerial Vehicle).

Fig. 2 is a flowchart illustrating an example of a sequence of operations which
are performed, in accordance with the presently disclosed subject matter. Operations
which are described with reference to Fig. 2 can be executed for example by collision

warning system 120 described above with reference to Fig. 1.

At biock 201 an interrogating signal is generated and transmitied {e.g. with
the help of transponder 101). The interrogating signal can be transmitted for
example, using a whisper and shout attenuation function which is intended to
provide some selectivity as to which transponder-equipped aircraft respond to the
interrogation signal. The whisper shout attenuation enables to reduce the number of
replies received from the interrogating signal to avoid excessive RF replies (known as

RF pollution).

At block 203 one or more response signals, returning from one or more
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interrogated aircrafis, are received. Returning signals from each interrogated aircraft
are processed and situation awareness data is determined {block 205}, As mentioned

above, this can be accormplished for example by data fusion unit 103.

in addition, collision warning system 120 can be configured to receive and
process signals generated and transmitted by automatic aircraft surveillance systems

which are not dependent on interrogating signals such as ADS-B.

A respective track file can be generated {e.g. by track file manager 105) for
each interrogated aircraft. Each track file can be identified and associated with a

respective interrogated aircraft using identification data.

Signals returned from a given interrogated aircraft include in some cases
identification data, identifying the respective aircraft. However, as explained above,
this is not always the case. For instance, generally, aircrafts of the same type are
identified by the same identifier, which can be thus used only to distinguish between

aircraft of different types.

in order to distinguish between individual aircrafts, track file manager 105 can
be configured to implement a tracking process based on obtained situation
awarenass data. A more detailed description of the tracking process is described

below with reference to Fig. 8.

Any available situation awareness data of a given interrogated aircraft can be
stored in a respective track file including for example, altitude, range, velocity,

bearing, etc.

Collision warning system 120 can be configured to determine the mode of
pperation of the interrogated aircraft. If situation awareness data which is obtained
from the signals returned by the aviagtion transponder onboard the interrogated
aircraft is sufficient for assessing whether a collision risk exists {block 208}, collision
warning system 128 utilizes the received information to determine whether a

coliision warning should be generated or not {block 231).
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For example, if the interrogated aircraft comprises an aviation transponder
device operating in mode §, the information which is provided by the interrogated
aircraft includes data which is sufficient for determining the position, velocity and
bearing of the interrogated aircraft. Collision warning system 128 {e.g. with the help
of data fusion unit 183} can compare this information to the position, velocity and
bearing of the interrogating aircraft and determine whether the interrogated aircraft

and interrogating aircraft are at risk of colliding.

if it is determined that a collision risk between the interrogating and
interrogated aircraft indeed exists, collision warning system 120 {e.g. with the help of
collision warning unit 109) generates a collision warning {block 213} for warning a
pilot or operator of the danger of collision. A collision warning can be provided as a

“tirne to collision” and/or "distance to collision" indication.

For example, there may be three levels of collision alerts, including: “initial
alert”, “danger” which is based on time and “immediate danger” which is based on
distance and closing speed. For instance, when two aircrafts are flying in substantially
parallel progression routes, the distance between the aircraft may be dangerously
short while the time to collision is quite long. in such cases, the immediate danger

alert can be activated, regardiess of the estimated time to collision.

Furthermore, collision warning systerm 120 can be also configured to generate
collision avoidance maneuvering instructions (block 215} directed for guiding the
interrogating aircraft away from the progression route of the interrogated aircraft

and outside the collision danger zone.

if at block 289 it is determined that the information provided by the aviation
transponder onboard the interrogated aircraft is insufficient for determining whether
a coliision warning should be generated, collision warning system 128 is configured

to generate enriched situation awareness data 217.

Fig. 3 is a flowchart iHlustrating an example of a sequence of operations which

are performed for obtaining additional {enriched) situation awareness data, in
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accordance with the presently disclosed subject matter. Fig. 3 provides a more

detailed description of block 247 in Fig. 2.

The range to the interrogated aircraft and its closing velocity can be
determined basad on the interrogating signal generated and transmitted by collision

warning system 120.

At block 301 the range between the interrogating aircraft and the
interrogated aircraft is determined. This can be accomplished for example based on
time of flight of the interrogating signal. The interrogating signal can be repeatedly
transmitted and processad in order to calculate speed, closing velocity and maintain
updated situation awareness data as the two aircraft progress in the sky. At block 303
the closing velocity of the interrogated aircraft is determined. The velocity and
closing velocity can be determined using various methods which are known per se.
The closing velocity indicates whether the interrogated aircraft is flving in the

direction of the interrogating aircraft or flying away from the interrogating aircraft.

if the closing velocity is negative, then there is no risk of collision and
therefore no alert will be generated, unless the aircraft is in very close proximity
{close proximity is a predefined parameter indicating an immediate danger of
collision and can be set to equal a certain value). Data fusion unit 103 can be

configured to determine the range and closing velocity.

if the operation mode of the aviation transponder system onboard the
interrogated aircraft is mode C {block 305), this means that the altitude of the
interrogated aircraft is available from the returned signal. Accordingly, a circle
{referred herein also as "interrogating circle™} around the interrogating aircraft is
determined {block 307), where the altitude of the circle is the altitude of the
interrogated aircraft and the radius of the circle eqguals to the range of the
interrogating aircraft from the interrogated aircraft. Since the position of the

interrogated aircraft is unknown, it can be located anywhere on the circumference of

the interrogating circle.
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f the operation mode of the aviation transponder device onboard the
interrogated aircraft is mode A (block 309}, this means that the altitude of the
interrogated aircraft is unavailable. Accordingly, a sphere {referred to herein also as
an “interrogating sphere”} arcund the interrogating aircraft is determined, where the
radius of the sphere equals to the range of the interrogating aircraft from the
interrogated aircraft. Since neither the position nor the altitude of the interrogated
aircraft is known, it can be located anywhere on the surface of the interrogating

sphere surrounding the interrogating aircraft.

At block 313 it is determined whether there is at least one other friendly
aircraft in the vicinity of the interrogating aircraft which identifies the same
interrogated aircraft. A friendly aircraft can be any aircraft with an open
communication link to the interrogating aircraft and which is equipped with a
collision avoidance system operating based on similar principles to the collision

warning system 128 disclosed herein.

if no other friendly aircraft is identified, collision warning system is configured
to generate a collision warning based on the available situation awareness data
{biock 319). If the altitude of the interrogated aircraft is known, the collision warning
can include an indication of the altitude of the interrogated aircraft and its range
from the interrogating aircraft. For example, collision warning system 120 can
comprise or be operatively connected to a display which can be used o show a
graphical illustration of the interrogating aircraft and the surrounding area where the

interrogated aircraft may be present.

Fig. 4 shows a schematic top view illustration of an example of an
interrogating aircraft 41 at the center of an interrogation circle 43. The interrogated
aircraft is located on some point along circle 43. Similarly the area around the
interrogating aircraft can be indicatad as a sphere {e.g. in a three dimensional image)

if the altitude of the interrogated aircraft is unavailable.

At block 321 collision avoidance maneuvering instructions are generated {e.g.
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by unit 111). Collision avoidance maneuvering instructions may not always be
generatad. For example, this may be the case if the available situation awareness
data is limited to the range of the interrogated aircraft. if the altitude of the
interrogated aircraft is available, the collision avoidance maneuvering instructions
may include a maneuver directed for guiding the interrogating aircraft to an altitude
which provides safe altitude separation between the interrogating and interrogated
aircrafts.

Collision warning system 128 can be further configured to generate a
maneuvering feedback {block 323} indicating whether the risk of collision with the
interrogated aircraft has been reduced as a result of the maneuver. The feedback can
be provided to a pilot, an operator or be fed to an autonomous flight control system.
System 3208 can be configured, responsive to the generated feedback, to determine
whether a different maneuver (possibly in opposite directions) should be carried out

to avoid collision. Maneuvering feedback can be provided for example by unit 111,

For example, in the event that only the range to the interrogated aircraft is
available, the pilot does not know the direction from which the interrogated aircraft
is approaching, nor its altitude. Accordingly, the pilot may accidently maneuver the
aircraft towards the approaching interrogated aircraft and thus increase the risk of
collision. The maneuvering feedback notifies the pilot that an additional corrective
maneuver should be made to avoid collision. Furthermore, collision warning system
120 can be configured to determine whether the time to collision has become

shorter as a result of the maneuver and generate an alert if it has.

Reverting to block 313, in the event that at least one other friendly aircraft is
identified in the vicinity of the interrogating aircraft, collision warning system 128 is
configured to obtain situation awareness data from the at least one other friendly
aircraft {block 315). To this end, collision warning system 120 can comprise
communication module 185, configured to establish a communication link with other

friendly aircrafts and receive situation awareness data of commonly interrogated
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aircrafts.

According to the presently disclosed subject matter, collision warning system
120 onboard one aircraft can be configured to obtain situation awareness data from
one or more other interrogating aircrafts and use this data for determining additional
{enriched) situation awareness data with respect to the interrogated aircraft {block

317).

Each friendly aircraft generates its own situation awareness data picture by
interrogating its surroundings, as well as by reception of ADS-B transmissions. By
sharing information between friendly aircrafts, each aircraft receives additional
information that is used for reducing the number of potential locations of the
interrogated aircraft or finding the exact 3 dimensional location of the interrogated

aircraft if enough friendly aircrafts are available as described hereunder.

For example, assuming two aircrafts are flying together {e.g. two military
aircrafts flying in a formation) and the aviation transponder onboard an interrogated
aircraft is operating in mode C, collision warning system 120 on each one of the two
aircrafts can determine a circle around the respective interrogating aircraft. Each
aircraft obtains information with respect to the position of the other aircraft and the
circle around the aircraft where the interrogated aircraft is located. Collision warning
systern 128 {eg. with the help of data fusion unit 183} can be configured to
determine two intersection points of the two circles where the interrogated aircraft

may be located.

Fig. 54 shows a schematic top view illustration of an example of two
interrogating aircrafts (41, 42) with overlapping interrogation circles {43 and 44
respectively). The interrogated aircraft is located at one of the intersection points 45

and 46.

Fig. 5B shows another schematic top view illustration of an example of two
interrogating aircrafts {41, 42} with overlapping interrogation circles {43 and 44

respectively). Different to the previous example, here the interrogated aircraft is
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located to the left of both interrogating aircrafts, and accordingly its location is at the

intersection point 45 between the two interrogating circlers 43, 44,

if there are three or more friendly aircrafts, a single intersection point of the
three respective circles identifies the position of the interrogated aircraft. Fig. 6
shows a schematic top view illustration of an example of three interrogating aircrafts
{41, 42, 46) with overlapping interrogation circles {43 and 44 and 47 respectively).
The interrogated aircraft is located at the intersection point 45 between the three

interrogating circlers 43, 44, 47.

Data fusion unit 103 can be configured to obtain the information from one or
more other friendly aircrafts and generate enriched situation awareness data
indicative of the position of the interrogated aircraft, based on fusion of situation

awareness data from multiple aircrafts.

Similarly, if the aviation transponder onboard an interrogated aircraft is
operating in mode A, coliision warning system 120 on each one of the two aircraft
can determine a sphere surrounding a respective aircraft. Fig. 7A shows a schematic
illustration of a first interrogating aircraft 71 at the center of interrogating sphere 74
and a second interrogating aircraft 72 at the center of interrogating sphere 75. The
intersection between the spheres creates a circle 79 on which the interrogated

aircraft is located.

Fig 7B shows a schematic iHustration of a first interrogating aircraft 71 at the
center of interrogating sphere 74 and a second interrogating aircraft 72 at the center
of interrogating sphere 75 and a third aircraft 73 at the center of interrogating sphere
76, The intersection between the three spheres indicates two points 77 and 78 on
which the interrogated aircraft can be located. If situation awareness data from a
fourth aircraft is available, a single point indicating the location of the interrogated
aircraft can be determined. Additional friendly interrogating aircraft can help in

obtaining more accurate location data of the interrogated aircraft.

Based on the available information, a respective collision warning is
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generated comprising information indicative of the at [east one estimated location of
the interrogated aircraft (block 319). For example, if situation awareness data from
two aircraft is available, and assuming the aviation transponder on the interrogated
aircraft is operating in mode C, the collision warning can include an indication of the
two possible locations of the interrogated aircraft. Alternatively, the collision warning
can include more general information indicating the general direction of the
interrogated aircraft {e.g. "aircraft at 3 o'clock” ete.). If situation awarensss data from
three aircrafts is available, the collision warning can include a more accurate

indication of the location of the interrogated aircraft.

As explained above, based on the available situation awareness data,
respective collision avoidance maneuvering instructions can be generated {block
3231} iIn response to the executed maneuver and its effect on the collision risk,
collision avoidance system can be configured to provide feedback to the pilot {(block

323).

Turning now to Fig. 8 which is a flowchart showing an example of a sequence
of operations executed as part of tracking process, in accordance with the presently
disclosed subject matter, Operations described with reference to Fig. 8 can be
executed by collision warning system 120 (e.g. by data fusion unit 103 and track file

manager 105).

As situation awareness data is being extracted from received signals, track fils
manager 105 can be configured to determine, based on changes in the obtained
situation awareness data, whether received data should be associated with the same

interrogated aircraft or a different interrogated aircraft.

For example, at block 801 a first instance of received signals from a first
interrogated aircraft occcurs and a first situation awareness data is obtained. As
explained above, a respective track file is generated for storing and tracking the first

interrogated aircraft {block 803).

After a certain time period, system 120 receives additional signals and
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determines a second situation awareness data {block 805). At block 807 it is
determined whether the first situation awareness data and the second situation
awarenass data may have been generated by the same aircraft. This can be
accomplished, for example, based on the time interval between signal reception of
the first situation awareness data and the signal reception of the second situation

awareness data and on the first and second situation awareness data.

Assuming, for example, that situation awareness data includes the range and
velocity of the interrogated aircraft, it can be determined whether the difference
between the range value in the first situation awareness data and the range value in
the second situation awareness data can be generated by the same aircraft,
considering the respective velocity.

if situation awareness data includes additional information {e.g. altitude) with
respect to the interrogated aircraft, this information can also be used for determining
whether the first and second situation awareness data were both generated by the
same aircraft,

if it is determined that both the first and second situation awareness data
may have been generated by the same interrogated aircraft, the first track file is
updated with the newly obtained situation awareness data, to maintain track of the
first aircraft {block 843}, I it is determined that the first and second situation
awareness data may not have been generated by the same interrogated aircraft, a

new track file is generated for tracking a second aircraft {block 808).

The operations described above with respect to Fig. 8 can be repeated as
information is being received at system 320 and thus allow 1o continuously track

specific interrogated aircrafts.

it is noted that collision warning system 120 discliosed herein can provide
collision avoidance information with respect to multiple aircrafts simultaneously. To
this end, system 120 is configured to identify all possible aircrafts which pose a

potential collision risk and deal with the aircrafts according to risk priority. Risk
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priority is defined according to risk of collision which is determined by system 120
{e.g. based on the respective range and velocity of the different interrogated

aircrafts).

The presently disclosed subject matter contemplates a computer program
implemented on a non-transitory computer useable medium being readable by a
computer for executing the method of the presently disclosed subject matter. The
presently disclosed subject matter further contemplates a machine-readable non-
transitory computer memory tangibly embodying a program of instructions
executable by the machine for executing the method of the presently disclosed

subject matter.

The term "non-transitory” is used herein to exclude transitory, propagating
signals, but to otherwise include any non-volatile computer memory technology

suitable to the application.

it is also to be understood that the presently disclosed subject matter is not
limited in its application to the details set forth in the description contained herein or
illustrated in the drawings. The presently disclosed subject matter is capable of other
embodiments and of being practiced and carried out in various ways. Hence, it is to
be understood that the phraseclogy and terminclogy employed herein are for the
purpose of description and should not be regarded as limiting. As such, those skilled
in the art will appreciate that the conception upon which this disclosure is based may
readily be utilized as a basis for designing other structures, methods, and systems for

carrying out the several purposes of the present presently disclosed subject matter,
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CLAIMS:

1. A computerized method of collision risk detection between an

interrogating aircraft and at least one interrogated aircraft; the method comprising:
receiving signals from the at least one interrogated aircraft;

processing the signals and determining situation awareness data; the
situation awareness data including at least a range between the interrogating

aircraft and at least one intarrogated aircraft;
performing at least one of the operations {a) and (b}:

a) determining an interrogating circle around the interrogating aircraft;

wherein the at least one other aircraft is located on the interrogating circle;

k) determining an interrogating sphere surrounding the interrogating
aircraft; wherein the at least one other aircraft is located on the interrogating

sphere;
and generating a collision warning, the collision warning including data
indicative of at least an estimated location of the at least one interrogated aircraft.

2. The computerized method according to claim 1 further comprising:

generating and transmitting interrogating signals; wherein the signais are
generated by an aviation transponder onboard the at least one interrogated aircraft

responsive to the interrogating signals.

3. The computerized method according to any one of the precading
claims wherein the situation awareness data includes closing velocity of the at least

one interrogated aireraft.

4, The computerized method according to any one of the preceding
claims further comprising: generating collision avoidance maneuvering instructions

for guiding the interrogating aircraft for avoiding collision.

5. The computerized method according to claim 4 further comprising:
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after execution of a collision avoidance maneuver, generating maneuvering
feedback indicating whether the collision avoidance maneuver has reduced collision

risk.

6. The computerized method according to any one of the preceding

5  claims further comprising:

obtaining, via a data link, situation awareness data with respect to the at

least one interrogated aircraft from one or more other interrogating aircrafts;

determining enriched situation awareness data based on information
gbtained by the interrogating aircraft and the one or more other interrogating

16 aircrafts; and

generating the collision warning based on the enriched situation awareness

data.

7. The computerized method according to claim 6 wherein the enriched

situation awareness data comprises information indicative of one or more cther

15  interrogating circles, each one of the one or more other interrogating circles
encircling a respective aircraft from among the one or more other interrogating

aircrafts; the method comprising:

determining one or more intersection points between the interrogating circle
and the one or more other interrogating circles; wherein the interrogated aircraft is

20 located at one of the intersection points.

8. The computerized method according to claim 7 wherein the one or
more other interrogating aircrafts include two or more other interrogating aircrafts,

the method comprising:

determining an intersection point between the interrogating circle around
25  theinterrogating aircraft and at least two other interrogating circles, each one of the
at least two other interrogating circles encircling a respective aircraft from among

the two or more other interrogating aircrafts.
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3. The computerized method according to claim 6 wherein the enriched
situation awareness data comprises information indicative of one or more cther
intarrogating spheres, each one of the one or more other interrogating spheres
surrounding a respective aircraft from among the one or more other interrogating

aircrafts; the method comprising:

determining one or more intersection points between the interrogating
sphere and the one or more other interrogating spheres; wherein the interrogating

aircraft is located at one of the intersection points.

10. The computerized method according to claim 9 wherein the at lsast
one other interrogating aircraft includes only one other interrogating aircraft, the

method comprising:

determining an intersection between the interrogating sphere surrounding
the interrogating aircraft and a respective interrogating sphere surrounding the one
other interrogating aircraft; wherein the intersection is indicative of a circle and the

interrogated aircraft is located on the circle.

i1 The computerized method according to claim 8 wherein the at lesast
one other interrogating aircraft includes two or more other interrogating aircrafts,

the method comprising:

determining an intersection between the interrogating sphere surrounding
the interrogating aircraft and at least two other interrogating spheres each

surrounding a respective other interrogating aircraft.

iz The computerized method according to claim 11 wherein the at least
one other interrogating aircraft includes two other interrogating aircrafts and the
intarsection is indicative of two intersecting points, the interrogatad aireraft being

focated on one of the two intersecting points,

i3. The computerized method according to claim 11 wherein the at least

one other interrogating aircraft includes three other interrogating aircraft and the
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intarsection is indicative of one intersecting point, the interrogated aircraft being
located at the one intersecting point.

14, The computerized method according to any one of the preceding
claims comprising:

responsive 1o oblaining a first situation awareness data, generating a frack

file for tracking situation awareness data of a first interrogated aircraft;

responsive to obiaining a second situation awareness data, determining
whether the first situation awareness data and the second situation awareness data

corresponds to the same interrogated aircraft;

if so, updating the first track file with the second situation awareness data;

and,

if not so, generating a second track file for tracking situation awareness data

of a second interrogated aircraft.

i5. A collision warning system for detection of collision risk hetween an

interrogating aircraft and at least one interrogated aircraft, the system comprising:

a receiver, a processing unit and a collision warning unit; the receiver is

configured to recsive signals transmitied from the at least one interrogated aircraft;
the processing unit is configured to:

process signals and determine situation awareness data; the situation
awareness data including at least a range between the interrogating aircraft and at

least one other aircraft;
perform at least one of the operations {a} and (b):

aj determining an interrogating circle around the interrogating aircraft;

wherein the at least one interrogated aircraft is located on the interrogating circle;
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b} determining an interrogating sphere surrounding the interrogating
aircraft; wherein the at least one other aircraft is located on the interrogating

sphere;

and the collision warning unit is configured to generate a collision warning,
the collision warning including data indicative of at least one estimated location of

the interrogated aircraft.

is. The system according to claim 15 comprising a transponder
configured to generate and transmit interrogating signals and receive the signals; the
signals are generated by an aviation transponder onboard the at least ons

intarrogated aircraft in response to the interrogating signals.

i7. The system according to any one of claims 15 to 16 wherein the
situation awareness data includes closing velocity of the at least one interrogated

aircraft.

i8. The system according to any one of claims 15 to 17 further comprising
a collision avoidance maneuvering system configured to generate collision avoidance

maneuvering instructions for guiding the interrogating aircraft for avoiding collision.

i9. The system according to any one of claims 15 to 18 comprising a
communication unit configured to generate a data link with one or more other
interrogating aircrafts and obtain situation awareness data with respect to the at

least one interrogated aircraft from the one or more other interrogating aircrafts;

the processing unit is configured to dstermine snriched situation awareness
data based on situation awareness data obtained by the interrogating aircraft and
the one or more other interrogating aircrafts; and generate the collision warning

based on the enriched situation awareness data.

20. The system according to claim 19 wherein the situation awareness
data comprises information indicative of one or more other interrogating circles,

each one of the one or more other interrogating circles encircling a respective
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aircraft from among the one or more other interrogating aircrafts; the processing
unit is configured to determine one or more intersection points between the
intarrogating circle and the one or more other interrogating circles; wherein the

interrogated aircraft is located at one of the intersection points.

21. The system according to claim 20 wherein the at least one other
interrogating aircraft includes only one other interrogating aircraft, the processing
unit being configured to determine one or two intersection points between the
interrogating circle around the interrogating aircraft and a respective interrogating

circle around the one other interrogating aircraft.

22. The system according to claim 20 wherein the at least one other
interrogating aircraft includes two or more other interrogating aircrafts, the
processing unit being configured to determine an intersection point between the
interrogating circle arcund the interrogating aircraft and at least two other

interrogating circles, each encircling a respective other interrogating aircraft.

23. The system according to claim 19 wherein the situation awareness
data comprises information indicative of one or more other interrogating spheres,
each one of the one or more other interrogating spheres surrounding a respective
aircraft from among the one or more other interrogating aircrafts; the processing
unit is configured to determine one or more intersection points between the
interrogating sphere and the one or more other interrogating spheres; wherein the

interrogating aircraft is located at one of the intersection points.

24, The system according to claim 23 wherein the at least one other
interrogating aircraft includes only one other interrogating aircraft, the processing
unit being configured to determine an intersection between the interrogating sphere
surrounding the interrogating aircraft and a respective interrogating sphere
surrounding the one other interrogating aircraft; wherein the intersection is

indicative of a circle and the interrogated aircraft is located on the circle,
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25, The system according to claim 23 wherein the at least one other
interrogating aircraft includes two or more other interrogating aircrafts, the
processing unit being configured to determine an intersection between the
interrogating sphere surrpunding the interrogating aircraft and at least two other

interrogating spheres each surrounding a respective other interrogating aircraft.

26. The systemn according to claim 24 wherein the at least one other
interrogating aircraft includes two other interrogating aircraft and the intersection is
indicative of two intersecting points, the interrogated aircraft being iocated on one

of the two intersecting points.

27. The system according to claim 24 wherein the at least one other
interrogating aircraft includes three other interrogating aircraft and the intersection
is indicative of one intersecting point, the interrogated aircraft being located at the

one intersecting point.

28. The system according to any one of claims 15 to 27 wherein the

processing unit is configured to:

generate a track file for tracking situation awareness data of a first

interrogated aircraft, responsive to obtaining g first situation awareness data;

responsive to obtaining a second situation awareness data, determining
whether the first situation awareness data and the sacond situation awareness data
corresponds to the same interrogated aircraft, responsive to obtaining a second

situation awareness data;

if so, update the first track file with the second situation awareness data;

and,

if not so, generate a second track file for tracking situation awareness data of

a second interrogated aircraft.

29. A non-transitory program storage device readable by maching,

tangibly embodying a computer readable code portion executable by the machine to
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perform a method of collision risk detection between an interrogating aircraft and at

least one interrogated aircraft; the method comprising:
receiving signals from the at least one other aircraft;

processing the signals determining situation awareness data; the situation
5  awareness data includes at least a range between the interrogating aircraft and at

least one interrogated aircraft;
performing at least one of the operations {a} and (b}:

a) determining an interrogating circle around the interrogating aircraft;

wherein the at least one other aircraft is located on the interrogating circle;

10 b} determining an interrogating sphere surrcunding the interrogating
aircraft; wherein the at least one cther aircraft is located on the interrogating

sphere;
and

obtaining, via a friendly data link, situation awareness data with respect to

152 the atleast one other aircraft from one or more other interrogating aircrafts;

determining enriched situation awarsness data based on information

ogbtained by the interrogating aircraft and the one or more other interrogating
aircrafts; and

generating the collision warning based on the enriched situation awareness

20  data, the collision warning including data indicative of at least one estimated

location of the interrogated aircraft.



