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(57) ABSTRACT

The present invention utilizes the existing DME transponder
system infrastructure to augment existing ground surveil-
lance multilateration (ML AT) capabilities by providing addi-
tional measurements for determining the position of an air-
craft equipped with a DME transponder. DME listeners
receive DME interrogation signals and DME reply signals,
determine TDOA between the DME transponder and each
DME listener, and transmit data to a central computer that
clusters TDOAs between the DME transponder and the DME
listeners and computes the aircraft position using the clus-
tered TDOAs. The DME-aided MLAT can be used as a
backup surveillance system when GNSS-based systems are
unavailable. The DME-aided ML AT can be integrated with
SSR receive units (RUs) performing multilateration (MLAT)
calculations.
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SYSTEM AND METHOD FOR PROVIDING
TIMING SERVICES AND DME AIDED
MULTILATERATION FOR GROUND
SURVEILLANCE

FIELD OF THE INVENTION

[0001] The present invention relates to a system and
method for providing ground surveillance and timing ser-
vices using the existing Distance Measuring Equipment
(DME) ground station infrastructure with the addition of
DME listener units according to the present invention.

BACKGROUND OF THE INVENTION

[0002] DME is a ground-based navigation system which
consists of a network of ground transponders and airborne
interrogating units (interrogators). The main purpose of DME
transponder operations is to allow aircraft to identify and
obtain a range to a DME transponder. In operation, an inter-
rogator transmits DME pulse pair signals to be received by an
intended ground transponder on a predetermined downlink
frequency within the DME frequency band of 962 MHz to
1150 MHz. Upon receiving an interrogation pulse pair signal
the ground transponder determines whether the received sig-
nal is a valid interrogation signal by checking the spacing
between the two pulses in the DME pulse pair signal. Ifa valid
interrogation is detected, ground transponder transmits a
reply signal on a predetermined uplink frequency after a
preset delay of approximately 50 pus. The reply signal consists
of a pulse pair with a fixed spacing that is transmitted on a
different predetermined uplink frequency within the DME
frequency band. The specific pairing of interrogation and
replying frequencies and the spacing between the pulses in
the interrogation and replying pulse pair signals defines the
DME channel/mode of the DME operation.

[0003] The interrogation and replying operation between
an interrogator (e.g., aircraft) and a ground transponder
enables the aircraft to determine a range to the transponder
based on the observed round-trip delay between the transmis-
sion of the interrogation signal and receipt of the reply signal.
FIGS. 1 and 2 illustrate the operating principles of legacy
DME equipment using the interrogation and reply method of
operation.

[0004] There are 126 {frequency pairings (Channel
#001~#126) and four spacing pairings (Mode X WY 7)
allocated for DME operation within the DME frequency
band. Each channel consists of an interrogation frequency
band and a replying frequency band that are separated from
adjacent bands by 1 MHz. The purpose of defining DME
channels and modes is to minimize the co-channel interfer-
ence between adjacent DME transponders. Itis important that
adjacent DME transponders operate either on a different fre-
quency or use different modes when operating on the same
uplink or down link frequency.

[0005] Since the DME frequency range includes the uplink
and downlink Secondary Surveillance Radar (SSR) fre-
quency bands, the DME channels that are within these SSR
frequency bands need to be reserved from usage for sites
whose operating coverage area (including both interrogation
and replying) overlaps with the coverage area of an operating
SSR. The FAA Next Generation (NextGen) Automatic
Dependent Surveillance—Broadcast (ADS-B) surveillance
system, which is largely built upon SSR links, includes DME
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channels that overlap the SSR frequencies and these overlap-
ping DME channels cannot be assigned to any DME opera-
tions.

[0006] Interrogation signals consist of pseudo-randomly
spaced DME pulse pairs. The interrogation and reply pulses
are modulated at different frequencies to minimize interfer-
ence.

[0007] An interrogation signal containing pseudo-ran-
domly spaced DME pulse pairs is transmitted by the DME
interrogator on a DME downlink frequency to the DME tran-
sponder, as shown in FIG. 1. Upon receiving the interrogation
signal, the DME transponder determines whether the pulse
pair of the interrogation signal is valid and when the received
interrogation signal is valid the DME transponder replies with
a reply signal containing an identical DME pulse pair to the
interrogator on a DME uplink frequency after a fixed tran-
sponder delay. The DME interrogator receives the reply sig-
nal and correlates the received pulse pair in the reply signal
with the known pulse pair transmitted in the interrogation
signal to determine the total delay time. By subtracting the
known transponder delay time (t,) from the total delay time,
dividing the resulting time delay by two, and then multiplying
the result by the speed of light, the DME interrogator deter-
mines the range from the DME interrogator to the DME
transponder.

[0008] The DME interrogation signals containing pseudo-
randomly spaced DME pulse pairs do not carry any informa-
tion other than the unique randomness that is only meaningful
to the DME interrogator. To distinguish the pseudo-randomly
spaced DME pulse pairs of a DME interrogator’s interroga-
tion signal from other interrogation signals from other DME
interrogators, the pseudo-randomly spaced sequence of pulse
pairs are known only to the DME interrogator so that when the
DME interrogator receives a reply signal, the DME interro-
gator performs a correlation between the transmitted DME
interrogation signal and the received DME reply signal to
determine if the correct pseudo-randomly spaced DME pulse
pairs can be identified in the received reply signal. An
example of the pseudo-randomly spaced sequence of pulse
pairs for a DME interrogation signal and the DME reply
signal are shown in FIG. 2. The randomness of the interroga-
tion pulse pair sequence varies from DME interrogator to
DME interrogator. For simplicity, DME interrogators often
use a random pick of a set of preselected spacing between two
pairs of pulses to “stagger” the interrogation pulse pairs rather
than arranging the pulse pair positions using truly random
positions.

[0009] While the main purpose of the DME transponder is
to reply to the interrogation signals from aircraft, the DME
transponder also broadcasts its identity periodically. In accor-
dance with international standards, approximately every 40
seconds, each transponder broadcasts its station ID using
International Morse code in a time period not exceeding 10
seconds. To transmit the station ID, the DME transponder
transmits a Morse code dot as a 0.1 to 0.16 second period
consisting of pulse pair signals with a fixed rate of 1350 pulse
pair per second (pp/s) and a Morse code dash has a period that
is three times longer than the Morse code dot.

[0010] When there are either no interrogations or very few
interrogations, a DME transponder maintains a minimum
pulse pair transmission rate of 700 pp/s by randomly trans-
mitting pulses that are not in response to an interrogation.
When there are too many interrogations the DME transpon-
der omits some of the interrogations and maintains a maxi-
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mum transmission rate of between 2610 and 2790 pp/s. Based
on the “transponder recovery time”, two DME pulses that are
received above a minimum triggering level no closer than 8 yis
shall be able to be recognized by the transponder for decoding
processing.

[0011] After receiving a DME interrogation signal contain-
ing pseudo-randomly spaced DME pulse pairs that the DME
transponder determines is valid, the DME transponder will
not respond to any new interrogation signals for up to 60 ps.
During this “transponder dead time”, the DME transponder
will not reply to a second DME interrogation signal if the
second DME interrogation signal arrives within 60 ps of the
arrival time of the first DME interrogation signal that the
DME transponder determines is valid. The purpose of this
“transponder dead time” is to suppress unwanted DME inter-
rogations caused by echo or multipath signals. The result of
this “transponder dead time” is that no two DME reply signals
will be transmitted closer than 60 us on the DME reply signal
frequency due to the “transponder dead time” period.

[0012] The next generation (NextGen) national airspace
system (NAS) relies on GNSS-based surveillance systems
(i.e., GPS)to provide aircraft position information both on the
ground and airborne to the ground for surveillance and con-
trol purposes. However, existing GNSS-based surveillance
systems can be disrupted by solar storms that cause severe
ionosphere delay variations that degrade both GPS and
WAAS and affect L1 and L5. Current correction broadcasting
cannot keep up with the rapid variations in times of solar
storms. In addition, there are practical concerns regarding
intentional and unintentional interference, regional and tem-
poralunavailability of GPS services, thereby causing a severe
degradation or loss of GNSS-based surveillance capability.
[0013] Whatisneededis asystem and method that provides
aground surveillance capability for determining aircraft posi-
tion in the NAS (National Airspace System) as a backup to or
to augment the existing GNSS-based surveillance systems.

SUMMARY OF THE INVENTION

[0014] According to a first aspect of the present invention,
there is provided a method of DIME aided multilateration, the
method comprising transmitting interrogation pulses from at
least one DME interrogator that are received by at least one
DME transponder, transmitting reply pulses from at least one
DME transponder in response to the interrogation pulses
received from the at least one DME interrogator, and provid-
ing at least one DME listener for receiving and demodulating
the interrogation pulses transmitted by the at least one DME
interrogator and the reply pulses transmitted by the at least
one DME transponder, cross correlating the received interro-
gation pulses and reply pulses and determining a cross cor-
relation output, determining an interrogation pattern of the
received interrogation pulses and reply pulses by selecting
overlapping pulses of the received interrogation pulses and
reply pulses when a maximum peak of cross correlation
occurs in the cross correlation output, determining a time
difference of arrival (TDOA) for the associated interrogation
pulses and reply pulses using the position of the maximum
peak of cross correlation, known time delay of the DME
transponder and known distance between the at least one
DME transponder and the at least DME listener, and trans-
mitting at least the determined TDOA, interrogation pattern
information, and the ID of the DME listener to a central
computer. The central computer receives at least the deter-
mined TDOA interrogation pattern information, and DME
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listener ID from the at least one DME listener, associates the
determined TDOA to a specific transmission of interrogation
pulses from the at least one DME interrogator using the
interrogation pattern information to form a TDOA cluster,
and determines a position for the at least one DME interro-
gator when three or more TDOAs are clustered. In some
embodiments of the present invention, the TDOA is deter-
mined using the following equation: TDOA=t, —t;=t,~t,~t ~
t, where: T,=known propagation time between DME tran-
sponder and DME listener, t1=time of arrival of DL signal at
DME transponder and t,=t,~t,-t, t,=time of arrival of UL
signal at DME listener, t;=time of arrival of DL signal at
DME listener, t =known DME transponder delay, and t,—t; is
obtained by XCORR {UL, DL}.

[0015] In some embodiments, the method further com-
prises determining an identity for the at least one DME inter-
rogator using at least one of Mode A ID or Mode S address. In
other embodiments, the reference transmitter is shared with
Mode S multilateration receiving units (RUs). In some
embodiments, the central computer is selected from the group
consisting of DME transponder, DME listener, and a Second-
ary Surveillance Radar (SSR) transponder based RU.

[0016] In some embodiments, the method further com-
prises synchronizing clocks between a first DME listener and
a second DME listener using a reference transmitter, wherein
clock offsetis determined before determining the TOA for the
received interrogation pulses and reply pulses at each of the
first and second DME listeners using the following equation:
Clock Offset=t,-7t,—(t,-t;), where t,-t, is obtained by
XCORR. {UL @ DME listener #1, UL @ DME listener #2},
and T, T,;=(known DME transponder to DME listener dis-
tance)/(speed of light).

[0017] In some embodiments, the method further com-
prises integrating DME aided multilateration and Mode A/S
multilateration by receiving a Mode A/S transponder trans-
mission at more than one Mode S receiving units (RUs) that
are co-located with the at least two DME listeners from a
target that includes the at least one DME interrogator, deriv-
ing at least one Mode A/S signal TDOA between the at least
two RUs, and associating at least one DME signal derived
TDOA with the at least one Mode A/S signal derived TDOA
using similarity of values within a predetermined time win-
dow.

[0018] In some of these embodiments, the Mode S derived
TDOA is used to improve position accuracy to the determined
position for the at least one DME interrogator.

[0019] According to a second aspect of the present inven-
tion, there is provided a method DME aided multilateration,
the method comprising transmitting interrogation pulses
from at least one DME interrogator that are received by at
least one DME transponder, transmitting reply pulses from at
least one DME transponder in response to the interrogation
pulses received from the at least one DME interrogator, pro-
viding at least one DME listener for receiving and demodu-
lating the interrogation pulses transmitted by the at least one
DME interrogator and the reply pulses transmitted by the at
least one DME transponder, determining an interrogation
pattern of the received interrogation pulses and reply pulses,
cross correlating the received interrogation pulses and reply
pulses and determining a cross correlation output, determin-
ing an interrogation pattern of the received interrogation
pulses and reply pulses by selecting overlapping pulses of the
received interrogation pulses and reply pulses when a maxi-
mum peak of cross correlation occurs in the cross correlation
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output, determining a time difference of arrival (TDOA) for
the associated interrogation pulses and reply pulses using the
position of the maximum peak of cross correlation, known
time delay of the DME transponder and known distance
between the at least one DME transponder and the at least
DME listener, and transmitting at least the determined
TDOA, interrogation pattern information, and the ID of the
DME listener to a central computer. The central computer
receives at least the determined TDOA interrogation pattern
information, and DME listener ID from the at least one DME
listener, associates the determined TDOA to a specific trans-
mission of interrogation pulses from the at least one DME
interrogator using the interrogation pattern information to
form a TDOA cluster, and determines a position for the at
least one DME interrogator when three or more TDOAs are
clustered. In some embodiments of the present invention, the
TDOA is determined using the following equation:
TDOA=t, -t,=t,~7,-t~t; where: T,=known propagation
time between DME transponder and DME listener, t1=time
of arrival of DL signal at DME transponder and t,=t,—t,—t,,
t,=time of arrival of UL signal at DME listener, t;=time of
arrival of DL signal at DME listener, t,=known DME tran-
sponder delay, and t,~t, is obtained by XCORR {UL, DL}.

[0020] In some embodiments, the method further com-
prises determining an identity for the DME interrogator using
at least one of Mode A ID or Mode S address. In other
embodiments, the central computer is selected from the group
consisting of DME transponder, DME listener, and a Second-
ary Surveillance Radar (SSR) transponder based RU. In some
embodiments, the central computer assumes an altitude for
the DME interrogator and determines a coarse position for the
DIVER interrogator before using the Mode C information to
determine a refined position for the DME interrogator.

[0021] In some embodiments, the method further com-
prises synchronizing clocks between a first DME listener and
a second DME listener using a reference transmitter, wherein
clock offset is determined before determining the TOA for the
received interrogation pulses and reply pulses at each of the
first and second DME listeners using the following equation:
Clock Offset=t,-t,—(t,-t;), where t,—t, is obtained by
XCORR {UL @ DME listener #1, UL (@ DME listener #2},
and T, T,;=(known DME transponder to DME listener dis-
tance)/(speed of light).

[0022] According to a third aspect of the present invention,
there is provided a method for DME aided multilateration, the
method comprising transmitting interrogation pulses from at
least one DME interrogator that are received by at least one
DME transponder, transmitting reply pulses from at least one
DME transponder in response to the interrogation pulses
received from the at least one DME interrogator, providing at
least two DME listeners for receiving and demodulating the
interrogation pulses transmitted by the at least one DME
interrogator and the reply pulses transmitted by the at least
one DME transponder, determining a time of arrival (TOA) of
each pulse pair in the received interrogation pulses and reply
pulses and a received signal strength (RSS) for the received
interrogation pulses and reply pulses at each of the at least two
DME listeners, and transmitting at least the determined TOA
of each pulse pair and RSS for the received interrogation
pulses and reply pulses and the ID of the DME listener from
each of the at least two DME listeners to a central computer.
The central computer receives at least the determined TOA of
each pulse pair and RSS for the received interrogation pulses
and reply pulses and DME listener ID from each of the at least
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two DME listeners, associates the received interrogation
pulses and reply pulses using the received TOA of each pulse
pair and RSS, derives TDOAs between each DME listener of
the at least two DME listeners and the at least one DME
transponder from the received TOA of each pulse pair and
RSS of associated interrogation pulses and reply pulses and
the known distance between each DME listener of the at least
two DME listeners and the at least one DME transponder,
clusters the derived TDOAs to a specific transmission of
interrogation pulses from the at least one DME interrogator,
and determines a position for the at least one DME interro-
gator when three or more TDOAs are clustered. In some
embodiments of the present invention, the TDOA is deter-
mined using the following equation: TDOA=t, —t;=t,~t,~t ~
t; where: T,=known propagation time between DME tran-
sponder and DME listener, t1=time of arrival of DL signal at
DME transponder and t,=t,—t,—t,, t,=time of arrival of UL
signal at DME listener, ty=time of arrival of DL signal at
DME listener, t =known DME transponder delay, and t,-t, is
obtained by XCORR {UL, DL}.

[0023] In some embodiments, the method further com-
prises determining an identity for the DME interrogator using
at least one of Mode A ID or Mode S address. In other
embodiments, the central computer is selected from the group
consisting of DME transponder, DME listener, and a Second-
ary Surveillance Radar (SSR) transponder based RU. In some
embodiments, the method further comprises the at least one
DME listener transmitting demodulated signal waveforms
for the received interrogation pulses and reply pulses from
each of' the at least two DME listeners to a central computer,
and the central computer cross correlating the received inter-
rogation pulses with reply pulses and determines TDOA
using the peak position of the correlation output.

[0024] In some embodiments, the method further com-
prises synchronizing clocks between a first DME listener and
a second DME listener using a reference transmitter, wherein
clock offsetis determined before determining the TOA for the
received interrogation pulses and reply pulses at each of the
first and second DME listeners using the following equation:
Clock Offset=t,-7t,—(t,-t;), where t,-t, is obtained by
XCORR {UL @ DME listener #1, UL (@ DME listener #2},
and T,, T, (known DME transponder to DME listener dis-
tance)/(speed of light).

[0025] According to a fourth aspect of the present inven-
tion, there is provided a method for DME aided multilatera-
tion, the method comprising transmitting interrogation pulses
from at least one DME interrogator that are received by at
least one DME transponder, transmitting reply pulses from at
least one DME transponder in response to the interrogation
pulses received from the at least one DME interrogator, pro-
viding at least two DME listeners for receiving and demodu-
lating the interrogation pulses transmitted by the at least one
DME interrogator and the reply pulses transmitted by the at
least one DME transponder, determining a time of arrival
(TOA) of each pulse pair and a received signal strength (RSS)
for the received DME interrogation pulses and reply pulses at
each of the at least two DME listeners, and transmitting at
least the determined TOA of each pulse pair and RSS for the
received interrogation pulses and reply pulses and the ID of
the DME listener from each of the at least two DME listeners
to a central computer. The central computer receives at least
the determined TOA of each pulse pair and RSS for the
received interrogation pulses and reply pulses and DME lis-
tener ID from each of the at least two DME listeners, associ-
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ates the received interrogation pulses and reply pulses using
the received TOA of each pulse pair and RSS, derives TDOA
between each of the at least two DME listeners and the at least
one DME transponder from the received TOA of each pulse
pair and RSS of associated interrogation pulses and reply
pulses and the known distance between each of the at least
two DME listeners and the at least one DME transponder,
clusters the derived TDOAs to a specific transmission of
interrogation pulses from the at least one DME interrogator,
determines Mode C information for the DME interrogator
from another source; and when two or more TDOAs are
clustered, determines a position for the DME interrogator
from the two TDOAs and the Mode C information. In some
embodiments of the present invention, the TDOA is deter-
mined using the following equation: TDOA=t,—t;=t,~t,~t~
t, where: T,=known propagation time between DME tran-
sponder and DME listener, t1=time of arrival of DL signal at
DME transponder and t,=t,~t,-t, t,=time of arrival of UL
signal at DME listener, t;=time of arrival of DL signal at
DME listener, t =known DME transponder delay, and t,—t, is
obtained by XCORR {UL, DL}.

[0026] In some embodiments, the method further com-
prises determining an identity for the DME interrogator using
at least one of Mode A ID or Mode S address. In other
embodiments, the central computer is selected from the group
consisting of DME transponder, DME listener, and a Second-
ary Surveillance Radar (SSR) transponder based RU. In some
embodiments, the central computer assumes an altitude for
the DME interrogator and determines a coarse position for the
DME interrogator before using the Mode C information to
determine a refined position for the DME interrogator.
[0027] In some embodiments, the method further com-
prises synchronizing clocks between a first DME listener and
a second DME listener using a reference transmitter, wherein,
clock offset is determined before determining the TOA for the
received interrogation pulses and reply pulses at each of the
first and second DME listeners using the following equation:
Clock Offset=t,-t,—(t,-t;), where t,—t, is obtained by
XCORR {UL @ DME listener #1, UL (@ DME listener #2},
and T, T,;=(known DME transponder to DME listener dis-
tance)/(speed of light).

[0028] Inother embodiments, the at least one DME listener
transmits demodulated signal waveforms for the received
interrogation pulses and reply pulses from each of the at least
two DME listeners to a central computer, and the central
computer cross correlates the received interrogation pulses
and reply pulses and determines TDOA using the peak posi-
tion of the correlation output.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] For a fuller understanding of the nature and objects
of the invention, reference should be made to the following
detailed description of a preferred mode of practicing the
invention, read in connection with the accompanying draw-
ings in which:

[0030] FIG. 1 illustrates the operating principles of legacy
DME equipment;

[0031] FIG. 2 illustrates the operating principles of legacy
DME equipment including an example of pseudo-randomly
spaced pulse pairs of a DME interrogation signal and the
DME reply signal;

[0032] FIG. 3illustrates one embodiment of the DME aided
surveillance system of the present invention determining a
TDOA between a DME transponder and a DME listener;
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[0033] FIG. 4illustrates one embodiment of the DME aided
surveillance system of the present invention determining a
TDOA between two DME listeners;

[0034] FIG. 5illustrates one embodiment of the DME aided
surveillance system of the present invention having a DME
listener integrated with an SSR RU; and

[0035] FIG. 6 illustrates one embodiment of the DME aided
surveillance system of the present invention determining a
clock offset between two DME listeners.

DETAILED DESCRIPTION OF THE INVENTION

[0036] The present invention utilizes the existing DME and
SSR (Mode A/C/S) transponder system infrastructure to aug-
ment existing ground surveillance capabilities by providing
additional measurements for determining the position of an
aircraft equipped with a DME transponder.

[0037] In the first embodiment of the present invention, a
DME listener device (hereinafter DME listener) is added to
the existing DME transponder system. A DME listener is a
multi-channel DME receiver that receives the interrogation
signals transmitted by DME transponders on aircraft (here-
inafter DME interrogators) and the reply signals transmitted
by the DME transponders at ground stations (hereinafter
DME transponders). The DME listeners determine at least a
time difference of arrival (TDOA) for each pair of received
interrogation and reply signals and transmit at least TDOA
data to a designated location, such as a central computer,
designated DME transponder, designated DME listener or
other transceiver having sufficient memory and computa-
tional capability (hereinafter central computer) to receive and
store data from other DME listeners and/or DME listeners
and SSR receive units (RUs) and perform multilateration
(MLAT) calculations to determine a position of the DME
interrogator.

[0038] In the second embodiment of the present invention,
a DME transponder in the existing DME transponder ground
stations is used as a reference transmitter to provide time
synchronization for ground stations independent of GNSS.

DME Aided Ground Surveillance

[0039] A first embodiment of the present invention uses a
DME listener to receive interrogation signals transmitted by
DME interrogators and reply signals transmitted by DME
transponders. The DME listener is a multi-channel DME
receiver that includes a processor, a time reference, such as a
GPS time receiver, atomic clock or timing reference contain-
ing a high precision oscillator, and a transmitter, such as an
RF transmitter. The DME listener receives both the interro-
gation signals transmitted by DME interrogators and the
reply signals transmitted by DME transponders within recep-
tion range of the DME listener, and then it correlates the two
signals to determine a time difference between the time of
receiving an interrogation signal from a DME interrogator
and the time of receiving the reply signal from the DME
transponder that corresponds to the interrogation signal. The
present invention then uses the ML AT technique, generally
known as the time difference of arrival (TDOA) MLAT tech-
nique, to determine the position of the DME interrogator. One
embodiment of the present invention also uses data from SSR
(Mode A/C/S) transponder systems for retrieving aircraft
identity and other SSR transponder information.

[0040] One specific approach for obtaining the necessary
TDOA information to perform the position determination of
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the DME interrogator and one specific approach for retrieving
aircraft identity and other SSR transponder information are
discussed in the following figures and paragraphs.

[0041] The basic principles for determining a TDOA
between a DME listener of the present invention and the DME
transponder using a DME interrogation signal transmitted by
a DME interrogator is shown in FIG. 3. The DME listener
receives an interrogation signal containing pseudo-randomly
spaced DME pulse pairs from a DME interrogator and
receives a reply signal containing the same pseudo-randomly
spaced DME pulse pairs from a DME transponder.

[0042] The received interrogation signal and the received
reply signal are demodulated and the DME listener cross
correlates the interrogation signal and the reply signal to
determine the time delay between the receipt of the interro-
gation signal and the reply signal.

[0043] Inone embodiment, the DME listener performs the
cross-correlation on the received interrogation signal and
reply signal waveforms and a time delay measurement is
obtained by identifying the maximum peak position of the
correlated signals. The TDOA is then obtained as the time
delay measurement with the known propagation delay
between the DME transponder and the DME listener and the
known DME transponder delay time subtracted. The DME
listener also determines the pseudo-random pulse pair pattern
(hereinafter the “interrogation pattern™) that pertains to the
DME interrogation from the aligned pulse pairs that contrib-
ute to the peak correlation of the two waveforms to associate
the particular pulse pairs of the interrogation and reply signals
as an interrogation event. Additionally, and not as a necessity,
the time of arrival (TOA) measurements of the interrogation
and reply signals at the DME listener is identified as the rising
edges of the first pulses of the determined pseudo-random
pulse pair sequence of the interrogation and reply signals.
Further, and not as a necessity, the TOA of the interrogation
signals at the DME transponder is determined according to
the TOA of the interrogation signals at the DME listener and
the determined TDOA.

[0044] The DME listener determines the time difference of
arrival (TDOA i.e., the value of t,-t; where t,=t,—t,~t,)
between the DME listener and the DME transponder (DME
transponder-listener pair) using the determined time delay
measurement between the receiving time of the interrogation
and the reply signals at the DME listener (the value of t,-t;),
the known time delay of the DME transponder (t,) and the
known propagation time between the DME listener and the
DME transponder (t,), as shown in FIG. 3. The DME listener
then transmits at least the TDOA, the determined interroga-
tion pattern information and DME listener ID to the central
computer.

[0045] The central computer then clusters the DME aided
TDOAs of the present invention using the interrogation pat-
tern information. The TDOA’s are clustered when the inter-
rogation pattern information is the same. The central com-
puter then calculates the position of the DME interrogator
(e.g., aircraft) from the clustered TDOAs.

[0046] The three-dimensional position of the DME inter-
rogator (e.g., aircraft) is determined when three of more
TDOA’s are clustered. If only two TDOA’s are associated, one
embodiment of the present invention initially assumes an
altitude and solves for coarse horizontal position then asso-
ciates the coarse position with existing Secondary Surveil-
lance Radar (SSR) transponder target position reports
obtained from a traditional SSR or from a SSR transponder
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MLAT system. A refined position is then estimated by using
the two TDOAs and the Mode-C altitude information
obtained from the associated SSR transponder target position
reports.

[0047] One embodiment of the present invention integrates
the DME transponder-listener TDOA MLAT with DME lis-
tener-listener TDOA MLAT. FIG. 4 illustrates the basic prin-
ciple of obtaining TDOA measurements between two DME
listeners. The interrogation signal transmitted by the DME
interrogator is received by the two DME listeners, as shown in
FIG. 4. The received interrogation signal containing pseudo-
randomly spaced DME pulse pairs is demodulated and the
arrival time (TOA) of each pulse pair (hereinafter the DME
pulse pairs sequence information) and received signal
strength (RSS) of the received interrogation signal are deter-
mined. Each of the DME listeners then transmits the DME
pulse pairs sequence information and RSS to a central com-
puter. The central computer stores the received DME pulse
pairs sequence information and RSS from each of the DME
listeners and performs a cross correlation on the received
DME pulse pairs sequence information, RSS data and known
distance between the two DME listeners to determine the
TDOA between the two DME listeners.

[0048] In one embodiment, each of the DME listeners also
transmits the demodulated received DME interrogation sig-
nal waveforms to the central computer, when sufficient com-
munication bandwidth is available, and the central computer
performs the cross correlation on received DME interrogation
signal waveforms and the TDOA is indicated by the peak
position of the correlation output, which is more direct and
accurate, to determine the time delay. The central computer
then determines TDOA between two DME listeners (DME
listener-DME listener pair) from the time delay and the
known distance between the DME Listeners.

[0049] The determined TDOA between two DME listeners
is then clustered with TDOAs between one or more DME
transponder-DME listener pairs when the unique DME pulse
pairs sequences of the DME interrogation are the same. Based
onthe unique interrogation pulse train pattern of each aircraft,
the TDOA’s obtained from DME listener-DME transponder
pairs and DME listener-listener pairs can be associated
together to form a bigger TDOA cluster. Note that even
though the DME listener-DME listener TDOA and the DME
listener-DME transponder TDOA’s are mathematically
dependent, the cross-listener correlation processing of the
present invention provides an additional measurement that
can be used for lowering the measurement noise, such that
accuracy is improved. The central computer also clusters the
determined TDOA between two DME listeners of the present
invention with TDOAs determined by the existing ground
surveillance system. The central computer then calculates the
position of the DME interrogator from the determined
TDOAs.

[0050] One embodiment of the present invention integrates
the DME-aided MLAT system of the present invention with
an existing RU-based SSR transponder MLAT system such as
shown in FIG. 5. In this arrangement, a 1090 MHz Reference
Transmitter used in RU-based MLAT system can be used by
the DME-based MLAT system or the DME uplink reference
transmitter can be used by the RU-based MLAT system for
synchronizing clocks (time references) and performing time
tracking and correction processing. If the RU and DME lis-
tener are physically integrated, the sharing of reference trans-
mitter can be done in a physical layer by sharing the reference
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transmitter signal internally so that only a single receiving
channel is required for the RU and DME listener.
[0051] The above described method for obtaining a TDOA
measurement between two DME listeners can be used for
enhancing the accuracy of an existing MLAT system. In the
present invention, target positions can be determined when
three or more DME listener-DME listener TDOA’s are asso-
ciated to form a cluster. This method of the present invention
has the following features: (i) time synchronization is
included as part of the disclosed method and (ii) correlation is
performed on any combination of the DME pulse pairs
sequence information, RSS data and signal waveforms.
[0052] In the embodiment shown in FIG. 5, the ground
surveillance MLAT system includes DME listeners that are
co-located and integrated with SSR RUs of the conventional
RU-based SSR transponder MLAT system. The integrated
MLAT system associates the DME interrogator with a SSR
transponder target when the target aircraft is equipped with
both a DME interrogator and an SSR transponder. The DME
listeners determine TOA or TDOA for the received DME
interrogation signals as discussed above and transmit at least
TOA or TDOA and DME listener ID to the central computer.
Similarly, the SSR RUs determine TOA or TDOA for the
received SSR messages and transmit at least TOA or TDOA
and SSR RU ID to the central computer.
[0053] Inthis embodiment, the association of a DME inter-
rogator and a SSR transponder is done in the TDOA measure-
ment level. By collocating DME listeners with SSR RU’s, the
TDOA measured by the pair of RU’s (RU-RU TDOA) and the
TDOA measured by a pair of the collocated DME listeners
(DME listener-DIME listener TDOA) for the same target
aircraft containing both transmitters are highly correlated and
are associated by the central computer. An association is
declared when the TDOA’s or the TDOA rates of the inte-
grated MLAT systems are approximately equal (e.g., within a
predetermined delta tolerance range). TDOA rate informa-
tion can be conveniently derived from the time derivatives of
TDOA measurements or independently measured by observ-
ing the Frequency Difference of Arrival (FDOA) measure-
ments which require coherent detection at the RU and DME
listeners to resolve Doppler information. The use of TDOA
rates enables the integrated MLAT systems to distinguish
targets that have similar TDOA values. Upon association,
TDOA’s of the integrated MLAT systems are combined into a
larger cluster by the central computer, which enables the
integrated MLAT systems to determine target position with
fewer ground stations.
[0054] For example, when two integrated RU/DME listen-
ers operate with one DME transponder, as shown in FIG. 5,
the present invention determines the three dimensional posi-
tion of the target using two TDOA’s determined by the two
DME transponder-listener pairs and Mode-C altitude infor-
mation according to the following equations:

[0055] DME Transponder-DME Listener TDOA’s:

TDOA, =[t,~14]~1T,
TDOA, =[ty~1s]~1T,

[0056] DME Listener-DME Listener TDOA
TDOA ,=t,~s=TDOA,~TDOA,

[0057] SSR RU#1-RU#2 TDOA:

TDOA 2558 = 17 — s ~ TDOA,
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[0058] Target position is calculated based on measure-
ments of:

TDOA,
TDOA,
TDOA|2,ssr
Mode C altitude

where:

[0059] t, is the TOA of the DME interrogation signal at the
DME transponder;

[0060] t, is the TOA of the DME reply signal at DME
listener #1;

[0061] t; is the TOA of the DME reply signal at DME
listener #2;

[0062] t, is the TOA of the DME interrogation signal at
DME listener #1;

[0063] t is the TOA of the DME interrogation signal at
DME listener #2;

[0064] t,isthe TOA of the SSR signal at DME listener #1;
[0065] tgis the TOA of the SSR signal at DME listener #2;
[0066] =, is the known distance from the DME transponder
to DME listener #1;

and T, is the known distance from the DME transponder to
DME listener #2.

[0067] In this example, TDOA determined by the RU#1-
RU#2 pair is a redundant measurement which is used by the
present invention to reduce noise and determine a more accu-
rate position solution. In this example, the association of the
TDOA’s requires the DME listener-DME listener TDOA
(TDOA,, ,) to be available. The required TDOA may be inde-
pendently measured by performing cross-DME listener cor-
relation with the downlink DME signal and the uplink DME
signal as previously described or can be dependently derived
from the existing DME transponder-DME listener TDOA
measurements, as shown in FIG. 5. The derived TDOA
approach is utilized in a preferred embodiment due to its
limited communication and processing bandwidth require-
ments, whereas the cross-listener correlation processes
described above requires the transmission of large amounts of
data over the network as well as intensive cross correlation
calculations.

[0068] The aforementioned SSR-DME MLAT integration
process allows the conventional SSR RU-based MLAT sys-
tem to obtain additional TDOA measurements from new
sources (a contributing DME transponder is equivalent to one
additional RU) such that better coverage and/or accuracy can
be achieved without adding new SSR RU ground stations.
Similarly the SSR-DME MLAT integration improves the
coverage, accuracy, and utility of the DME-based MLAT
system by providing target identity, altitude, other SSR tran-
sponder information, and additional TDOA measurements
from the RU-based MLAT system. From the above descrip-
tions, the synergy of the integrated ML AT systems is obvious.
[0069] Since DME/DME Area Navigation (RNAV)
requires at least two DME transponders to be in sight of a
DME interrogator to determine the position of the DME
interrogator, as more DME transponders and RU’s are avail-
able in the integrated MLAT systems more robust perfor-
mance can be achieved in these regions, such as a doubling of
DME coverage. Further, when the SSR RU-based MLAT
system interrogates targets for range and Mode A/C informa-
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tion, the integrated ML AT systems will have better position
determination performance due to the additional range infor-
mation and the unambiguous Mode A/C information of tar-
gets.

[0070] While the present invention is primarily focused on
augmenting existing ground surveillance systems or provid-
ing a backup surveillance capability by providing additional
TDOA measurements, the present invention can also be uti-
lized as a standalone surveillance system. The DME-based
MLAT system can also be used for enhancing the perfor-
mance or reducing the cost of a conventional SSR RU-based
MLAT systems.

[0071] One advantage of the present invention is the ability
to reduce the number of ground stations being deployed due
to the high costs involved in establishing and maintaining
each ground station. In the USA, DME/DME RNAV has been
considered as a potential backup solution to future GNSS
based navigation system and studies performed by MITRE
Corporation and FAA reports have suggested more DME
stations are required to achieve the stated coverage goals. The
present invention enables conventional SSR RU-based
MLAT systems to operate with fewer ground stations which
creates a competitive edge over other ML AT systems.

DME Reference Transmitter

[0072] According to a second embodiment of the present
invention, there is provided a system and method for time
synchronization for wide-area multilateration (WAM)
ground stations using DME transponders as reference trans-
mitters to maintain WAM ground stations synchronized in
time for WAM TDOA measurements when a GNSS time
reference is not available.

[0073] Inthe context of using wide-area multilateration as
a backup surveillance capability for ADS-B, the WAM
ground stations must be time synchronized and the time syn-
chronization between WAM ground stations needs to be per-
formed independent of GPS or an event interrupting GPS
availability would render the WAM surveillance capability
unavailable at the same time ADS-B is unavailable. One way
to achieve time synchronization is by adding reference trans-
mitter that is in view of multiple WAM ground stations to
synchronize the WAM measurements in time.

[0074] For example, the accuracy of the TDOA determined
from a DME listener-DME listener pair discussed above
relies on the time synchronization of the clocks of the two
DME listeners. One embodiment of the present invention
uses an existing ground-based transmitter, such as a DME
transponder or a Sensis 1090 MHz Reference Transmitter, as
a reference transmitter to synchronize the clocks or time
references of the two DME listeners. Since DME transpon-
ders are already positioned in ground stations that are con-
trolled and maintained by FAA, using existing DME tran-
sponders as reference transmitters avoids most of the
infrastructure costs associated with having to erect new ref-
erence transmitter stations. In this embodiment, no other
independent time reference is required.

[0075] Inoneembodiment, the reference transmitter trans-
mits a timing synchronization signal on a DME uplink, as
shown in FIG. 6. The reference transmitter transmits a timing
synchronization signal on a DME uplink and each of the two
DME listeners receives the timing synchronization signal and
determines a TOA for the timing synchronization signal.
Each of the DME listeners transmits at least the TOA data and
DME listener ID to a central computer.
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[0076] The central computer determines the clock offset
between the two DME listeners using the following equation:

Clock Offset=t,—#,-(t,-T,)

where:

[0077] t, is the TOA of the DME reply signal at DME
listener #1;

[0078] t, is the TOA of the DME reply signal at DME

listener #2;

[0079] =, isthe known distance from the DME transponder
to DME listener #1;

[0080] T, is the known distance from the DME transponder
to DME listener #2;

[0081] t,—t, is obtained by XCORR {UL @ DME Listener
#1, UL @ DME Listener #2}; and

[0082] t,—v, is determined from the known DME transpon-
der-DME listener distance divided by the speed of light.
[0083] The central computer then transmits the determined
clock off set for each DME listener to the applicable DME
listener.

[0084] To use DME as a reference transmitter, there must
be a line-of-sight (LOS) signal propagation path between the
DME transponder and a ground station, or a fixed reflection
path if LOS does not exist. In either case, the propagation
delay must be known and measurable for time synchroniza-
tion.

[0085] Since the conventional DME signal does not encode
any information, the time synchronization must be operated
on the pulse positions when using DME signals for reference
transmitter purposes. The DME pulse timestamps produced
by different ground stations provide the basis of time correc-
tions of the WAM measurement timestamps among different
ground stations. The offsets and drift rates of measurement
timestamp between a pair of ground stations can be periodi-
cally tracked by comparing the cross correlation of the DME
pulse timestamps and the known delays such that the mea-
surement timestamps can be corrected accordingly.

[0086] Where there are two groups of ground stations in an
area that includes a reference transmitter that is in view of
both groups, the two groups of ground stations can be time
synchronized if at least one common ground station is present
in both of the groups. Based on the same principle, when a
reference transmitter is in view of multiple groups of ground
stations, multiple groups of ground stations can be time syn-
chronized if at least one common ground station is present in
each of the multiple groups.

[0087] It will be understood that various modifications and
changes may be made in the present invention by those of
ordinary skill in the art who have the benefit of this disclosure.
All such changes and modifications fall within the spirit of
this invention, the scope of which is measured by the follow-
ing appended claims.

1. A method DME aided multilateration, the method com-
prising:

transmitting interrogation pulses from at least one DME
interrogator that are received by at least one DME tran-
sponder;

transmitting reply pulses from at least one DME transpon-
der in response to the interrogation pulses received from
the at least one DME interrogator;
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providing at least one DME listener for

receiving and demodulating the interrogation pulses
transmitted by the at least one DME interrogator and
the reply pulses transmitted by the at least one DME
transponder,

cross correlating the received interrogation pulses and
reply pulses and determining a cross correlation out-
put;

determining an interrogation pattern of the received
interrogation pulses and reply pulses by selecting
overlapping pulses of the received interrogation
pulses and reply pulses when a maximum peak for
cross correlation occurs in the cross correlation out-
put,

determining a time difference of arrival (TDOA) for the
associated interrogation pulses and reply pulses using
the position of the maximum peak of cross correla-
tion, known time delay of the DME transponder and
known distance between the at least one DME tran-
sponder and the at least DME listener,

transmitting at least the determined TDOA, interroga-
tion pattern information, and the ID of the DME lis-
tener to a central computer;

wherein the central computer

receives at least the determined TDOA interrogation
pattern information, and DME listener ID from the at
least one DME listener,

associates the determined TDOA to a specific transmis-
sion of interrogation pulses from the at least one DME
interrogator using the interrogation pattern informa-
tion to form a DOA cluster, and

determines a position for the at least one DME interro-
gator when three or more TDOAs are clustered.

2. The method of claim 1, wherein the TDOA is determined
using the following equation:

TDOA=t~13=(t,~Ty~15)~13

where:

1,=Known propagation time between DME transponder
and DME listener;

t,=time of arrival of DL signal at DME transponder and
LTl

t,=time of arrival of UL signal at DME listener;

t;=time of arrival of DL signal at DME listener;

t,~Known DIME transponder delay; and

t,~t5 is obtained by XCORR {UL, DL}.

3. The method of claim 1, further comprising determining
an identity for the at least one DME interrogator using at least
one of Mode A ID or Mode S address.

4. The method of claim 1, further comprising synchroniz-
ing clocks between a first DME listener and a second DME
listener using a reference transmitter, wherein clock offset is
determined before determining the TOA for the received
interrogation pulses and reply pulses at each of the first and
second DME listeners using the following equation:

Clock Offset=T,-7,—(t,-1,)

where: t,~t, is obtained by XCORR {UL @ DME listener
#1, UL @ DME listener #2}, and

T,, T,=(known DME transponder to DME listener dis-

tance)/(speed of light).

5. The method of claim 4, wherein the reference transmitter

is shared with Mode S multilateration receiving units (RUs).

6. The method of claim 1, further comprising integrating

DME aided multilateration and Mode A/S multilateration by
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receiving a Mode A/S transponder transmission at two or
more Mode S receiving units (RUs), from a target that
includes the at least one DME interrogator, wherein at least
two Mode S RUs are each co-located with a DME listener,
deriving at least one Mode A/S signal TDOA measured at the
more than one RU, and associate at least one DME signal
derived TDOA with the at least one Mode A/S signal derived
TDOA based on similarities in TDOA and TDOA rate values
within a predetermined time window.

7. The method of claim 6, wherein the Mode A/S derived
TDOA is used to improve position accuracy to the determined
position for the at least one DME interrogator.

8. The method of claim 1, wherein the central computer is
selected from the group consisting of DME transponder,
DME listener, and Secondary Surveillance Radar (SSR) tran-
sponder based RU.

9. A method DME aided multilateration, the method com-
prising:

transmitting interrogation pulses from at least one DME

interrogator that are received by at least one DME tran-
sponder;

transmitting reply pulses from at least one DME transpon-

der in response to the interrogation pulses received from
the at least one DME interrogator;

providing at least one DME listener for

receiving and demodulating the interrogation pulses
transmitted by the at least one DME interrogator and
the reply pulses transmitted by the at least one DME
transponder,

cross correlating the received interrogation pulses and
reply pulses and determining a cross correlation out-
put;

determining an interrogation pattern of the received
interrogation pulses and reply pulses by selecting
overlapping pulses of the received interrogation
pulses and reply pulses when a maximum peak for
cross correlation occurs in the cross correlation out-
put,

determining a time difference of arrival (TDOA) for the
associated interrogation pulses and reply pulses using
the position of the maximum peak of cross correla-
tion, known time delay of the DME transponder and
known distance between the at least one DME tran-
sponder and the at least one DME listener,

transmitting at least the determined TDOA, interroga-
tion pattern information, and the ID of the DME lis-
tener to a central computer;

wherein the central computer

receives at least the determined TDOA interrogation
pattern information, and DME listener ID from the at
least one DME listener,

associates the determined TDOA to a specific transmis-
sion of interrogation pulses from the at least one DME
interrogator using the interrogation pattern informa-
tion to form a TDOA cluster,

determines Mode C information for the DME interroga-
tor from another source, and

when two or more TDOAs are clustered, determines a
position for the DME interrogator from the two
TDOAs and the Mode C information.

10. The method of claim 9, wherein the TDOA is deter-
mined using the following equation:

TDOA=t ~13=(t—To—1 )13






