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Abstract

A procedure has been developed to enable target geolocation information to be processed from data
collected over a wide surveillance area in which the effect of the Earth’s surface curvature is notable. The
surveillance area of interest on the curved surface and its associated air space are transformed from the
ellipsoidal (world geodetic) frame with coordinates given in latitude, longitude and altitude to an
appropriate Cartesian frame with coordinates given by x, y, z. The Cartesian coordinate system permits a
simpler three-dimensional model for processing of the target’s locations. It also allows a geometric
approach to be used to solve the TDOA equations, using hyperboloids as solutions to the TDOA problem.
The appeal of the geometric approach is its applicability in target geolocation processing using data
collected from a minimum number of receivers deployed in a passive detection system as discussed in a
previous study in [1].

Results have shown that the TDOA processing procedure developed in this study can provide proper
target localization over a curved segment of the Earth’s surface. TDOA processing over a wide
surveillance area is desirable in a practical passive detection system. It enables a reduction in the overall
detection system’s physical complexity by reducing the minimum number of receivers deployed, thereby
reducing the amount of data to be collected and processed.

Significance to defence and security

One of the future challenges in Intelligence, Surveillance and Reconnaissance (ISR) applications for the
Canadian Armed Forces (CAF) is to monitor air activities over the vast area of the Canadian Arctic
region. Some of these activities could pose threats to Canada’s sovereignty and national economic
interest. A passive sensing system that exploits the target’s radio-frequency (RF) emission offers a
promising and viable sensing technology that can be exploited as an ISR capability. It can provide the
CAF with reliable, real-time warning of any breach in security and air defence.

Given the vast area of the Canadian Arctic, and the logistical challenges of providing reliable support to
maintain surveillance operations, it is imperative that the complexity of the surveillance system be
reduced to a minimum. A surveillance system that can cover as large an area as possible by leveraging the
detection limit of the sensors, thereby reducing the total number of sensors deployed, will reduce the
complexity of the surveillance system network and hence improve the system’s operational robustness.
Accordingly, it requires the development of an appropriate sensor configuration and processing procedure
to adapt to such a physical layout of the network system, but still enabling relevant ISR information to be
extracted accurately.
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Résumé

On a élaboré une procédure permettant le traitement de données de géolocalisation de cibles a partir des
données de surveillance recueillies au-dessus d’un vaste territoire ou 1’effet de I’incurvation de la surface
terrestre est perceptible. La zone de surveillance d’intérét sur la surface incurvée et son espace aérien
connexe est transformée d’un cadre ellipsoidal (géodésique mondial) avec coordonnées exprimées en
latitude, longitude et altitude en un cadre cartésien avec coordonnées exprimées en X, y, z. Le systéme de
coordonnées cartésiennes constitue un modele tridimensionnel simplifié pour le traitement de
I’emplacement des cibles. Il permet également 1’utilisation d’une approche géométrique pour la résolution
des équations TDOA. Il permet notamment ’utilisation d’hyperboloides comme solutions au probléme de
TDOA. L’avantage de 1’approche géométrique réside dans la possibilité de 1’utiliser pour la
géolocalisation de cibles a partir de données recueillies par un nombre minimal de récepteurs déployés
dans un réseau de détection passif, tel qu’abordé dans une étude antérieure [1].

Les résultats ont démontré que la procédure de traitement TDOA élaborée dans le cadre de cette étude
permet de localiser efficacement une cible au-dessus d’un segment incurvé de la surface terrestre. Le
traitement TDOA appliqué a une vaste zone de surveillance est souhaitable dans un systéme de détection
passif. Il permet la réduction de la complexité physique du systéme de détection global en réduisant le
nombre de récepteurs déployés, ce qui réduit la quantité de données a colliger et a traiter.

Importance pour la défense et la sécurité

L’un des prochains enjeux en mati¢re de renseignement, surveillance et reconnaissance (RSR) pour les
Forces armées canadiennes (FAC) sera de surveiller les activités aériennes dans la vaste région de

I’ Arctique canadien. Certaines de ces activités pourraient constituer une menace pour la souveraineté du
Canada ou les intéréts économiques nationaux du pays. Un systéme de détection passive exploitant les
émissions radiofréquences (RF) de cibles potentielles offre une solution technologique de détection
prometteuse et viable pouvant étre exploitée dans le cadre d’une capacité de RSR. Cette solution peut
fournir aux FAC un avertissement fiable en temps réel de toute atteinte a la sécurité et de toute violation
de I’espace aérien.

Compte tenu de I’immensité du territoire arctique canadien et des défis logistiques associés a sa
surveillance en continu, il est crucial que la complexité du systéme de surveillance soit réduite au strict
minimum. La mise en ceuvre d’un réseau de surveillance capable de couvrir la plus grande zone possible
en tirant profit des seuils de détection des capteurs, réduisant ainsi le nombre de capteurs totaux déployés,
permettra de réduire la complexité du réseau de surveillance et améliorera ainsi la robustesse
opérationnelle du systéme. Pour ce faire, les capteurs du réseau doivent étre configurés en conséquence,
et une procédure de traitement doit étre élaborée afin d’adapter le systéme a un tel déploiement physique
tout en autorisant I’extraction précise des informations de RSR.
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1 Introduction

Passive target detection and localization methods are widely used in many applications, such as
navigation, search and rescue, surveillance and electronic warfare. A well-established method used in
passive target location is the time-difference-of-arrival (TDOA) technique that exploits the
radio-frequency (RF) transmission of the target. For example, this passive detection method can be
particularly useful for detecting small drones; the RF emissions from the first-person-view cameras used
for remote-piloting the drones can be exploited.

The TDOA method for determining the location of a target is a line-of-sight (LOS) process. This
approach is best described by a model in which the locations of the targets and the receivers are specified
in a Cartesian coordinate system. That is, the TDOA analysis is performed by assuming a flat-Earth
approximation. It is found that virtually all the developments of the TDOA modeling process are based on
the Cartesian coordinate system. It is the simplest and most appropriate frame of reference to use because
of the LOS characteristics of RF signal propagation.

The flat-Earth assumption may be a good approximation and adequate for analyzing the TDOA process
over a small surveillance area where the Earth’s surface can be considered as more or less flat. For
surveillance covering a large area, the curvature of the Earth’s surface will introduce noticeable deviation
to the flat-Earth approximation. For example, an air target flying at a constant altitude over a long
distance above the Earth’s surface will trace out a curved path in a Cartesian frame. This is manifested as
a continuing change in the height of the target in the Cartesian coordinate frame. The target would
initially appear on the horizon when it is far away, then rise up in height as it approaches the detection
system.

Another effect of a passive detection system covering a large surveillance area is that the separation
distance between receivers in the passive system is no longer the distance (arc length) measured along the
surface of the Earth as in the flat-Earth approximation; rather, it is the “line-of-sight” distance (chord
length) between receivers situated on the Earth’s curved surface. Thus, adjustments will have to be made
to set up the TDOA analysis properly in the Cartesian coordinate frame in order to extract target location
information correctly.

It can be argued that a vast surveillance area can be subdivided into smaller parcels of areas so that the
TDOA process can be handled by a flat-Earth approximation. This may at first be seen as a logical
approach to the problem of passive surveillance over a large area. However, it is neither viable nor
practical; smaller area patches imply that a larger number of passive detection units must be deployed,
one for each smaller area patch. Hence, a large number of receivers will be required and a larger volume
of data will need to be collected and processed. This will increase both the hardware and software
complexity of the detection system, presenting a number of challenges. A data transferring system must
be able to provide sufficient capacity to upload a large amount of data from all the receiver sites to a
central processing site and more computing resources must also be provided to process the large volume
of data. Thus from the operational point of view, it is desirable to deploy a minimum number of receivers
to keep the system complexity low and acquire less data to process, making the system more robust and
capable of real-time operation. This means it would be preferable to have a passive detection unit that can
cover as large a surveillance area as possible, up to the technical limit of the receiver’s detection range.

DRDC-RDDC-2018-R136 1



Thus a TDOA processing procedure that can handle curved-surface geometry is required to facilitate the
computation of the target location properly.

It is expected there will be increasing foreign surveillance activities in the Arctic creating various
sovereignty-related threats and challenges to Canada. One of the likely scenarios expected in the Arctic in
the near future is increasing exploration activities, especially in prospecting for natural resources by
multi-national corporations [2]. Remote natural resources prospecting by drones or small aircraft will
become common occurrence due to the advance in remote sensing technology [3]. As a situational
awareness tool to detect these potential activities, passive detection system can be set up to monitor a
large sensitive area that is deemed to be prone to unwanted hostile surveillance activities.

Drone equipped with a typical First Person View transmitter of about 1W for remote-piloting can be
detected and geolocated, with a modest coherent signal integration gain of 10 in the SNR (signal-to-noise
ratio), by the TDOA method out to 30 km. At this distance, the effect of the Earth’s curvature will
become noticeable in the TDOA process, affecting the target’s height and the separation distances among
the receivers in the passive detection unit. As an illustration, a drones flying at an altitude of 70m will be
seen just on the horizon by a receiver at sea-level when the drone is about 30 km away, the maximum
line-of-sight distance [4]. As the target approaches the receiver, it will appear to rise in height relative to
the horizon, up to a height of 70m as it passes directly over the receiver.

In the case of a manned aircraft, it is required by international protocol to carry an IFF (Identification
Friend or Foe) transponder broadcasting its location and identifying itself through ADB-S signals
(Automatic Dependent Surveillance-Broadcast). A typical commercial IFF transponder transmits a power
of around 100 W at the low end for aircraft flying below 5000 m in altitude [5]. A 100W ADB-S
transponder signal corresponds to a detection stand-off distance of about 450 km as a conservative
estimate. Thus a large swathe of airspace can be monitored by detecting the ADB-S signal for any sign of
intrusion, and preferably deploying only a single passive detection unit to keep the number of receivers
required for TDOA processing to a minimum and hence the detection system’s complexity low. Most
natural-resource prospecting flights by foreign entities will likely be done discretely to avoid any
attention. Since turning-off the IFF transponder may have negative consequences and may not be a
preferred option, spoofing the ADB-S signals by broadcasting erroneous locations of the aircraft is one
way to conceal its true locations. Passive detection monitoring a large area can exploit the ADB-S signal
transmission to circumvent IFF deception and provide a situational awareness of any suspicious
surveillance activities over a sensitive area.

In this report, a procedure has been developed to process TDOA data to detect and track targets that
appear in a large volume of airspace over an area using a single passive detection unit composed of four
receivers. The effect of the curvature of the Earth that gives rise to variations in the target height and
alters the geometry of the receivers relative to the targets will be taken into account. Target flight paths
and receiver locations given by curved space coordinates in terms of latitude, longitude and altitude
(world geodetic coordinates) are converted to an appropriate Cartesian frame, enabling target localization
to be determined using the geometric-approach TDOA method described in [1]. The targets’ locations are
then converted back to the world geodetic coordinates which human operators can understand readily.

2 DRDC-RDDC-2018-R136



2 TDOA method

2.1 TDOA for passive target localization

Passive location of a transmitting target using the TDOA method has been described and analyzed
extensively in the literature for more than four decades [6]. The TDOA method is based on the principle
of locating a target along a three-dimensional geometrical surface where the time difference of arrival of a
target signal between a pair of synchronized receivers is constant. This surface is described by a
hyperboloid. Using a group of four receivers stationed at different locations, three independent TDOA
measurements can be made [7]. The TDOA measurements are then converted to hyperboloid surfaces.
The intersecting point formed by the three hyperboloids determines the target’s location in three-
dimensional space.

In order to provide a clear illustration of how TDOA measurements can be made, a typical ground receiver
configuration is used for illustration; this is shown in Figure 1. There are four receivers (S1, S2, S3, S4) in a
passive detection unit. The receiver system in Figure 1 is configured in a “forward looking” mode, i.e.,
the receivers are monitoring the airspace at the top of Figure 1a (yellow shaded area). Also, the receivers
are assumed to have a wide field of view in azimuth and elevation so that all four receivers monitor the
same volume of airspace at the same time in staring-mode. The receiver locations are described in three
dimensions by the Cartesian coordinates, (X,y,z), giving the passive system a three-dimensional geometry.

. ¥ a v - b
20. . ‘
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9 —
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8 5
a
= 7 = 10
5 s
4 ° %
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= 5f
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0
N =] [n] @
St b 10
2 . -
P ] 0 "l
1 : 0
S2 183 | ] y-axis (arb.unit)\\ T
% 5 4 =3 294 o 19 3 4 5 s 10 10 x-axis (arb. unit)
x (arb. unit)

Figure 1: Passive sensing system configuration in Cartesian coordinates;
a) plan view, b) three-dimensional view.
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2.2 TDOA equations for determining target location

Three time-synchronized coherent receiver-pairs, S1-S2, S3—S4, and S1-S4 are formed from a group of
four receivers in Figure 1 to collect three independent sets of TDOA measurement data. Three
independent TDOA measurements are needed to locate a target. For example, TDOA 1;, is measured by
the receiver-pair S1-S2, TDOA 73, by the receiver-pair S3—S4 and TDOA z,, is measured by the
receiver-pair S1-S4. The set of three TDOA equations are,

d,=cr,=1-1,
dy =cty =11, (1

dy,=cr,=1-1

where d; = ct;; is the range-difference from the target to receiver i and receiver j. c is the speed of light;

1 =(x—-x) +(y—y) + (z—2z)" )" is the L, -norm (Euclidean) distance between the target (x,y,z) and
receiver (X;,y;,z;) (see Figure 1b) and i,j = 1,2,3,4. For simplicity and consistency, d; will be referred to
as the “TDOA measurement.” Each of the equations in Equation (1) represents a three-dimensional
hyperboloid surface geometrically; this will be discussed in more detail in Section 2.3. Since the receiver
positions (X;,y;,z;) are known and the TDOA measurement values d; are available, Equation (1) with
three independent equations can be solved for the three unknown target location coordinates (x,y,z) to
find the target location with the proper receiver geometry [1].

The TDOA equations in Equation (1) are solved using a geometric approach. This approach offers a
simpler algorithm for multi-target localization as discussed in [1].

2.3 Geometric approach

Geometrically, Equation (1) describes three intersecting hyperbolic surfaces. A geometry-based method
generates three hyperboloids from the three equations in Equation (1) and then looks for the intersection
region from the three hyperboloids as the solution for target location. Mathematically, the geometric form
of each hyperboloid in Equation (1) can be described more simply by considering each pair of receivers in
its own local coordinate frame of reference. This is to distinguish it from the common coordinate frame in
which all the receivers and targets must reside in order to determine the target location; this common
frame shall be called the global coordinate frame.

Receiver-pair S1-S2 will be used as an illustrative example. In the local frame, the receiver-pair separated
by a distance d is placed on the x'-axis symmetrically. That is to say, receiver S1 has the coordinate
(xy"z"); = (-d/2,0,0), and receiver S2 has the coordinate (x',y’z"), = (d/2,0,0). Furthermore, the y'-axis is
oriented such that the target is situated in the x-y' plane; i.e., with coordinates (x'y’,0). Thus, a local
frame is defined in which the two receivers and the target are all confined in a two-dimensional plane
(i.e., x"-y'plane). This is illustrated schematically in Figure 2.

Using the first equation in Equation (1) for the S1-S2 receiver-pair, and substituting in the receivers and
target coordinates,
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d,=r-r,

= JX'= X+ (y'—y) —Jxx) (v y,)?

— (X'+i)2+ 12 (Xv_i]z_i_ 12
2) " 2) "

After some algebraic rearrangements, Equation (2) can be re-expressed as,

2)

12 12

X y —1

a7\ [ _dy ®)
4 4 4

s, ta
20

10

(arb. unit)

0.7

ool

30
30

Figure 2: A pair of receivers (S1-S2) and a target are situated in a
two-dimensional plane in the local coordinate frame.

Equation (3) is a “hyperbola of two-sheet” in two dimensions [8]. A three-dimensional hyperboloid can
be generated by the method of volume of revolution about the x’-axis. The hyperboloid is thus given by,

12 12 12
- [y— + Z—j =1 @
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where a = (d;,/2), b = (dz —d, 22)1/ 2 d>d,,. Physically, the hyperboloid surface represents an isochrone
where a point anywhere on the surface has the same TDOA with respect to receivers S1 and S2.
Recasting Equation (4) in the form,

x'=t|a||1+] L+ 2 (5)

it can be seen that there are two distinct hyperboloid surfaces that can exist; one has +|a| value and the
other has —|a| value in Equation (5). These two hyperboloids are shown in Figure 3. Moreover, because
the hyperboloid is a surface generated from volume of revolution about the x-axis, it is therefore
symmetrical in a rotation about the x'-axis. Thus, the local frame axes are defined with the z'-axis as
pointing vertically upward as illustrated in Figure 3.

Recall from Equation (4) that the parameter a, is just the TDOA measurement value d;, multiplied by a
factor of 1/2. The TDOA measurement value can take on either positive or negative value; this can be
clearly seen from Equation (2). If the target is closer to receiver S2 than to receiver S1, then a is positive
because d;; = r; — 1 is positive; otherwise, a is negative. When the target is exactly the same distance
from both receivers (i.e., a = 0), Equation (5) degenerates into a plane described by x'= 0.

30

20

(arb. unit)

30

0

10

(arb. unit) 20 =10 (arb. unit)

-30 .30

Figure 3: Hyperboloids in local coordinate frame (x'y'z') in three dimensions.
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Figure 4: A hyperboloid representing the TDOA of an air target as detected by a pair
of receivers in local coordinate frame.

The TDOA measurement d;, of a target will have either a plus or minus sign associated with it. Therefore,
only one of the two hyperboloids in Figure 3 is valid. If the TDOA measurement value d;, is negative
(i.e., r; <r1,), only the hyperboloid closer to receiver S1 is valid; this is shown in Figure 4. Thus the
geometric solution automatically constrains the solution to the correct sector of the airspace volume. In
effect, the hyperboloid surface shown in Figure 4 represents the solution to each of the TDOA equations
in Equation (1).

Hyperboloids for receiver-pairs S3—S4 and S1-S4 can be obtained in the exact same manner in their own
local coordinate frame (x'y',z"). The three hyperboloids will then be relocated to the common global
coordinate frame (x,y,z) and properly oriented relative to their respective receiver-pairs so that the
intersection of the three hyperboloid, and hence the target location can be determined. The re-orientation
of the local frame to the global frame of the three hyperboloids is discussed in detail in [1].
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3 TDOA processing over a curved surface

3.1  Earth coordinate systems

The locations of the target and receivers are conventionally given in world geodetic coordinates (i.e.,
latitude, longitude, altitude) to reflect the curvilinear geometry of the earth. As discussed in Section 2, the
TDOA problem that provides target localization in three-dimensional positioning is generally carried out
in a Cartesian coordinate frame. The Cartesian frame is simpler, more intuitive, and easier to work with
mathematically; the use of curvilinear coordinates results in more complicated models [9]. Thus to model
and analyze the TDOA process of a target moving over the Earth across a large surface area, the world
geodetic coordinates are converted to an appropriate Cartesian frame through a series of coordinate frame
transformation. This is the objective of the discussion in this section. First, the world geodetic coordinates
are converted to the Earth-centred, Earth-fixed conventional terrestrial Cartesian coordinates, (X,Y,Z).
Modelling the Earth as an ellipsoid [p.100, 9] [10], the conventional terrestrial coordinates are given by

X =(N+h)cosgcos A
Y =(N +h)cos¢gsin A (6)
Z=((1-€")N +h)sing

where ¢ is the ellipsoidal geodetic latitude, 4 is the ellipsoidal geodetic longitude, 4 is the height above
the ellipsoid surface (altitude), N = a/(1-e* sin’)"?, a is the ellipsoid’s major semi-axis, and e is the
ellipsoid’s eccentricity. For the coordinate system WGS84 (World Geodetic System), ¢ = 6378.137 km
and e =0.0818. WGS84 is a standard adopted for GPS applications.

»

Z

V<

Figure 5: Location of a point on an elliptical Earth in world geodetic coordinates (¢,6,h) and
conventional terrestrial coordinates (X,Y,Z).
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Figure 5 illustrates the relationship between the world geodetic coordinates (¢,4,/) and the conventional
terrestrial coordinates (X, Y,Z). Note that for the geodetic latitude in the ellipsoidal coordinates, the normal
at a point on the surface of an ellipsoid does not pass through the centre of the ellipsoid except for points
on the equator or at the two poles [11].

Over a small segment of the curved surface on Earth, the arc length D between 2 points on the surface of
the Earth (P; and P,), where the subtended angle « is small compared to 2w as shown in Figure 6a, can be
approximated by a great-circle arc length by assuming a spherical Earth. This is illustrated in Figure 6b. It
is obvious from Figure 6b that the chord length d between P, and P, is different from the arc length when
the curvature effect of the Earth is notable. In the TDOA process to localize the target, the line-of-sight
chord length d is the appropriate length to be used as the separation distance between two receivers, and it
is simply given by,

d:((Xz_X1)2+(Y2_Y1 )2+(Zz_Z1)2)1/2 (7

where (X1,Y1,Z)) and (X3,Y>,2,) are the locations of points P,and P, respectively in the conventional
terrestrial coordinate frame.

Figure 6: a) Great-circle arc length between two points on the surface of a spherical Earth;
b) Arc length D and chord length d between two points on a great-circle.

3.2 Local geodetic coordinate systems

In targeting and tracking applications, a local geodetic coordinate system is adopted from the
conventional terrestrial coordinate (X, Y,Z) system [9]. This local geodetic system is a Cartesian
coordinate system that has a chosen reference point as the origin located on the Earth’s surface. The
coordinate axes are x pointing to the North (N), y pointing to the East (E) and z pointing up (U);

i.e., (x,y,z) = (N,E,U) [9,12]. This is shown in Figure 7. The x-y plane is tangent to the Earth’s surface
(h =0 in Equation (9)) at the reference point; the z-axis (U) is normal to the ellipsoidal Earth at the
reference point with z = 0. In other words, the reference point serves as the origin (x,y,z) = (0,0,0) of the
local geodetic system.

DRDC-RDDC-2018-R136 9



u(z2)

Figure 7: Conventional terrestrial coordinates (X,Y,Z) to local geodetic coordinates (N,E,U).

The transformation of any point from the conventional terrestrial frame (X, Y,Z2) to the local geodetic
frame (x,y,z) is given by [9,10,12],

X —singcosA —singsinAd cosg|( X - X,
y|=| -sind cosA 0 Y-Y, (8)
z cosgcosA  cosgsind  sing )\ Z-Z,

where (X, Yy, Z)) is the conventional terrestrial frame coordinates of the reference point (x,y,z) = (0,0,0) in
the local geodetic frame. For example, receiver-S1 of the passive detection system (Figure 1) is chosen as
the reference point. The other three receivers of the passive detection system and any targets can then be
assigned a location with coordinates (x,y,z) in the local geodetic frame.

However, there is still a misalignment between the local geodetic coordinates and the standard Cartesian
coordinates used in the TDOA equation in Equation (1). The local geodetic coordinates have the x-axis
pointing North and the y-axis pointing East; i.e., (x,y,z) = (N,E,U). Whereas, the standard Cartesian
coordinate frame has the x-axis pointing East and the y-axis point North. The standard Cartesian
coordinate frame is required to conduct TDOA processing. This can be remedied simply by interchanging
the x-axis and y-axis of the local geodetic frame in the standard Cartesian frame convention; this simple
procedure can be justified in vigor mathematically [13],

x'=y (East)
y'=x (North) 9)
z'=z(Up)

This is depicted in Figure 8. Equation (9) has the same Cartesian axes orientation as the TDOA equations
in Equation (1); i.e., (x",)',z") = (E,N,U).
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Figure 8: Re-labelling the local geodetic frame (N,E,U)=(x,y,z) to
the conventionalized local geodetic frame (E,N,U)=(x"y".z").

3.3 Global Cartesian frame for a non-coplanar receiver system

For a passive detection cell composed of 4 receivers located on the Earth’s surface, it would appear that
each receiver is located at a different height z'. This is because receiver-S1 as the reference point defines
the tangent plane x'-y" of the conventionalized local geodetic (E,N,U) frame in Equation (9). The origin
(x"»",z") = (0,0,0) is in fact the highest point on the Earth’s surface in the (E,N,U) frame; any other points
on the Earth’s surface will be beneath the tangent plane defined at (x’y’z") = (0,0,0). Figure 9 illustrates
the tangent plane (red) at receiver-S1 and other receiver locations relative to receiver-S1 in the (x',y',z")
frame. The tangent plane (x'-y") extends perpendicularly out of the page in Figure 9.

N (v)
u(z')

Figure 9: Tangent plane (red) defined at receiver-S1 in the conventionalized local geodetic frame.
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It has been discussed in [1] that the TDOA process requires a non-coplanar four-receiver configuration;
that is, one of the four receivers should not be on the same plane as the other three receivers. It should be
noted that any three non-collinear points (i.e., three receivers) located arbitrarily in three dimensional
space will form a plane. Hence, the fourth receiver must be located either above or below this plane. In
the case of the “flat-Earth” approximation, three receivers would be located on the x'-)’ tangent plane
which describes the Earth’s surface; the fourth receiver would be situated above the “flat-Earth’s” surface
(i.e., altitude > 0).

A proper working coordinate frame to conduct the TDOA analysis on a curved surface is defined by
re-orienting the tangent plane in Figure 9 such that the tangent plane contains three of the four receivers.
That is, the locations of receiver-S1, S3, S4 in Figure 1 are chosen to be located on this plane. This plane
is obtained by re-orienting the tangent plane at receiver-S1 as illustrated in Figure 10 through a series of
three rotations. First, the x'-y’ tangent plane as shown in Figure 10 is rotated about the z'-axis by an
amount ¢ towards receiver-S4 such that the rotated x"-axis is located right on top of receiver-S4 to form a
new coordinate frame,

x"=x'cosd—y'sinf
y"=x'sin@+ y'cosd (10)

ZH:ZI

This is illustrated in Figure 11; the rotated angle € is given by,

'
0 =—tan"' |2l if 1> 0
X rec4 (11)
'
=tan”' @ if y'<0
X rec4
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Figure 10: Conventionalized local geodetic frame (x'y'z') with tangent plane (x'-y') at receiver S1.

Figure 11: Rotating the (x'-y') plane about the z'-axis (in Figure 10)
to the x"-y" plane above receiver S4.

Then, the x"-z" plane in Figure 11 is rotated about the y"-axis by an amount f such that the x"-axis is
touching receiver-S4 to form another new coordinate frame,

u"=x"cosf—y"sinf
V":y" (12)

w"=x"sin f+ y"cos

This is illustrated in Figure 12; the rotated angle £ is given by,

DRDC-RDDC-2018-R136 13



"
rec4

z .
[ =—tan” if z">0

rec4

"
rec4

x"

=tan"' if z"<0

rec4

(13)

Figure 12: Rotating the (x"-z") plane about the y"-axis (in Figure 11) to the u"-w"
plane with the u'"-axis touching receiver S4.

Receiver-S4 is now on the u"-axis. Note that the new w'’-axis is no longer pointing straight up normal to
the surface of the Earth at receiver-S1 due to the f-rotated tilt. Finally, the u"-v" plane in Figure 12 is
rotated by an amount y about the v"-axis to form the common global (x,y,z) coordinate frame such that
receivers-S1,S3,54 now all reside on the new x-y plane,

x=u"
y=v"cosy —w"siny

z=v"siny +w"cosy

This is illustrated in Figure 13; the rotated angle y is given by,

14

n
y=—tan" | —=3| if w"<0

V"

rec3

"
rec3

V"

=tan"’ if w">0

rec3

(14)

(15)
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Reciver-S1 has coordinates S; = (x1,y1,z1) = (0,0,0); receiver-S3 has the coordinates S; = (X3,y3,23) = (X3,¥3,0)
and receiver-S4 has the coordinates Sy = (X4,y4,24) = (X4,0,0). That is, rceivers-S1, S3, and S4 are three
non-collinear points; but they are coplanar, situated on the plane given by z = 0.

Figure 13: Rotating the (u"-v") plane about the u"-axis (in Figure 12) to the x-y plane.
S1, 83 and S§4 are points on the x-y plane (light orange); S2 is above the x-y plane.

Mathematically, three non-collinear points define a unique plane. Any point S on this plane can be
describes by the three known points as [14],

S=mS, +m,S, +m,S, (16)
where S is any points on the plane z = 0, and the coefficients m;,, ms, m4 take on all real values constrained
by mi+ mz+ my=1.

For computing accurate three-dimensional target localization, a 4-receiver non-coplanar system
configuration is required [1]. Since any three receivers located non-collinearly in three-dimensional space

can form a plane, the fourth receiver S2 in the detection system should be placed either above or below
this plane where the three receivers are located.
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1. (lat, lon, alt) world geodetic

v

2. X,V 2) conventional terrestrial

N
3. (x, ¥ 2)=(N,E,U) local geodetic

4. (x,y, z)=(E N, U) conventionalizedlocal geodetic

<3¢

"

y", z")

X

6. (u”v”, w")
+
7. (xv12) global Cartesian

Figure 14: Sequence of frame transformation through various stages, from world geodetic
coordinates (lat,lon,alt) to the standard Cartesian coordinates (X,y,z).

3.4 TDOA processing in global Cartesian coordinate frame

The sequence of coordinate transformation from (latitude, longitude, altitude) to (x,y,z) is illustrated in
Figure 14. It should be noted that the global Cartesian frame gives the simplest geometry in processing
the TDOA equation given in Equation (1). The two hyperboloids given by the coplanar receiver-pairs
(S1-S4) and (S3—S4) can be transformed from their respective local frames (x',y’,z") to the global
Cartesian frame (x,y,z) by simple translation and rotation on the x-y plane as described in Section 2. The
third hyperboloid that is obtained from the non-coplanar receiver-pair (S1-S2) requires an extra tilt
rotation in the x-z plane in order to orient it properly geometrically with the two coplanar hyperboloids
obtained from the receiver-pairs (S1-S4) and (S3—S4). This tilted hyperboloid has its associated z'-axis
tilted as well in the rotation; hence the z'-axis grid marker will not be aligned with the z-axis grid marker
in the global Cartesian frame. Thus, the tilted hyperboloid has to be re-graduated along the z-axis so that
its z grid matches with those of the other two hyperboloids. The re-set of the z-axis grid graduation for
receiver-pair (S1-S2) requires substantial computational time; this has been discussed in [1]. Figure 15
shows three properly oriented hyperboloids with respect to the receiver configuration set-up in the global
Cartesian frame.

In contrast, the computational load is much greater if the local geodetic coordinate frame (E,N,U) in
Figure 14 (the fourth stage in Figure 14) is used to process the three intersecting hyperboloids from
receiver-pairs (S1-S2), (S3—S4), (S1-S4). This is because each of the three receiver-pairs is on a different
plane in the (E,N,U) frame. The three sets of z'-axis grid graduation will have to be re-set so that the three
hyperboloids would have a common z'-axis to facilitate the computing of the intersection properly.
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Figure 15: a) intersection of 3 hyperboloids; b) an enlarged view of the intersection region.

In brief, processing the TDOA measurements to find the target will produce the same geolocation results
regardless which coordinate frame is being used. This is because the TDOA measurement between a
target and the receivers are determined by the LOS distances, which are identical no matter which
coordinate frame is being used. The (x,y,z) frame at the bottom of Figure 14 offers the best computational
efficiency in target localization. It emulates the flat-Earth TDOA framework used in [1]. Thus, the (x,y,z)
frame also offers a computing algorithmic procedure that has already been tried and established using the
geometric approach described in Section 2. The geometric approach may be regarded as more practical as
it requires data collected from only four receivers in the detection system in order to determine the
three-dimensional location of a target. Whereas, other processing methods such as the algebraic approach
discussed in [1] requires a five-receiver detection system. A detection system with fewer receivers is
always preferable since it reduces the system hardware complexity and reduces the amount of data that
need to be collected, uplinked and processed.
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4 Target localization

41 Target surveillance scenario

A simulated scenario is used to illustrate TDOA processing for target localization from a large
surveillance area where the effect of the earth’s curvature will be taken into account. Under this scenario,
the target’s flight path will be a curved path following the curvature of the Earth’s surface (i.e., an arc
length) and the separation distance between receivers will be a LOS distance (i.e., a chord length) instead
of the arc-length distance over the Earth’s surface.

An area in the Northern part of Canada is used as an illustrative example to evaluate the TDOA process;
this is shown in Figure 16. This area measures 340 km in length and 200 km in width. The area of
surveillance is monitored by a single passive detection unit composed of 4 receivers. The narrower width
of the surveillance area is constrained by the detection range of receiver S3, which must be able to cover
the furthest corner of the red rectangular area. This is indicated by the white dot in Figure 16 which is
located at the limit of the detection range of receiver-S3.

Figure 16: A passive detection unit of 4 receivers and the area of surveillance (red box).

The size of the surveillance area in Figure 16 corresponds to the case in which all the receivers in the
passive detection unit can detect a small aircraft transmitting ADS-B signals of 100W from a commercial
aviation IFF transponder [5], anywhere within the enclosed red box. Receiver detection range can be
determined using the Friis transmission equation [15],

2
p _ EIRPG,2

T anrL 4

where P, is the RF signal power (W) detected by a receiver, EIRP is the effective isotropic radiated power
(W) of the transponder, G, is the receiver antenna gain, 4 is the wavelength (m) of the emitted RF signal,
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r is the receiver’s detection range (m), and L is the receiver’s system loss factor. The noise power of a
receiver is given by,

P =kTp (18)

where P, is the receiver noise power (W), k is the Boltzmann constant (k = 1.38X10** W/K/Hz), T is the
receiver front-end noise temperature (K), and £ is the noise bandwidth (Hz) which is taken to be the same
as the signal bandwidth. A nominal noise temperature value 7' = 344K is used for the receiver front-end.
The signal bandwidth for an ADS-B signal is about 1 MHz [16]. This gives a system noise power of
P,=4.75X10"° W.

The signal-to-noise ratio (SNR) of a detected signal made by a receiver is given by,

2
sng=Lr - EIRPGZ (19)
P (4rx) r’L(kTp)

n

For definitive detection of a signal, the SNR is nominally set at 40 such as in satellite phone applications
(link margin 16dB) [17,18]. Using SNR = 40, Equation 19 gives a receiver detection range of » = 440 km
for a ADS-B signal of 100 W. Table 1 summarizes the parametric values used in determining the
receiver’s detection range.

Table 1: Receiver operating parameters.

Signal EIRP 100 W
Signal bandwidth, 1 MHz
Signal wavelength, 4 (at /= 1090 MHz) 0.275 m
Receiver’s field of view, FOV 100 degrees
Receiver antenna gain, G, 3.3

Receiver noise power, P, 475X10"° W
Receiver system loss, L 4
Signal-to-noise ratio, SNR 40

Maximum receiver detection range, r 440 km

Thus it can be seen from Table 1 that any RF signal transmitted inside the red surveillance box can be
adequately detected by all the receivers in the passive detection cell in Figure 16. Note that the distance
between the white dot and receiver S3 in Figure 16 is 440 km, at the receiver’s range detection limit. At
this distance, the target had to be at a certain minimum altitude so that there is a line-of-sight established
between the target and the most distant receiver. In the scenario, the target is assumed to be cruising at an
altitude of 16 km. This altitude may seem a bit too high for a small plane, but this allows a large
surveillance area scenario (200 km by 340 km) to be tested to validate the concept of TDOA processing
over a curved surface on the Earth using a minimum number of four receivers.

In the scenario depicted in Figure 16, a small aircraft target is travelling south (downward), entering the

red surveillance area from the north. The flight path is shown by a set of way-points. The way-points will
be used as locations where the target’s emitted signals will be sampled by the four receivers.
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It has been mentioned in Section 3 that a non-coplanar receiver system configuration is needed to
accurately provide three-dimensional target localization. To acquire a non-coplanar receiver
configuration, receiver-S2 is placed at the location as shown in Figure 16. The Earth is assumed to have a
flat terrain at sea-level; hence all four receivers are situated at sea-level. Taking advantage of the
curvature of the Earth, the location of receiver-S2 ends up being 1812 m above the plane where
receivers-S1, S3 and S4 are located in the (x,y,z) frame (bottom-most stage in Figure 14). The locations
of the four receivers are shown in Table 2 in both the world geodetic coordinates (lat, lon, alt) and
common global Cartesian coordinates (X,y,z).

Table 2: Locations of the four receivers in world
geodetic coordinates and global Cartesian coordinates.

Receiver (lat (deg), lon (deg), alt (m)) (x (m), y (m), z (m))
S1 (68.916,-92.641, 0) (0,0,0)

S2 (68.500, -90.000, 0) (100917,-58099, 1812)
S3 (68.000, -85.000, 0) (304247, -125311, 0)
S4 (69.126, -84.266, 0) (335345, 0, 0)

4.2 Target localization process

To validate the TDOA process for target localization in curved space, a target with a pre-defined flight
path is used in the analysis. With known positions along the target’s track, the TDOA measurements d; in
the TDOA Equation (Equation (1)) can be calculated precisely with no error for the three receiver-pairs
(S1-S2), (S3—S4) and (S1-S4) to create an ideal TDOA processing condition. By using the coordinate
transformation procedure described in Section 3, and these error-free TDOA measurement values, target
localization can be analyzed and used to definitively access TDOA processing over the Earth’s curved
surface. The TDOA measurement values d;,, d;, and d,, are calculated at 10 different way-point along the
target’s path, corresponding to samplings at 10 time instants during target’s intrusion into the red
surveillance area. These TDOA measurement values are tabulated in Table 3. Note that these TDOA
measurements are irrespective of the coordinate frame used. They can be applied and processed in any of
the coordinate frames shown in Figure 14; they are dependent only on the LOS distances between the
target and the receivers as stated in Equation (1).

Table 3: TDOA measurement values dj; for receiver-pairs (S1-S2), (S3-S4) and (S1-54)
at 10 sampling times along the target’s flight path in Figure 16.

d;; (m) ds4 (m) d;4 (M)
22181.61 105337.02 84790.75
24485.53 100751.17 78118.68
27156.79 95172.41 70209.73
30283.09 88419.73 60853.48
33979.07 80323.40 49852.81
38395.38 70758.48 37063.06
43730.02 59687.21 22444.07
50240.55 47199.29 6115.93
58251.02 33534.35 -11596.65
68134.73 19073.32 -30147.73
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Using the TDOA measurements d; in Table 3, a set of three hyperboloids is computed from Equation (5)
at each of the 10 time instants. Target location are then extracted by finding the intersection point of the
three hyperboloid surfaces at each of the 10 time instants to generate a target track. Details of the target
localization process are discussed in Section 4 of [1].

To assess the accuracy of TDOA processing over the Earth’s curved surface, the target locations obtained
in (x,y,z) frame are transformed back to the world geodetic coordinate frame (lat,lon,alt); this is a
reversed procedure going from the bottom stage in Figure 14 back to the top. In this reversed
transforming direction, (x,y,z) is first converted back to the local geodetic frame (N,E,U) = (x,y,z) through
a series of 3 reversed frame rotations, -y, - and -0, where 6, f5, y are given by Equations (11), (13) and
(15) respectively. This is then followed by a switch of the tangential plane axes back to the local geodetic
frame,

x = y' (North)
y =x"'(East) (20)
z=z'(Up)

Then a transformation from the local geodetic frame (N,E,U) is converted to the conventional terrestrial
frame (X, Y,Z) via [9,10,12],

X X, —singcosA —sind cos¢gcosd \( x
Y |=| Y, |[+| —singsinA cosd cos¢gsinAd || y (21)
zZ Z, cos¢ 0 sin ¢ z

As the final step, (X, Y,Z) is converted back to the world geodetic coordinates (4,4,4) (i.e., (lat,lon,alt))
[p.100, 9],

-1
p=tan” L(l N j
VX2 +Y? N+h
A

(X 2
tan (Xj (22)

X472

cos ¢

h=

where e and N are given in Equation (6). The quantities ¢ and / in Equation (22) can be solved only by
iterative methods. Closed formulas with negligible residual error have been developed by [19] known as
the “Bowring formulas,” and the algorithm for computing Equation 22 is available as a standard geodetic
algorithm in [10].
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4.3 Target localization results

The target’s actual track (ground truth) is mapped from the world geodetic coordinates (lat,lon,alt) to the
Cartesian coordinates (x,y,z) through the flow diagram as shown in Figure 14. The target’s ground-truths
in (x,y) are shown by the open black circles in Figure 17. The TDOA measurements d; taken from the
target track (Table 3) are input into the target localization process using the geometric approach described
in[1].

200 T T T T
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-100+
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-2000 50 100 150 200 250 300 350 400
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Figure 17: Target localization results from TDOA measurements. Open black circles = ground truth; red
diamonds = computed target locations.

The computed target locations at the 10 time instants are plotted in Figure 17 as red diamonds. It can be
seen graphically that the computed target locations are in excellent agreement with the target ground
truth. The numerical results are tabulated in Table 4. First, it is noted that the target’s ground truths vary
in height z, in the global Cartesian frame, even though it is cruising at a constant altitude in the world
geodetic coordinate frame. This is a consequence of the curvature of Earth as explained in Section 1. As
the target is far away from the receiver system, it appears lower towards the horizon in the global
Cartesian frame. As the target approaches closer to the receiver system, it rises higher in height. This is
consistent with what is observed in a real-world scenario of a target approaching from afar. In Table 4,
the target’s height in the global Cartesian frame appears to be greater than the target’s altitude of

16000 m. This is due to the tilting of the conventionalized geodetic frame to the final global Cartesian
frame through a series of three rotating transformation as indicated in Figures 11, 12 and 13 (i.e., the last
three stages in Figure 14).
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Table 4: Results of target localization in the global Cartesian coordinate frame (x,y,z).

Target ground truths (m) Computed target locations (m)

Xg Ye Zg X y z
230597.25 177313.23 14745.02 230595.46 177309.73 14700.00
22247543 159741.80 15350.39 222477.27 159745.26 15400.00
214222.20 141885.57 15905.59 214222.01 141885.23 15900.00
205834.39 123737.65 16407.93 205834.15 123737.25 16400.00
197308.75 105290.96 16854.57 197310.00 105292.76 16900.00
188641.90 86538.21 17242.53 188640.85 86537.03 17200.00
179830.40 67471.86 17568.67 179831.11 67472.32 17600.00
170870.66 48084.18 17829.69 170870.01 48084.19 17800.00
161759.03 28367.19 18022.12 161758.48 28367.58 18000.00
152491.70 8312.65 18142.32 152490.24 8314.36 18100.00

From Table 4, it is seen that the computed target locations (X,y,z) are in very close agreement with the
target’s ground-truth values (X,,y,,Z;). The difference between the two is less than 4 m in x and y. This
slight discrepancy is due to the fact that the computed target positions (x,y) are determined by scanning
the height z of the three intersecting hyperboloids in 100 m increments. Thus, the computed target’s
height is never matched to that of the target’s ground truth; therefore, the computed x and y values do not
match exactly to the ground truth values. An error of less than 4 m in the target position (X,y) is not a
major issue in most applications in determining the location of a large target, for example, an aircraft.
Real-time target localization is more of a concern and challenge in practical surveillance applications in
which the threat must be identified and dealt with immediately. The time taken to compute a target
location at one time sample in this work is around 63 s. The amount of time required is proportional to the
size of the surveillance area because the size of the hyperboloids has to be big enough to cover the
surveillance area. A computation time of less than 1 s per time instant is sought for real-time application.

In presenting target location information to human operators and analysts, the computed target locations

in (x,y,z) shown in Figure 17 have to be converted to world geodetic coordinates; i.e., (lat,lon,alt). These
can then be displayed on a geographic map such as Google Earth to present a clear familiar picture to the
human operators. This is achieved by transforming (x,y,z) through a reversed conversion operation back

to (lat,lon,alt) as described in Section 4.2; this reversed conversion process is shown in Figure 14, going

from bottom stage back to the top stage in the flow diagram.
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Figure 18: Target locations displayed on Google Earth map. Yellow = ground truths. Green = computed.

Results of the target locations converted back to the world geodetic coordinates are shown in Figure 18. It
can be seen that the computed target locations are overlapping the target’s ground-truth very precisely. A
numerical comparison between the two is given in Table 5. The computed altitude and latitude are almost
exactly the same as the ground truth values. While the target’s ground-truth altitude is constant at

16000 m, the computed altitude varies slightly about the ground truth values by less than 50 m. This is
again due to the computed altitude being based on an incremental scan of 100 m along the height
direction in the TDOA processing.

Table 5: Results of target localization in the world geodetic coordinate frame (lat,lon,alt).

Target ground truths Computed target locations

lat, (deg) lon, (deg) alt, (m) lat (deg) lon (deg) alt (m)
70.6860 -87.1230 16000 70.6860 -87.1231 15954.88
70.5253 -87.3171 16000 70.5253 -87.3170 16049.70
70.3618 -87.5111 16000 70.3618 -87.5111 15994.40
70.1954 -87.7051 16000 70.1954 -87.7051 15992.06
70.0261 -87.8991 16000 70.0261 -87.8991 16045.46
69.8538 -88.0931 16000 69.8538 -88.0932 15957.45
69.6784 -88.2872 16000 69.6784 -88.2871 16031.34
69.4998 -88.4812 16000 69.4998 -88.4812 15970.31
69.3180 -88.6752 16000 69.3180 -88.6752 15977.88
69.1328 -88.8692 16000 69.1328 -88.8693 15957.69
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5 Conclusions

An investigation of TDOA processing for geo-locating a target within a large surveillance area over a
curved surface of the Earth is presented. A three-dimensional target localization procedure is carried out
in a Cartesian coordinate frame permitting a simpler computational model of the TDOA equations as
given in Equation 1 to be used instead of a more complex ellipsoidal coordinate frame model using
curvilinear coordinates (latitude, longitude). Furthermore, the Cartesian frame model enables a geometric
approach to solving the target localization problem.

The geometric approach enables TDOA processing using data collected from a detection system
deploying the minimum number of receivers. This minimum number is four for three-dimensional
geolocation processing.

A scenario is described in this study on how to localize a target in a large surveillance area with the effect
of the Earth’s surface curvature taken into consideration. The Earth’s surface curvature introduces a
curved target flight path with varying height in a Cartesian coordinate frame. The separation distance
between a pair of receivers that is used to make the TDOA measurement must be described in terms of a
line-of-sight chord length instead of an arc length along the surface of the Earth. To accommodate these
adjustments in solving the target localization problem via the TDOA equations given in Equation (1), a
procedure has been developed to transform a curved surface in the world geodetic coordinate frame
(lat,lon,alt) to a global Cartesian coordinate frame (x,y,z). A 4-receiver non-coplanar detection system
configuration is used in the TDOA processing analysis. The computed results have shown that the
procedure of transforming the curved world geodetic coordinates to Cartesian coordinates can facilitate
proper target localization over a curved segment of the Earth’s surface.

TDOA processing over a large surveillance area offers some practical applications. In remote regions of
the Earth, such as in the Arctic, accessing and servicing of receiver installations are challenging issues in
terms of logistics and cost. Thus it is desirable to minimize the number of receivers used to make the
surveillance operation economically viable over a long period. Moreover, more receivers mean a larger
volume of data will need to be collected and the data will have to be transmitted to a central data centre
for processing. This will require substantially greater data link capacity to support the surveillance
activity, requiring additional supporting resources. In addition, more computational resources are also
needed to handle the larger volume of data that has to be processed and analyzed. Thus, minimizing the
number of receivers deployed over a given area of interest will significantly reduce the complexity of the
overall target detection and tracking operation.
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Identification Friend or Foe
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Results have shown that the TDOA processing procedure developed in this study can provide
proper target localization over a curved segment of the Earth’s surface. TDOA processing over
a wide surveillance area is desirable in a practical passive detection system. It enables a
reduction in the overall detection system’s physical complexity by reducing the minimum
number of receivers deployed, thereby reducing the amount of data to be collected and
processed.

On a élaboré une procédure permettant le traitement de données de géolocalisation de cibles a
partir des données de surveillance recueillies au-dessus d’un vaste territoire ou 1’effet de
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permet également I’utilisation d’une approche géométrique pour la résolution des équations
TDOA. 1l permet notamment 1’utilisation d’hyperboloides comme solutions au probléme de
TDOA. L’avantage de 1’approche géométrique réside dans la possibilité de 1’utiliser pour la
géolocalisation de cibles a partir de données recueillies par un nombre minimal de récepteurs
déployés dans un réseau de détection passif, tel qu’abordé dans une étude antérieure [1].

Les résultats ont démontré que la procédure de traitement TDOA ¢laborée dans le cadre de cette
¢tude permet de localiser efficacement une cible au-dessus d’un segment incurvé de la surface
terrestre. Le traitement TDOA appliqué a une vaste zone de surveillance est souhaitable dans un
systéeme de détection passif. Il permet la réduction de la complexité physique du systéme de
détection global en réduisant le nombre de récepteurs déployés, ce qui réduit la quantité de
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