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DESCRIPTION

FIELD OF THE INVENTION

[0001] This invention relates to a method for forming 3D image data representative of the
subsurface of Infrastructure located Iin the vicinity of a moving vehicle, and associated
apparatuses.

BACKGROUND

[0002] Radar has been demonstrated to be an effective tool to conduct investigations of
subsurface features and to evaluate the condition of transport infrastructure.

[0003] Fig. 1 shows an example radar apparatus for inspecting rail track ballast 6 and
subgrade /7 made In accordance with conventional techniques and off-the-shelf components.
The radar apparatus of Fig. 1 includes an array of three air-coupled antennas 1 secured by a
mounting bracket 2 to the front of a rail vehicle 3. The boresight of each antenna 1 is aligned
with the vertical axis so the angle of incidence of the electromagnetic wave at the air-ground
Interface relative to the vertical axis i1s zero. Each antenna emits an RF waveform consisting of
sets of short-period ultra-wideband ("UWB") pulses (commonly Ricker wavelets) at a centre
frequency determined by the antenna specifications. Antenna selection depends upon
Investigative requirements, for example: 300-500 MHz i1s typically used to detect large scale
features such as pipes, culverts and voids at depths of 0-3 metres; 1 GHz I1s effective at
detecting small objects <1 metre from the surface; and 2 GHz 1s used to determine ballast
fouling severity. Large variations in the subsurface dielectric permittivity that occur over small
distances cause strong reflections that are processed and recorded by a control unit in the
vehicle. The backscattered RF energy signals resulting from every emitted UWB pulse In a set
are incoherently summed together to increase the signal to noise ratio (this technique is called
stacking). The data set obtained shows the reflected RF energy signal amplitude as a function
of the two-way travel time, which is known as a trace or A-scan. As the rail vehicle moves along
the track, traces are collected and assembled to create 2D image data representative of a
longitudinal cross section (or B-scan) of the subsurface. In order for this cross section to
accurately represent subsurface features, the distance travelled by the rail vehicle 3 from a
reference point must be determined precisely. A tachometer or a laser Doppler encoder 4 can
provide the control unit with linear position data to georeference individual traces. Additionally,
a GPS system 5 may be employed to map georeference features of interest to a global
coordinate system, e.g. using latitude/longitude In the W(GS84 global coordinate system.

[0004] The present inventors have observed that current subsurface and infrastructure
Investigation radar apparatuses, such as the apparatus illustrated in Fig. 1, have inherent
imitations. For example, because the antenna array cannot extend laterally beyond the
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vehicle, and the antennas are vertically fixed, the region of investigation is confined to the
ballast 6 and subgrade 7 directly under the vehicle. Problems that occur at greater offsets from
the track centre line will therefore remain undetected. An example of this i1s shoulder ballast 8
that has become fouled. For a typical railway, the ballast 6 typically consists of crushed stones
which interlock to hold the track stationary against applied loads, distribute those loads across
the subgrade and facilitate drainage. The subgrade 7 1s usually made of compressed earth to
provide a stable support for the ballast 6. Approximately thirty percent of its volume is
comprised of air voids, with each void being between 11 - 29 mm In average diameter. Any
fouling caused by breakdown or small particle or water Infiltration Iinto the voids can
compromise Iits ability to resist loads. Shoulder ballast 8 Is particularly susceptible to fouling
from environmental debris, and this can impede lateral drainage from the entire ballast.
Another example I1s a damaged pipe 9 that creates a void 10 adjacent to the shoulder ballast,
which could potentially increase in volume undetected until it compromises track integrity.

[0005] Further difficulties with current subsurface and Iinfrastructure investigation radar
apparatuses observed by the present inventors include detecting ballast breakdown under the
rails 11, since the rails 11 reflect practically all incident radio frequency energy. This creates a
radar shadow under the rails 11 and causes a ring down effect (a type of resonance) that
causes horizontal bands to appear on the image which obscure subsurface features, due to
multiple reflections between the raill and the antenna. The antennas must therefore be
positioned to reduce/minimize such interactions, and this is normally achieved by positioning
the antennas between the rails 11, meaning that the system cannot determine the condition of
the ballast directly under the rails. This also adversely impacts investigation of the ballast-
subgrade Interface, as the greatest deformations generally occur under the rails. Ballast
material is forced into the subgrade causing ballast pockets 12 to form that can collect water.
Moreover, because the array consists of only three antennas, it suffers from poor lateral spatial
sampling density (measurements at only three lateral points) and is incapable of determining
the lateral geometry of the Infrastructure located beneath the antennas with any degree of
accuracy. The creation of 3D image data using the subsurface and infrastructure investigation
radar apparatus of Fig. 1 requires interpolation between adjacent cross sections which creates
defects/artefacts, due to a lack of lateral sampling density (a higher lateral sampling density
would be necessary to prevent image distortion due to spatial aliasing). As a result, the
analysis of data for many current subsurface and Infrastructure Investigation radar
apparatuses Is restricted to the examination of individual cross sections In isolation to identify
anomalies.

[0006] US2007/0132630A1 discloses an FM-CW radar system that comprises a frequency
modulated continuous wave digital generator that produces both in-phase (l) and quadrature-
phase (Q) outputs to orthogonally oriented transmitter antennas. US2014/0285375A1
discloses synthetic aperture radar apparatus and methods provide for a compact and usable
system to scan behind and underneath surfaces.

[0007] The present invention has been devised In light of the above considerations.
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SUMMARY OF THE INVENTION

[0008] A first aspect of the invention provides a method according to claim 1.

[0009] In this way, 3D image data providing information about the subsurface of infrastructure
located around (below, above and to the side of) the moving vehicle can be obtained using
only a single transect. Moreover, measurements can be obtained over a diffuse range of
positions lateral to a direction of movement of the vehicle (whereas e.g. the system of Fig. 1
discussed above only obtained measurements in three distinct positions lateral to the direction
of movement of the vehicle).

[0010] For the purposes of this disclosure, a directional antenna may be understood as an
antenna which emits and/or receives more power in one or more specific directions, compared
with other directions. A primary radiation axis of a directional antenna can be understood as an
axis along which the directional antenna radiates maximum power. Herein, the term "boresight”
may be used Interchangeably with "primary radiation axis” in connection with a directional
antenna.

[0011] For the purposes of this disclosure, RF energy may be understood as electromagnetic
radiation having a frequency in the range 300 GHz to 3 kHz.

[0012] For the purposes of this disclosure, a "transect” refers to a path along which the
boresight of the directional antenna intersects the infrastructure located in the vicinity of the
moving vehicle (e.g. ground, tunnel walls).

[0013] Preferably, the directional antenna i1s mounted to the moving vehicle such that a plane
perpendicular to the antenna rotation axis at least partially faces in a direction of movement of
the vehicle (in the example depicted below, this will be the case for 6 < 90 degrees).

[0014] Preferably, the directional antenna is mounted to the moving vehicle (e.g. as described
In connection with the second aspect of the invention, below) such that an angle 6 between the

antenna rotation axis and a direction of movement of the vehicle can be varied, e.g. between 0
and 1/2 (90 degrees).

[0015] The method iIncludes varying an angle 6 between the antenna rotation axis and a
direction of movement of the vehicle, e.g. using an actuator (e.g. as described in connection
with the second aspect of the invention, below).

[0016] The method includes varying an angle 6 between the antenna rotation axis and a
direction of movement of the vehicle to a non-zero value such that a primary radiation axis of
the directional antenna has a component of movement that i1s opposite to a direction of
movement of the vehicle whilst the primary radiation axis of the directional antenna points
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beneath the moving vehicle. In this way, the spatial sampling density beneath the moving
vehicle is made higher than the sampling density above the vehicle, which is particularly useful
for investigating the subsurface of infrastructure located beneath the moving vehicle.

[0017] As discussed In more detail below, varying © can alter the lateral extent of a region from
which radar data I1s collected as well as sampling density of measurements obtained.
Therefore, the ability to vary 6 may be useful to allow the measurements to be tailored to the
Infrastructure of interest.

[0018] Preferably, the directional antenna is mounted to the moving vehicle (e.g. as described
In connection with the second aspect of the invention, below) such that an angle ¢ between a
primary radiation axis of the directional antenna and a plane perpendicular to the antenna
rotation axis can be varied.

[0019] Preferably, the method includes varying an angle ¢ between a primary radiation axis of
the directional antenna and a plane perpendicular to the antenna rotation axis, €.g. using an
actuator (e.g. as described in connection with the second aspect of the invention, below).

[0020] As discussed In more detaill below, where © Is close to /2, the vehicle to which the
device Is mounted can obscure the boresight of the directional antenna. In these cases,
changing ¢ to a non-zero value can move the primary radiation axis of the directional antenna
past the vehicle so that the amount by which the boresight is intersected by the vehicle Is
reduced.

[0021] In some cases, typically where © Is close to zero, ¢ may be preferably zero.

[0022] Preferably, the RF energy emitted by the directional antenna during each collection
cycle includes an ultra-wideband ("UWB") pulse.

[0023] Each UWB pulse preferably has a bandwidth that exceeds the lesser of 500 MHz or
20% of fractional bandwidth.

[0024] Each UWB pulse preferably has a pulse length of duration 2 ns or less. For the
purposes of this disclosure, fractional bandwidth may be defined as the bandwidth of an
antenna divided by its centre frequency.

[0025] Each UWB pulse emitted by the directional antenna may have a centre frequency that
IS chosen depending on investigation requirements. This centre frequency may be In the range

of 300MHz to 2.5GHz, which Is suitable for most transport infrastructure applications.

[0026] Of course, forms of RF energy other than UWB pulses could be used, as would be
appreciated by a skilled person.

[0027] The directional antenna may include one or more antenna components. For example,
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the directional antenna may include a transmit horn antenna (configured to emit RF energy)
and a recelve horn antenna (configured to receive reflected RF energy). However, 1t Is also
possible for the directional antenna to include a single antenna component configured to both
emit RF energy and receive reflected RF energy.

[0028] The/each antenna component is preferably a non-dispersive antenna component, such
as a TEM horn antenna or a resistively loaded dipole antenna, since these can be used with a

pulsed radar technique. However, If a non-pulsed radar technique were used, then other types
of antenna component may be used.

[0029] The angular position data may be collected using an optical encoder, for example.

[0030] The translational position data may be collected using a tachometer, laser Doppler
encoder, or a GPS device, for example.

[0031] The method may Include using a GPS device to collect position data reflecting the
position of the directional antenna in a global coordinate system, e.g. WGS84.

[0032] Although the position data collected by the GPS device could be used as the
translational position data, this might not be preferable if more accurate translational position
data could be collected by another means (e.g. a tachometer or laser Doppler).

[0033] The method may include using position data collected by a GPS device to map the 3D
Image data to a global coordinate system, e.g. WGS84. This may be useful if the translational
position data 1s not collected by a GPS device (e.g. because a GPS device does not provide a
desired level of accuracy).

[0034] The method may Include storing the radar data, the angular position data and the
translational position data collected during each of the plurality of collection cycles in a memory
device (e.g. a hard disk). The memory device may be located on the vehicle. In this case,
processing the collected radar data may be performed off the vehicle, e.g. using the radar
data, the angular position data and the translational position data stored in the memory device.

[0035] However, processing the collected radar data could potentially be performed by a
processing unit on the vehicle.

[0036] Processing the collected radar data, angular position data and translational position
data to form the 3D image may Iinclude summing the collected RF energy coherently or
Incoherently, using techniques known in the art. Incoherent summing Is generally easier and
cheaper, but coherent summing will generally produce a higher quality 3D image.

[0037] The method may be performed using a plurality of directional antennas, since this may
allow further 3D image data to be obtained.
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[0038] For example, the method may additionally include:

rotating a further directional antenna, mounted to the moving vehicle, about a further antenna
rotation axis;

performing, using the further directional antenna whilst it i1s rotated about the further antenna
rotation axis, a plurality of further collection cycles in which the further directional antenna

emits RF energy and receives reflected RF energy;

collecting, during each of the plurality of further collection cycles performed by the further
directional antenna:

1. (1) further radar data representative of reflected RF energy received by the further
directional antenna during the further collection cycle;

2. () further angular position data representative of an angular position of the further
directional antenna about the further antenna rotation axis during the further collection
cycle; and

3. (1) further translational position data regarding a translational position of the further
directional antenna during the further collection cycle;

processing the further radar data, the further angular position data and the further translational
position data collected during each of the further plurality of collection cycles to form further 3D
Image data representative of the subsurface of Infrastructure located Iin the vicinity of the
moving vehicle.

[0039] Any method, step or feature described herein in relation to the directional antenna may
apply to the further directional antenna axis.

[0040] The further antenna rotation axis may be the same as the antenna rotation axis, e.g. as
might be the case If the directional antenna and further directional antenna are mounted in an

antenna assembly rotated about the antenna rotation axis.

[0041] The further collection cycles may be interleaved or performed simultaneously with the
collection cycles. Performing the further collection cycles simultaneously with the collection
cycles may be useful If there 1s adequate isolation between the directional antenna and the
further directional antenna, which may be achieved such as using different frequency bands or
ensuring that the physical geometry minimizes interference. Interleaving the collection cycles
and further collections cycles (i.e. performing the collection cycles and further collections cycles
alternatively, at different times) may be useful to monitor changes in subsurface conditions
over time and/or If there Is limited isolation between the directional antenna and the further
directional antenna.

[0042] The directional antenna and further directional antenna may be configured to emit RF
energies having different frequencies.
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[0043] For example, directional antenna and further directional antenna may be configured to
emit UWB pulses having different centre frequencies. For example, the directional antenna
may be configured to emit UWB pulses having a centre frequency in the range 250-750MHz
(e.g. 500 MHz) (e.g. which may be useful for detection of larger features in rail infrastructure
applications), whereas the further directional antenna may be configured to emit UWB pulses
having a centre frequency In the range 1.9GHz-2.5GHz (e.g. 2GHz) (which may be useful for
ballast investigation In rail infrastructure applications).

[0044] The 3D image data may be used to form a separate image from the further 3D image
data. Alternatively, the 3D image data and further 3D image data may be used to form an
Image in which the further 3D image data is superimposed on the 3D image data.

[0045] The vehicle may be a ground-based vehicle, 1.e. a vehicle configured to move whilst In
contact with the ground.

[0046] The vehicle may be a rail vehicle, e.g. a train. However, the vehicle could also be a road
vehicle, a water-based vehicle (e.g. a boat) or an aerial vehicle (e.g. an aeroplane, helicopter,
airship, unmanned aerial vehicle).

[0047] The directional antenna (and one or more other components used in the method) may
be Iincluded In an apparatus for collecting data for use Iin forming a 3D image representative of
the subsurface of infrastructure located in the vicinity of a moving vehicle, e.g. as described In
connection with the second aspect of the invention, below.

[0048] A second aspect of the invention provides an apparatus for collecting data for use In
forming a 3D image representative of the subsurface of infrastructure located in the vicinity of a
moving vehicle according to claim 11.

[0049] The radar data, the angular position data and the translational position data collected
during each of the plurality of collection cycles may subsequently be processed to form 3D
Image data representative of the subsurface of Infrastructure located in the vicinity of the
moving vehicle, e.g. according to a method described above In connection with the first aspect
of the invention.

[0050] The apparatus may be configured to implement, or have means for implementing, any
method step described in connection with the first aspect of the invention, e.g. as shall now be
discussed.

[0051] The apparatus may Include a processing unit (e.g. a computer) configured (e.g.
programmed) to process the angular position data and the translational position data collected
during each of the plurality of collection cycles to form 3D image data representative of the
subsurface of infrastructure located in the vicinity of the moving vehicle, e.g. according to a
method described above Iin connection with the first aspect of the invention.
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[0052] The processing unit may be located on the vehicle or off the vehicle (if the processing
unit is located off the vehicle, the

[0053] The apparatus may include a limb which Is rotatable about a pivot/hinge, wherein the
antenna is mounted to the limb such that an angle 6 between the antenna rotation axis and a
direction of movement of a vehicle to which the base unit is mounted can be varied by rotating
the limb about that pivot/hinge. The apparatus may include an actuator (e.g. a linear actuator)
configured to rotate the limb about the pivot/hinge so as to vary the angle 6.

[0054] The directional antenna may be mounted to the base unit via a further pivot/hinge such
that an angle ¢ between a primary radiation axis of the directional antenna and a plane
perpendicular to the antenna rotation can be varied, e.g. by rotating the antenna assembly
about that pivot/hinge. The apparatus may Include an actuator (e.g. a linear actuator)
configured to rotate the antenna assembly about the pivot/hinge so as to vary the angle .

[0055] The directional antenna may include one or more antenna components.

[0056] The apparatus may include a device configured to collect the angular position data, e.g.
an optical encoder.

[0057] The apparatus may include a device configured to collect the translational position data,
e.g. a tachometer, laser Doppler encoder, or a GPS device.

[0058] The apparatus may include a GPS device configured to collect position data reflecting
the position of the directional antenna in a global coordinate system.

[0059] The apparatus may Iinclude a memory device configured to store the radar data, the
angular position data and the translational position data collected during each of the plurality of

collection cycles.

[0060] The apparatus may include a further directional antenna, which may be configured to
Implement, or have means for implementing, any method step described in connection with the
first aspect of the invention.

[0061] For example, the further directional antenna may be rotatably mounted to the base unit
to allow the further directional antenna to be rotated about a further antenna rotation axis;

wherein the apparatus includes a further drive unit configured to rotate the further directional
antenna about the further antenna rotation axis;

wherein the apparatus is configured to perform, using the further directional antenna whilst it is
rotated about the further antenna rotation axis, and whilst a vehicle to which the base unit Is
mounted Is moving, a plurality of further collection cycles in which the further directional
antenna emits RF energy and collects reflected RF energy;
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wherein the apparatus is configured to collect, during each of the plurality of further collection
cycles performed by the further directional antenna:

1. (1) further radar data representative of reflected RF energy received by the further
directional antenna during the further collection cycle;

2. () further angular position data representative of an angular position of the further
directional antenna about the further antenna rotation axis during the further collection
cycle; and

3. () further translational position data regarding a translational position of the further
directional antenna during the further collection cycle.

[0062] The further antenna rotation axis may be the same as the antenna rotation axis, and
the further drive unit may be the same as the drive unit, e.g. as might be the case If the
directional antenna and further directional antenna are mounted in an antenna assembly
rotated about the antenna rotation axis by the drive unit.

[0063] The base unit may be configured to be mounted to a ground-based vehicle, e.g. a rall
vehicle.

[0064] A third aspect of the Invention provides a computer-readable medium according to
claim 14.

BRIEF DESCRIPTION OF THE DRAWINGS

[0065] Examples of these proposals are discussed below, with reference to the accompanying
drawings In which:

Fig. 1 shows an example radar apparatus for inspecting rail track ballast and subgrade made
In accordance with conventional techniques and off-the-shelf components.

Fig. 2 illustrates the kinematics of an example apparatus for collecting data for use in forming a
3D Image representative of the subsurface of infrastructure located in the vicinity of a moving
vehicle.

Fig. 3(a)-(d) illustrates a space curve describing boresight motion relative to a stationary
coordinate system O for the example apparatus of Fig. 2 for 8 having the values of (a) O
degrees, (b) 45 degrees, (¢) 60 degrees and (d) 75 degrees.

Fig. 4(a) and Fig. 4(b) shows the example apparatus of Fig. 2 in further detall.

Fig. 5 shows the antenna assembly from the example apparatus of Fig. 2 in further detalil.
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DETAILED DESCRIPTION

[0066] In general, the following discussion describes examples of our proposals that can be
viewed as providing a time-varying incident angle subsurface investigation radar apparatus
capable of generating three-dimensional volumetric images. In these examples, an antenna
assembly I1s mechanically rotated allowing data collection from a full three-hundred and sixty-
degree arc about the rotation axis. The incidence angle of the incoming radiation therefore
varies over the rotation period. The angle 6 between the antenna rotation axis and a direction
of movement of a vehicle to which a directional antenna i1s mounted can be varied to achieve
higher sampling densities within laterally localized areas, enabling surveys to be conducted
more quickly in areas where full angular coverage Is not required.

[0067] A significant advantage of the examples described below is the ability to produce three-
dimensional volumetric Images using only a single transect, whilst collecting radar
measurements obtained over a diffuse range of positions lateral to a direction of movement of
the vehicle to which a directional antenna is mounted.

[0068] To create such images with existing systems requires either the use of staggered
antenna arrays (two or more rows of antennas, with antennas in each row being offset from
antennas Iin other rows), or using a single antenna to obtain multiple adjacent transects (by
obtaining measurements with the single antenna in a first fixed position and then moving the
single antenna to a new fixed position to obtain further measurements and so on, which could
be seen as staggering the multiple transects in time). However, using staggered antenna
arrays Is expensive and still suffers from scanning extent restrictions due to size limitations,
and using a single antenna to obtain multiple adjacent transects i1s not feasible for transport
applications involving road and rail networks (where measurements may need to be obtained

quickly).

[0069] Advantageously, the examples described below do not constrain sampling points to lie
within discrete vertical planes, so the ratio of lateral to longitudinal sampling density can be
comparatively high and the lateral sample distribution iIs more diffuse. Rotation of the
directional antenna allows it to detect and image subsurface features at relatively large
distances from the transect, which Is advantageous for the evaluation of transport
Infrastructure; problems occurring outside the scanning region of current systems (e.g. the
shoulder ballast 8, the damaged pipe 9 and the void 10 illustrated in Fig. 1) can be identified
and corrected with targeted maintenance. For rail specific applications, an oblique incident
angle of emitted RF energy (relative to a vertical axis) enables greater ballast evaluation
capability under rails, since the wave vector of the emitted RF energy has a horizontal
component, allowing the wave to move laterally under the rail (whilst there still iIs a radar
shadow caused by the rails, this shadow Is offset from the tracks). Evaluating rail ballast
directly under the tracks is important because this is where defects often occur.
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[0070] Finally, the examples discussed below have a unique capability to inspect retaining
walls and tunnels above and to the side of the moving vehicle. A report by the Transportation
Research Board of the National Academies in the United States ("Mapping Voids, Debonding,
Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings"” published by the
Transportation Research Board, March 19, 2015) illustrates, using a fixed antenna, the
effectiveness of air-coupled ground penetrating radar ("GPR") to detect large air and water
filled voids to a depth of 20 cm within tunnel walls. Using known techniques, smaller defects
which could cause concrete delamination may be localized using the exemplified apparatus by
determining the surface dielectric permittivity; normal concrete has a bulk relative permittivity of
between 8-12. However, voids near the surface will produce backscatter that can interfere with
the surface reflection. This will cause a fluctuation in the apparent permittivity calculated from
measurements of reflected signal amplitude. The examples discussed below can scan the
entire interior surface of a tunnel and locate variations in surface dielectric permittivity that can
be further investigated with other diagnostic techniques.

[0071] The kinematics of an example apparatus for collecting data for use Iin forming a 3D
Image representative of the subsurface of infrastructure located in the vicinity of a moving
vehicle are illustrated in Fig. 2.

[0072] For clarity, Fig. 2 only illustrates a directional antenna of the example apparatus that
Includes two antenna components: a transmit horn antenna 14 and a receive horn antenna 15.
The transmit horn antenna 14 and the receive horn antenna 15 may be transverse
electromagnetic ("TEM") horn antennas.

[0073] As shown In Fig. 2, the transmit and receive TEM horn antennas 14, 15 rotate about an
antenna rotation axis defined by an angular velocity vector Q. The transmit and receive TEM
horn antennas 14, 15 are positioned directly over a centre line 16 of rail tracks at height h. The
angular velocity vector Q lies in the horizontal plane spanned by x4 and x5, where x5 Is a

direction of movement of the vehicle, which may be referred to herein as a longitudinal
direction and x4 1s perpendicular to the direction of movement of the vehicle, which may be

referred to herein as a lateral direction.

[0074] An angle © between the antenna rotation axis Q and the direction of movement of the
vehicle x5 I1s varied to change the angular position of Q and its associated plane of rotation 13

(a plane perpendicular to the antenna rotation axis Q). The angular position of the antenna
assembly 14 In the plane of rotation 13 iIs Qi with respect to x5 (the vertical axis), and the

antenna rotation axis Q can be rotated by angle ¢ about the vector (cos(6)cos(Qt), -
sin(0)cos(Qt), sin(Qt)), thereby tilting the boresight vector d out of the plane of rotation 13 such
that there 1s an angle ¢ between the boresight vector d and the plane of rotation 13.

[0075] For the purposes of illustrating the motion of the boresight vector d as shown In Fig.

3(a)-(d), the length of d may be constrained such that:
I -
. [ (sin{a) sinl(8) — cosle) cos(8) sinf Q)2 + cosHg) cost ()
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which ensures that the tip of the boresight vector d maintains contact with a cylinder of radius h
whose centre axis I1s coincident with the longitudinal axis x,. The parametric space curve

describing boresight motion relative to the stationary coordinate system O Is then:

= 1 o
e { (sin{¢) sin(8)
v Isinig) sin{8) — coslg) cos{B) sin{t)) + cos®™{Plcos= ()

- cosigd cos{@isini i) IR, + (sinig) cosl{8) + cosig) sinl@) sini ) K-
+ cosig) cos{t) JR; + viR,

[0076] Fig. 3(a)-(d) illustrate this space curve for increasing values of 6 assuming that an
antenna assembly including the transmit and receive TEM horn antennas 14, 15 Is moving
translationally at 45 m/s (162 km/h) at height h = 1 with ¢ = 0, and rotating at 210 rad/sec (=
2000 rpm).

[0077] Fig. 3 (a)-(d) correspond to 8 having the values 0, 45, 60 and 75 degrees, respectively.

[0078] In the examples shown In Fig. 3(b)-(d), the angle 6 is changed to a non-zero value such
that the primary radiation axis (boresight vector d) of the directional antenna has a component
of movement that is opposite to a direction of movement of the rail vehicle whilst the primary
radiation axis (boresight vector d) of the directional antenna points beneath the moving
vehicle. The minimum distance between adjacent "windings” of the parametric space curve for
a particular value of Qt is £ (illustrated in Fig. 3(a)-(d)) which is given approximately by

: . . 2
’* ar 4
Pl L E-T%
j o i "'““( Xy ::Q“i. }
I D 4
J\: gt| /
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[0079] Thus, the minimum distance £ separating adjacent segments of the curve in the region
where the cylinder of unit radius contacts the ground plane (directly underneath the vehicle)
decreases from approximately 1.25 m in (a) to 0.375 m In (d). The reciprocal of £ yields the
inear sampling density along a line segment that is in the ground plane and iIs approximately
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perpendicular to ar(t)ot at the point where the space curve intercepts the ground plane. The
effect of increasing 0 Is to improve the sampling density from 0.8 samples/m to 2.67
samples/m along this line segment. Another measure of linear sampling density is along the
space curve itself, which can be calculated by using

[0080] Linear Sampling Density along Space Curve . = (scans/sec) / |or(t)/ot|, where
(scans/sec) I1s the number of scans per second given by the pulse repetition frequency (PRF)

of the radar divided by the number of pulses per stack (a scan is functionally equivalent to a

trace). The two dimensional sampling density, abbreviated as S.D., is measured in samples/m?

and Is the product of the two aforementioned linear sampling densities:

M—) 1
o B8, i : Lo “ |
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[0081] From the above equation, it can be seen that the greater |or(t)/ot|, the lower the S.D. |,
as the antenna spends less time over a particular point. Therefore the sample density Is

Inversely proportional to velocity.

[0082] Of course, any increase of scan density below the vehicle results in a lessening of scan
density above the vehicle. However the distance between adjacent "windings" of the space
curve helix will increase as shown in Fig. 3. Thus, it may be desirable to find the best balance
of along curve and perpendicular to curve resolution as a function of 8 for a particular antenna
rotation rate and vehicle speed, accounting for the region to be scanned.

[0083] Additionally, |or(t)/ot| changes with 6, so an optimal value of 8 can be found which
minimizes |ar(t)/dt| and hence maximizes the linear sampling density along the space curve In
a region of interest (which could e.g. be the ground plane, or a tunnel or retaining wall). This
demonstrates the effectiveness of varying 0 for maximizing the sampling densities both along
and perpendicular to the space curve at the ground plane. When uniform sampling is required
over three-hundred and sixty-degrees (such as when finding the surface impedance function of
a tunnel interior) © can be set to zero (shown In Fig. 3(a)), which will necessitate a reduced
vehicle speed. For most rail applications, only the track and adjacent regions need
Investigation, and so © can be selected depending on Q, the lateral size of the region of
Interest, the sampling density needed, and the vehicle speed.

[0084] The example apparatus for collecting data for use in forming a 3D image representative

of the subsurface of infrastructure located in the vicinity of a moving vehicle is shown in more
detail in Fig. 4(a) and Fig. 4(b).

[0085] The apparatus has a mounting plate 17 configured to be mounted to the vehicle, which
carries brackets 18 that secure the longitudinal beam 19 and the stabilizing beams 20 and 21
to the plate. Preferably, the beam 19 is long enough to prevent the vehicle itself from blocking
the radar boresight when 0 Is large (although as noted previously, some negative effects of a
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large © can be mitigated by varying ¢ to be non-zero). The beams 20 and 21 act to stabilize
the longitudinal beam against vertical and lateral motion, respectively. A linear actuator 22
connected to a moment arm 23 controls the value of 6 through the pivot point 24. A platform
26 connected to the pivot carries an electric drive motor 28 In a mount 27, as well as
associlated control electronics 29. A drive axle 32 Is attached to a non-rotating axle 30 through
a gear assembly 31 which contains a high speed ball bearing for this purpose. This assembly
also contains helical gears enabling the electric motor to rotate antenna assembly 33. Optical
encoder 25 on the pivot and another optical encoder on the drive axle are configured to
transmit data to the control unit which records angular position data corresponding to each
trace (a trace = radar data representative of reflected RF energy as a function of depth
received by the directional antenna during a collection cycle).

[0086] Translational position data is attributed to each trace using tachometer and optionally
GPS Inputs. Normally, a tachometer would only give linear information, so position data
collected by a GPS device may be used to take curves in a track into account and/or to map
subsequently formed 3D image data (see below) to a global coordinate system.

[0087] Data about vehicle speed may be used to vary both 6 and Q in real time.

[0088] Components 17-33 of the apparatus can be viewed as a base unit configured to be
mounted to a vehicle.

[0089] An antenna assembly 33 contains the directional antenna, a radar transceiver and an
analogue to digital converter. The antenna assembly 33 Is mounted to the rail vehicle using
with connection point 34 via the drive axle 32, thereby allowing the drive motor 28 to rotate the
antenna assembly 33 and therefore the directional antenna contained in the antenna assembly
33. The antenna assembly 33 Is connected to a processing unit (not shown) located In the
base unit, via single mode fibre optic cable (a fibre optic rotary joint is used).

[0090] The antenna assembly 33 Is shown In more detail Fig. 5. The transmit and receive TEM
horn antennas 14, 15 of the directional antenna are mounted on an inner gimbal 37 which
allows angle ¢ to be varied; this gimbal rotates about the axis specified by 36. The truncated
spherical shape of the cover of the antenna assembly 33 allows ¢ to vary up to 45 degrees. An
outer gimbal 35 Is rotated by the drive axle with angular velocity Q thereby rotating the entire
antenna assembly 33 about Q. The TEM horns are connected to the transceiver 38 using a 50
Ohm coaxial cable 39. A bottom of the assembly cover 40 consists of radio frequency
transparent material.

[0091] The apparatus thus performs, using the directional antenna whilst it is rotated about the
antenna rotation axis Q, a plurality of collection cycles in which the transmit horn antenna 14 of
the directional antenna emits RF energy and the receive horn antenna 15 of the directional

antenna receives reflected RF energy.

[0092] During each of the plurality of collection cycles performed by the directional antenna,
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the processing unit located in the base unit collects:

1. (1) radar data representative of reflected RF energy received by the receive horn
antenna 15 of the directional antenna during the collection cycle;

2. () angular position data (from the optical encoders) representative of an angular
position of the directional antenna about the antenna rotation axis Q during the collection
cycle; and

3. (1) translational position data (from the tachometer and optionally the GPS device)
regarding a translational position of the directional antenna during the collection cycle.

[0093] All collected data i1s stored in a local hard disk included In the base unit. At a later time,
a computer Is used to processing the radar data, the angular position data and the
translational position data collected during each of the plurality of collection cycles to form 3D
Image data representative of the subsurface of Infrastructure located in the vicinity of the
moving vehicle.

[0094] Associated with each sampling point on the ground, a reflection profile (known as a
trace) exists. This Is essentially a one dimensional set of reflection amplitude data (along a
line) which the subsurface dielectric permittivity as a function of distance/depth. By knowing the
precise linear and angular position of the antenna when a trace was taken, it is possible to
determine the equation of that line In space and assign reflection amplitudes along it. By
Interpolating this data between all such lines in 3D space a 3D map of the subsurface can be
obtained. Of course, this Is only a very simple outline. Preferably, variations in surface
Impedance and topography would be compensated for to obtain the best possible imagery,
which can be achieved using technigues known In the art.

[0095] Accordingly, it would be straightforward for one skilled in the art to convert the data into
basic 3D image data. More sophisticated algorithms could be envisaged to obtain a high
quality 3D image, e.g. by compensating for variations in surface impedance and topography.
Even when obtaining a basic 3D image, the calculations involved are computationally intensive,
which 1s why offline processing is used In this example, though there is no fundamental reason
why this processing could not be performed "on the fly" by a computer on board the apparatus.

[0096] Although the antenna assembly 33 shown In Fig. 5 only includes a single directional
antenna that includes transmit and receive TEM horn antennas 14, 15, the antenna assembly
33 may In some embodiments (not shown) include a further directional antenna that includes
further transmit and receive TEM horn antennas. The further directional antenna may be used
whilst it Is rotated about the antenna rotation axis Q to perform a plurality of further collection
cycles in which the further directional antenna emits RF energy and receives reflected RF
energy. As has already been described In detall above, the directional antenna and further
directional antenna may be configured to emit RF energies having different frequencies.

[0097] Although the example apparatus is described for a rail vehicle, the example mechanism
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could be used with another ground-based vehicle, e.g. a road vehicle.

[0098] It would also be possible to use the mechanism with a water-based vehicle, preferably
with compensation for yaw/pitch of the water-base vehicle being provided (either in the
processing of the data or to prevent the antenna assembly from being affected by the
yaw/pitch).

[0099] It would also be possible to use the mechanism with an aerial vehicle, preferably with
an inertial measurement unit being provided to compensate for yaw, pitch and roll, and
preferably with a GPS device being used to obtain positional data. In the case of an aernal
vehicle, there would most likely be altitude constraints beyond which meaningful subsurface
data would not be obtained.

[0100] In the example apparatus, a pulsed UWB radar technique is employed, meaning that
non-dispersive antennas should be used. Although TEM horn antennas are used as the non-
dispersive antennas in this example, these TEM horn antennas could be replaced by another
type of non-dispersive antenna, e.g. a loaded dipole antenna. If another (non-pulsed) radar
technique were used, other types of antenna could be used.

[0101] The performance of any subsurface radar i1s dependent upon the electrical conductivity
of the ground. Soils with high conductivity absorb radio frequency energy resulting in the rapid
attenuation of electromagnetic radiation. Soils that are capable of holding high amounts of
water and have a high cation-exchange capacity (the CEC is the total number of positive i1ons,
or cations, a particular soil can hold) are not suitable for radar investigations. Clay, which iIs
typically considered to be soill comprised of particles of 2um or less, iIs an example of this; the
small particle size results in high particle density and the correspondingly large total surface
area holds high water amounts compared to other solil types. This above described apparatus
may have difficulty imaging subsurface features If clay with high moisture content iIs
predominant, and might not function if the infrastructure under investigation is flooded.

[0102] The example apparatus described above could be used for all manner of radar
subsurface investigations. Most ground penetrating radar units used for conventional scanning
use ground-coupled antennas, whereas the example apparatus described above I1s an air-
coupled system. Ground-coupled systems transfer more energy into the ground because the
antenna impedance 1s matched to that of the ground surface, hence the transmitted impulse
propagates through the Interface with low reflection. They therefore have better depth
penetration than their air-coupled equivalents, however surface impedance can fluctuate
rapidly over short distances so in practice it Is impossible to always match the antenna with the
ground. This mismatch will cause the antenna to ring, which results in obscured features and
poor quality images. This problem is particularly difficult to remove through background
removal processing, especially for large impedance variations. Air-coupled radar does not
suffer from this problem as severely, and so can produce higher quality images at the expense
of reduced penetration depth. Air coupled radar also has much higher data collection speeds
and can be used more effectively over difficult or dangerous terrain (for example land mine
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clearance).

[0103] The example apparatus described above could reduce the time required to complete a
scan because Its effective transect width 1s much larger than current systems. Fewer transects
would be needed to survey a site, yielding both time and cost savings. The areas where this
technology could be applied include utility location, forensics, archaeology, construction
surveys, sinkhole/void detection, and unexploded ordnance/landmines.

[0104] VWhen used In this specification and claims, the terms "comprises” and "comprising’,
"Including” and variations thereof mean that the specified features, steps or Iintegers are
Included. The terms are not to be Interpreted to exclude the possibility of other features, steps
or integers being present.

[0105] The features disclosed Iin the foregoing description, or in the accompanying drawings,
expressed In their specific forms or in terms of a means for performing the disclosed function,
or a method or process for obtaining the disclosed results, as appropriate, may be utilised for
realising the invention In diverse forms thereof.

[0106] VWhile the Invention has been described in conjunction with the exemplary embodiments
described above, many equivalent modifications and variations will be apparent to those skilled
In the art when given this disclosure. Accordingly, the exemplary embodiments of the invention
set forth above are considered to be illustrative and not Iimiting. The scope of protection is
defined by the appended claims.

[0107] For example, the antenna assembly 33 could be changed depending upon investigative
requirements, or a different drive system could be used to rotate the antenna assembly (for
example, a belt drive system).

[0108] For the avoidance of any doubt, any theoretical explanations provided herein are
provided for the purposes of improving the understanding of a reader.
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Patentkrav

1. Fremgangsmade til dannelse af 3D-billeddata, der repraesenterer laget un-
der overfladen af infrastruktur, der befinder sig | naerheden af et kareta), der
bevaeger sig, hvilken fremgangsmade omfatter:

at rotere en retningsantenne (14, 15), der er monteret pa karetajet, der bevae-
ger sig, om en antennerotationsakse (Q);

at udfere, under anvendelse af retningsantennen, mens den roteres om an-
tennerotationsaksen (Q), en flerhed af indsamlingscyklusser, i hvilke retnings-
antennen udsender RF-energli og modtager reflekteret RF-energi;

at indsamle, | hver af flerhneden af indsamlingscyklusser, der udfgres med ret-
ningsantennen:

(1) radardata, der repraesenterer reflekteret RF-energi modtaget af retningsan-
tennen | Indsamlingscyklussen;

(11) vinkelpositionsdata, der repraesenterer en vinkelposition af retningsanten-
nen om antennerotationsaksen | indsamlingscyklussen; og

(11) translationspositionsdata vedr. en translationsposition af retningsantennen
| Indsamlingscyklussen;

behandling af radardataene, vinkelpositionsdataene og translationspositions-
dataene indsamlet | hver af flerheden af indsamlingscyklusser til dannelse af
3D-billeddata, der repraesenterer laget under overfladen af infrastruktur, der
befinder sig | neerheden af karetgjet, der bevaeger sig;

kendetegnet ved at fremgangsmaden omfatter at variere en vinkel 6 mellem
antennerotationsaksen (€2) og en bevaegelsesretning af karetajet (x2) til en
ikke-nul-veerdi, saledes at en primeaer stralingsakse (d) af retningsantennen
(14, 15) har en bevaegelseskomponent, der er modsat k@retgjets bevasgelses-
retning (x2), mens den primeaere stralingsakse (d) af retningsantennen (14, 15)
peger under karetgjet, der bevasger sig.

2. Fremgangsmade ifglge krav 1, hvor fremgangsmaden omfatter at variere en
vinkel 8 mellem antennerotationsaksen (QQ) og k@retgjets bevaegelsesretning
(X2).
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3. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
fremgangsmaden omfatter at variere en vinkel ¢ mellem en primaer stralings-
akse (d) af retningsantennen (14, 15) og et plan (13), der er vinkelret pa an-
tennerotationsaksen ().

4. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor den
RF-energi, der udsendes af retningsantennen (14, 15) 1 hver indsamlingscy-
klus, omfatter en ultrabredbandspuls med en bandbredde, der overstiger den
mindste af 500 Mhz eller 20 % af fraktionsbandbredde, og en pulslaengdeva-
righed pa 2 ns eller mindre, hvor fraktionsbandbredden er defineret som band-
bredden af retningsantennen divideret med dens midterfrekvens, hvor midter-
frekvensen er i omradet 300 MHz til 2,5 Ghz.

5. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor ret-
ningsantennen (14, 15) omfatter en sendehornantenne (14), der er konfigure-
ret til at udsende RF-energien, og en modtagehornantenne (15), der er konfi-
gureret til at modtage reflekteret RF-enerqi.

6. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
fremgangsmaden omfatter at anvende positionsdata indsamlet af en GPS-ind-
retning til at mappe 3D-billeddataene til et globalt koordinatsystem.

7. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
fremgangsmaden endvidere omfatter:

at rotere en yderligere retningsantenne, der er monteret pa karetgjet, der be-
vazger sig, om en yderligere antennerotationsakse;

at udfgre, under anvendelse af den yderligere retningsantenne, mens den ro-
teres om den yderligere antennerotationsakse, en flerned af yderligere ind-
samlingscyklusser, | hvilke den yderligere retningsantenne udsender RF-
energl og modtager reflekteret RF-energi;

at indsamile, | hver af flerneden af yderligere indsamlingscyklusser, der udfgres
med den yderligere retningsantenne:

(1) yderligere radardata, der repraesenterer reflekteret RF-energi modtaget af
den yderligere retningsantenne |1 den yderligere indsamlingscyklus;
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(11) yderligere vinkelpositionsdata, der repraesenterer en vinkelposition af den
yderligere retningsantenne om den yderligere antennerotationsakse 1 den
yderligere indsamlingscyklus; og

(1) yderligere translationspositionsdata vedr. en translationsposition af den
yderligere retningsantenne 1 den yderligere indsamlingscyklus;

behandling af de yderligere radardata, de yderligere vinkelpositionsdata og de
yderligere translationspositionsdata indsamlet | hver af den yderligere flerhed
af Indsamlingscyklusser til dannelse af yderligere 3D-billeddata, der repraesen-
terer laget under overfladen af infrastruktur, der befinder sig | naerheden af
koretojet, der bevasger sig.

8. Fremgangsmade ifglge krav 7, hvor retningsantennen og den yderligere ret-
ningsantenne kan vaesre konfigureret til at udsende RF-energier med forskellige
frekvenser.

9. Fremgangsmade ifalge krav 8, hvor retningsantennen er konfigureret til at
udsende ultrabredbandspulser med en midterfrekvens i omradet 250-
/50 MHz, mens den yderligere retningsantenne er konfigureret til at udsende
ultrabredbandspulser med en midterfrekvens i omradet 1,5 GHz-2,5 GHz.

10. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
koretojet er et skinnekaretga).

11. Indretning til Indsamling af data til anvendelse til dannelse af 3D-billeddata,
der repraesenterer laget under overfladen af infrastruktur, der befinder sig |
naerneden af karetgjet, der bevaeger sig, hvilken indretning omfatter:

en basisenhed (17-33), der er konfigureret til at blive monteret pa et karetas;j;
en retningsantenne (14, 15), der er monteret roterbart pa basisenheden (17-
33) til muliggarelse af, at retningsantennen (14, 15) kan roteres om en anten-
nerotationsakse (Q);

en drivenhed (28, 32), der er konfigureret til at rotere retningsantennen (14,
15) om antennerotationsaksen (Q);

hvor indretningen er konfigureret til at udfere, under anvendelse af retnings-
antennen (14, 15), mens den roteres om antennerotationsaksen (€2), og mens
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et karetsj, pa hvilket basisenheden (17-33) er monteret, bevasger sig, en fler-
hed af indsamlingscyklusser, | hvilke retningsantennen (14, 15) udsender RF-
energl og indsamler reflekteret RF-energi;

hvor indretningen er konfigureret til at indsamle, |1 hver af flerneden af indsam-
lingscyklusser, der udfares med retningsantennen (14, 195):

(1) radardata, der repraesenterer reflekteret RF-energi modtaget af retningsan-
tennen | Indsamlingscyklussen;

(11) vinkelpositionsdata, der repraesenterer en vinkelposition af retningsanten-
nen om antennerotationsaksen | indsamlingscyklussen; og

(11) translationspositionsdata vedr. en translationsposition af retningsantennen
| Indsamlingscyklussen;

kendetegnet ved at indretningen er konfigureret til at variere en vinkel 6 mel-
lem antennerotationsaksen (€2) og en bevasgelsesretning af karetajet (x2) til
en ikke-nul-veerdi, saledes at en primaer stralingsakse (d) af retningsantennen
(14, 15) har en bevaegelseskomponent, der er modsat en bevasgelsesretning
af keretajet (x2), mens den primaere stralingsakse (d) af retningsantennen (14,
15) peger under karetgjet, der bevasger sig.

12. Indretning ifelge krav 11, hvor indretningen omfatter et ben (30), som kan
rotere omkring en drejetap/et haengsel, hvor antennen er monteret pa benet
saledes, at vinklen 6 kan varieres ved at rotere benet omkring drejetap-
pen/hangslet.

13. Indretning ifelge krav 11, hvor indretningen omfatter en behandlingsenhed,
der er konfigureret til at behandle vinkelpositionsdataene og translationsposi-
tionsdataene indsamlet | hver af flerheden af indsamlingscyklusser til dannelse
af 3D-billeddata, der repraesenterer laget under overfladen af infrastruktur, der
befinder sig | neerheden af k@aretgjet, der bevaeger sig.

14. Computerlaesbart medium omfattende radardata, vinkelpositionsdata og
translationspositionsdata indsamlet i henhold til en fremgangsmade ifglge et
hvilket som helst af kravene 1 til 10, hvor det computerlaesbare medium yder-
ligere omfatter computer-eksekverbare instruktioner, der er konfigureret til at
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fa en computer til at behandle radardataene, vinkelpositionsdataene og trans-
lationspositionsdataene indsamlet | hver af flerheden af indsamlingscyklusser,
der udferes som en del af fremgangsmaden.
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DRAWINGS

Figure 1 9
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