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radar elements fore and aft of the array detect changes in
elevation and orientation of the array. These elements act as a
preview for the height changes due to ground variation. Any
variation in height that is not detected by these fore and
aft-mounted elements is thus due to variation in radar eleva-
tion and/or orientation and can be subtracted from the result-
ing data without introducing distortion. Correction factors are
applied to the range data returned from each element in the
array, which normalizes the data and makes it appear as if the
array did not change orientation or elevation.
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LEADING AND LAGGING APERTURE FOR
LINEAR GROUND PENETRATING RADAR
ARRAY

This application claims the benefit of U.S. Provisional
Application No. 60/925,194, filed Apr. 20, 2007, which is
hereby incorporated by reference in its entirety.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to the field of sensor arrays,
height control, surface contour mapping, mine detection,
vehicle-based non intrusive inspection, and explosive hazards
detection.

BACKGROUND OF THE INVENTION

In the prior art, a linear ground penetrating radar array
(GPR) is swept across an area of ground. The GPR gathers
data from each element of the array periodically as it traverses
the ground. The traversed motion is usually achieved by rig-
idly mounting the array to a vehicle or cart. The GPR is kept
at some nominal height from the ground. Data collected from
each element as it traverses the ground is used to create a
3-dimensional image of the ground surface and the anomalies
beneath the ground surface. The delay time of each of the
reflections occurring in each data element corresponds to a
distance from the corresponding antenna element.

As the array is traversed over the ground, each radar
antenna element is activated, yielding a one-dimensional
A-scan. When all radar elements in the linear array are acti-
vated, a 2-dimensional image of the ground under the array
can be recreated, yielding a radar B-scan. As the array is
moved, B-scans are collected in some uniform manner, often
based on the array moving some fixed distance. This yields a
3-dimensional data cube. Itis desirable to move the array in a
linear manner over the ground in order to avoid distorting the
image of any sub-surface anomalies. However, the dynamics
of'the vehicle carrying the linear GPR array can preclude such
a linear collection. Vehicle dynamics can introduce height
variations and cause the absolute elevation of the array ele-
ments to vary from one B-scan to the next. In order to avoid
distortion in the resulting image and to accurately map the
contour of the ground, it is desirable to correct for these
variations.

One possible correction is to detect the location of the
ground and compensate for any elevation variation in the
GPR array by aligning the ground reflections from one
B-scan to the next. This method of compensation operates on
the assumption that the ground is flat. Any variations in the
ground surface elevation results in corresponding distortions
in the image of any subsurface anomaly. Often over uneven
ground it is desirable to obtain an accurate un-distorted image
of the anomaly in order to identify and characterize it. If
height changes due to radar elevation and height changes due
to ground elevation variation can be differentiated, compen-
sation can be applied to the resulting data cubes which will
minimize distortion of the image. Accurate inertial navigation
systems (INS) or differential GPS systems may accomplish
similar objectives. However, INS and GPS systems can dras-
tically increase the total cost of a system.

Needs exist for an improved method for detecting elevation
changes of a radar array and for differentiating between
height changes due to radar elevation and height changes due
to ground elevation variation.

SUMMARY OF THE INVENTION

This invention is an improved method for detecting eleva-
tion changes of a radar array and differentiating between
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height changes due to radar elevation and height changes due
to ground elevation variation. With this additional data, com-
pensation can be applied to the data cubes resulting from the
linear traversal of a radar array over an area of ground, which
will minimize distortion of the image. This invention will
improve mapping of terrain, accurate sub-surface visualiza-
tion, and non-intrusive inspection of objects and would be
particularly useful in archeological, agricultural, construc-
tion, and defense applications.

The invention is the addition of radar elements fore and aft
of'alinear array and the use of these additional radar elements
to detect changes in elevation and orientation of the array.
These elements act as a preview for the height changes due to
ground variation. Any variation in height that is not detected
by these fore and aft-mounted elements is thus due to varia-
tion in GPR elevation and/or orientation and can be sub-
tracted from the resulting data without introducing distortion.

A new ground contour mapping array has a movable struc-
ture, an array of sensor elements attached to the movable
structure, and additional sensor elements fore and aft of the
array for detecting changes in elevation and orientation of the
array to prevent distortion of data gathered by the array. The
array of sensor elements may be a linear array or a planar
array. The array of sensor elements may be an array of ground
penetrating radar elements, each consisting of a transmitter
and receiver pair. In one embodiment, the additional sensor
elements are LADAR or ultrasound. In another embodiment,
the additional sensor elements are ground penetrating radar
elements, each consisting of a transmitter and receiver pair.

The additional sensor elements may be placed fore and aft
of'end sensor elements of the array that are first and last in a
direction perpendicular to a direction of motion. In one
embodiment, the new ground contour mapping array also has
a processor and a memory operatively coupled to the proces-
sor. The processor adjusts the data gathered by the array
according to the changes in elevation and orientation detected
with the additional sensor elements and the memory records
the adjusted data. The sensor elements of the array of sensor
elements are mounted rigidly with respect to one another,
such that the distance between them is always the same.

In a new method of mapping ground contours, a movable
structure is provided. First sensor elements are also provided
in an array attached to the movable structure and second
sensor elements are provided fore and aft of the array. The
movable structure is linearly traversed over an area of ground
and data is gathered periodically from the first sensor ele-
ments while the movable structure traverses the area of
ground. Distances are detected between the second sensor
elements and the ground at the same time as data is gathered
from the first sensor elements. A change in elevation and
orientation of the first sensor elements is determined based on
data gathered by the first sensor elements and distances
detected by the second sensor elements. The data gathered
from the first sensor elements is normalized to remove the
effect of changes in the elevation or orientation of the first
sensor elements. The normalized data is stored and a 3-di-
mensional image of a ground surface is created using the
normalized data.

In one embodiment, the second sensor elements fore and
aft of the array are provided fore and aft of end first sensor
elements that are first and last in a direction perpendicular to
a direction of motion. In one embodiment, the change in
elevation and orientation of the first sensor elements is deter-
mined due to changes in the array and not due to ground
variation, based on the distance between the end first sensor
elements and the ground and the distance between each of the
second sensor elements to their fore and aft and the ground at



US 8,040,272 B1

3

the present position and at least one previous position. The
change in elevation of the first sensor elements other than the
end first sensor elements due to changes in the array and not
due to ground variation is determined by taking a linear
combination of the changes in elevation of each of the end
first sensor elements due to changes in the array and not due
to ground variation. The distance between the end first sensor
elements and the ground and the distance between each of the
second sensor elements and the ground at least one previous
position may be normalized to remove the effect of changes in
the elevation or orientation of the first and second sensor
elements at the previous position.

Determining the change in elevation of the end first sensor
elements due to changes in the first sensor elements and not
due to ground variation can be carried out by comparing a
distance measured between a first or second sensor element
and the ground and a distance measured between another first
or second sensor element and the ground, where the first or
second sensor element and the another first or second sensor
element were each above the same location on the ground
when the measurements were taken.

In one embodiment, the data is gathered periodically by
gathering data from the first sensor elements each time the
movable structure traverses a distance equal to a given per-
centage of the distance between the end first sensor elements
and the second sensor elements fore and aft of the end first
sensor elements. The given percentage may be 100%.

In one embodiment, the first or second sensor elements are
ground penetrating radar elements, each consisting of a trans-
mitter and receiver pair. The first and second sensor elements
may be mounted rigidly with respect to one another, such that
the distance between them is always the same.

These and further and other objects and features of the
invention are apparent in the disclosure, which includes the
above and ongoing written specification, with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plan view of a possible layout of the invention.

FIG. 2 depicts a side view of an embodiment of the inven-
tion.

FIG. 3 depicts a side view of an embodiment of the inven-
tion after traveling some distance.

FIG. 4 is a diagram depicting an array of elements in the
form of a planar array.

FIG. 5 is a diagram illustrating a method of mapping
ground contours.

FIG. 6 is a diagram illustrating a method of determining a
change in elevation and orientation of first sensor elements.

DETAILED DESCRIPTION OF THE INVENTION

As in prior art, a linear ground penetrating radar array
(GPR) is rigidly mounted to a vehicle or cart and swept in a
linear manner across an area of ground, gathering data peri-
odically from each element of the array. The data collected is
used to create a 3-dimensional image of the ground surface
and the anomalies beneath the ground surface. The delay time
of each of the reflections occurring in each data element
correspond to a distance from the corresponding antenna
element.

As the array is traversed over the ground, each radar
antenna element is activated, yielding a one-dimensional
A-scan. When all radar elements in the linear array are acti-
vated, a 2-dimensional image of the ground under the array
can be recreated, yielding a radar B-scan. As the array is
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moved, B-scans are collected in some uniform manner, yield-
ing a 3-dimensional data cube.

A coordinate system is defined in reference to a linear array
and its motion. The dimension along which the linear array is
being traversed is “down-track.” The linear array is perpen-
dicular to this direction, or “cross-track.” The third dimension
in the coordinate system is elevation. At each down-track
location, the distance measure from each fore, middle, and aft
element of the array to the ground can be compared to previ-
ous distances. Any changes in elevation and orientation of the
array can be subtracted out.

A plan view of a possible layout of the invention is shown
in FIG. 1.

Each radar element in the radar array 1 is defined as a
transmitter and receiver pair. Each element is represented by
a circle in the diagram. Each element is capable of detecting
its distance from the ground below it. Fore and aft elements 3,
5 are on the left side of the linear array. These elements detect
changes in the elevation and orientation of end element 7.
Since the right side of the linear array can vary in elevation
and orientation somewhat independently of the left side, ele-
ments 9 and 11 are necessary to detect changes in the eleva-
tion and orientation of element 13. The orientations and
elevations of the elements in between 7and 13 (for example
element 15) can be calculated by taking a linear combination
of the corrections for 7 and 13.The elements are mounted on
a movable structure 19. The system may include a processor
21 and memory 23.

FIG. 2 depicts a side view of a preferred embodiment ofthe
invention. The linear array element, 13, is flanked by the fore
element, 9, and the aft element 11. The elements detect their
respective distances from the undulating ground 17 below.
The distances between the 11, 13, and 9 elements and the
ground arex1,y1, and z1, respectively. Radar travels from the
transmitter of each element to the ground 17 and back to the
receiver of each element as illustrated by the arrows. The
elements are initially level. A B-scan of data is acquired from
the array in its current position. The array travels some arbi-
trary distance in the direction of travel before a second B-scan
is acquired.

FIG. 3 shows a side view of a preferred embodiment of the
invention after traveling this arbitrary distance. It order to
simplify the equations, let this distance of travel be equal to
the spacing between elements such that element 11 is now
directly over where 13 used to be and 13is directly over where
9 used to be. The array’s elevation and orientation may have
changed. The distances between the 11, 13, and 9 elements
and the ground are now x2, y2, and 72, respectively. Ax is the
change in elevation of element 11 between the figure one and
figure two positions, Ay is the change in elevation of 13, and
finally Az is the change in elevation of element 9, all exclud-
ing the change in ground elevation. Therefore:

Ax=x,-y,

Ay=y,-z,

Az =2Ay—Ax

=2y -2z -x+y1

Each of these correction factors can be applied to the range
data returned from each element in the array. The data will
then be normalized to appear as if the array did not change
orientation or elevation. When the array moves forward to the
next location, the same method can be repeated using the
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corrected values of this position as the prior position data. In
this manner all further down-track positions can be corrected
s0 as to appear as if the array maintains a constant elevation
and orientation throughout the traversal of the array.

One assumption of this particular method of correction is
that the linear array is initially at the correct height and at a
perfectly level orientation. Any deviations from a level orien-
tation will result in a systematic and gradual drift of the
corrected height over down-track locations. However, this
drift can be detected and compensated for as the down-track
collection continues.

This model also assumes that each element will detect its
range to the ground directly beneath it. This is only accurate
for small changes in orientation. Large changes result in the
elements pointed towards ground that is not directly under-
neath them. For scenarios where this approximation is unac-
ceptable, a more complex model can be applied to derive the
correction values.

The invention is described in the context of a ground pen-
etrating radar array for the purposes of subsurface target
detection, classification, and/or imaging. However, this
method can be applied to any sensor array which desires to
accurately map the contour of the ground. Furthermore, a
mixture of sensors can be used. For example, a linear array of
elements 7-13 could be realized using GPR transceivers while
ABCD could be LADAR or ultrasound.

A similar method of ground tracking could be imple-
mented using a planar array. FIG. 4 depicts the array of
elements 1 in the form of a planar array. However, the addi-
tional elements used in creating a planar array would add
complexity, and potentially reduce system performance
(speed, signal to noise ratio, etc.) without providing any mar-
ginal improvement over the described invention in terms of
reliability of ground-tracking.

FIG. 5 is a diagram illustrating a new method of mapping
ground contours. A movable ground structure is provided 25.
First sensor elements are provided in an array attached to the
movable structure 27. Second sensor elements are provided
fore and aft of the array 29. The movable structure is then
linearly traversed over an area of ground 31, and during that
traverse data is periodically gathered 33 and distances
between the second sensor elements and the ground are
detected 35. A change in elevation and orientation of the first
sensor elements is determined 37 based on data gathered by
the first sensor elements and distances detected by the second
sensor elements. The data gathered is normalized 39 to
remove the effect of changes in elevation or orientation of the
first sensor elements and stored 41. After some ground has
been traversed and some data has been gathered, a three-
dimensional image of a ground surface is created 43 using the
normalized data.

FIG. 6 is a diagram illustrating one embodiment of deter-
mining a change in elevation and orientation of the first sensor
elements 37. This step may include determining the change in
elevation of end first sensor elements due to changes in the
array and not due to ground variation 45 and determining the
change in elevation of first sensor elements other than the end
first sensor elements by taking a linear combination of the
changes in elevation of each of the end first sensor elements
47.

While the invention has been described with reference to
specific embodiments, modifications and variations of the
invention may be constructed without departing from the
scope of the invention.
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We claim:

1. A ground contour mapping array, comprising:

a ground-based movable structure traversable over a

ground area to be mapped,

an array of sensor elements attached to the movable struc-

ture,

additional sensor elements fore and aft of the array for

detecting changes in elevation and orientation of the
array to prevent distortion of data gathered by the array,
and

electronic means for adjusting the data from the sensor

array to remove the effect of changes in the elevation or
orientation of the sensor array.

2. The ground contour mapping array of claim 1, wherein
the array is traversed along a downtrack direction and the
array is attached along a cross-track perpendicular to the
down-track direction.

3. A method of mapping ground contours, comprising:

providing a ground-based movable structure, providing

first sensor elements in an array attached to the movable
structure,

providing second sensor elements fore and aft of the array,

linearly traversing the movable structure over an area of

ground, gathering data periodically from the first sensor
elements while the movable structure traverses the area
of ground,

detecting distances between the second sensor elements

and the ground at the same time as data is gathered from
the first sensor elements,

determining a change in elevation and orientation of the

first sensor elements based on data gathered by the first
sensor elements and distances detected by the second
sensor elements,

normalizing the data gathered from the first sensor ele-

ments to remove the effect of changes in the elevation or
orientation of the first sensor elements,

storing the normalized data, and

creating a 3-dimensional image of a ground surface using

the normalized data.

4. The ground contour mapping array of claim 3, wherein
the array of sensor elements is a linear array.

5. The ground contour mapping array of claim 3, wherein
the array of sensor elements is an array of ground penetrating
radar elements.

6. The ground contour mapping array of claim 5, wherein
the additional second sensor elements are LADAR or ultra-
sound.

7. The ground contour mapping array of claim 5, wherein
the second sensor elements are ground penetrating radar ele-
ments, each consisting of a transmitter and receiver pair.

8. The ground contour mapping array of claim 3, wherein
the array of sensor elements is a planar array.

9. The ground contour mapping array of claim 3, wherein
the second sensor elements are placed fore and aft of sensor
elements near opposite ends of the array.

10. The ground contour mapping array of claim 3, further
comprising a processor and a memory operatively coupled to
the processor, wherein the processor adjusts the data gathered
by the array according to the changes in elevation and orien-
tation detected with the second sensor elements and the
memory records the adjusted data.

11. The ground contour mapping array of claim 3, wherein
the sensor elements of the array of sensor clements are
mounted rigidly with respect to one another, such that the
distance between them is always the same.

12. The method of mapping ground contours of claim 3,
wherein the providing second sensor elements fore and aft of
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the array comprises providing second sensor elements fore
and aft of first sensor elements at opposite ends of the array
that are first and last sensor elements in the array in a direction
perpendicular to a direction of motion.

13. The method of mapping ground contours of claim 12,
wherein the determining a change in elevation and orientation
of'the first sensor elements based on data gathered by the first
sensor elements and distances detected by the second sensor
elements comprises determining the change in elevation of
the end first sensor elements due to changes in the array and
not due to ground variation, based on the distance between the
first sensor elements at opposite ends of the array and the
ground and the distance between each of the second sensor
elements and the ground at the present position and at least
one previous position, and determining the change in eleva-
tion of the first sensor elements other than the first sensor
elements at opposite ends of the array due to changes in the
array and not due to ground variation by taking a linear
combination of the changes in elevation of each of the end
first sensor elements due to changes in the array and not due
to ground variation.

14. The method of mapping ground contours of claim 13,
wherein the distance between the first sensor elements at
opposite ends of the array and the ground and the distance
between each of the second sensor elements and the ground at
least one previous position are normalized to remove the
effect of changes in the elevation or orientation of the firstand
second sensor elements at the previous position.

15. The method of mapping ground contours of claim 13,
wherein the determining the change in elevation of the first
sensor elements near opposite ends of the array due to
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changes in the first sensor elements and not due to ground
variation comprises comparing a distance measured between
afirst or second sensor element and the ground and a distance
measured between another first or second sensor element and
the ground, wherein the first or second sensor element and the
another first or second sensor element were each above the
same location on the ground when the measurements were
taken.

16. The method of mapping ground contours of claim 12,
wherein the gathering data periodically comprises gathering
data from the first sensor elements each time the movable
structure traverses a distance equal to a given percentage of
the distance between the end first sensor elements and the
second sensor elements fore and aft of the first sensor ele-
ments at opposite ends of the array.

17. The method of mapping ground contours of claim 16,
wherein the given percentage is 100%.

18. The method of mapping ground contours of claim 3,
wherein the first or second sensor elements are ground pen-
etrating radar elements, each consisting of a transmitter and
receiver pair.

19. The method of mapping ground contours of claim 3,
wherein the first and second sensor elements are mounted
rigidly with respect to one another, such that the distance
between them is always the same.

20. The method of claim 3, wherein the traversing further
comprises traversing the array along a down-track direction
and providing the array along a cross-track perpendicular to
the down-track direction.



