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METAL DETECTOR AND GROUNG-PENETRATING RADAR HYBRID HEAD AND

MANUFACTURING METHOD THEREQY

CROSS-REFERENCE TO RELATED APPLICATIONS

{66011 This application is based on and derives the benefit of the filing date of United States
Patent Application No. 61/375,624, filed August 20, 2010, The entire content of this application

< ~
3

is herein incorporated by reference in iis entirety.

FIELL

N/

i6042]  The present disclosure ts directed to the field of mine and metal detection and, more
particularly, towards systems and methods for integrating a ground penctrating radar head with a

metal detector head.

BRIEF DESCRIPTION OF THE FIGURES

wmq

0003]  Tig 1 is a schematic representation of the transmit and receive coils of an
clectromagnetic induction metal detector head according to a disclosed embodiment.

10004 Fig. 2 is a schematic representation of an integrated ground penetrating radar head
according to a disclosed embodiment.

L

198 3A-

305

[

13 are schematic representations of layers in & multi-layer printed cireuit

,,..m.
Lu

board constituting the transmit and receive colls of a metal detector head according o an alternate

disclosed embodiment.

13606]  Figs. 4A-4F are schematic representations of layers in a multi-layer printed circuit

i3}e]

board constituting the transmit and receive coils of a metal detector head according to an alternate
disclosed embodiment.
{0007 Fig. SA-3C are top view, front view, and side view schematic representations of an

d penetrating radar head according to an alternate disclosed embodiment.

poed
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j0068]  Fig 6 is a block diagram of a hybrid head including a printed eircuit board
implementation of transmit and receive coils and a ground penetrating radar antenna mechardeally

o

connected to a housing according to an alternate disclosed embodiment.

“

DESCRIPTION OF EMBODIMENTS OF THE INVENTION

J0089] A need has arisen for a hand held sensor that can detect underground objects, including
but not limited to underground objects such as land mines. The sensor must be unintrusive
because of the nature of certain underground objects such as lund mines. The combination of
ground penetrating radar ("GPR™) and metal detection ("™MD”, also referred o herein as
dectrgmagnei‘ic induction, “EMUE, sensing) is desirable because of the different material
characteristics that they detect. A GPR system can measure the difference between dieleetric
constants of materials and their relative positions, while the MD measures the nearby presence or
absence of conductive materials, with some ntormation about the size and shape

{00107 futegratng the MD sensor cotls and the GPR antenna into a single, hybrid head can
cause problems because both the transmut and receive coils of the EMI sensor and the antenna of

the GPR produce and/or sense electro-magnetic fields that may be affected by the proximity of the

other, thereby affecting the operation of the MD, the GPR, or both. For example, coupling of the

M coils to the GPR signal may result in ringing {clutter) in the GPR system., which may lower

X

sensitivity and degrade performance. Accordingly, it is desirable to reduce coupling {resonance}

bt

between HMI sensor coifs and GPR antennas. This can be achieved through both positioning of
the coils and antennas relative to each other and through the choice of matexrials used to fabricate

the antermnas and coils in the hybrid head.

irected 10 @ GPR and MD hybrid head. In some

C.u

1] Atahigh level, this disclosure is ¢
embodiments, the hybrid head includes at least one GPR antenna, an MD transmit coil, and a MD
receive cotl that 1s arranged in a quadrupoele configuration including a crossbar to minimize

oupling between the transmit and receive ceils, similar to common mode rejection. The at least
one GPR antenna is a planar antenna, such as a V-dipole, that is positioned in a piane

perpendicular to the crossbar of the quadrupole receive coil of the MDD coils s as to reduce

oo
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coupling between the GPR antenna and the MY cotls. In some embodiments, in order o further
reduce coupling between the GPR antenna and the MD transmit and receive coils. the plane in
which the MDD transmit and receive coils 1s located s positioned at a nom-normal angle between
20 and 90 degrees, and more particularly between 45 and 96 degrees, such as 70 degrees, with
respect to a central axis of the GPR planar antenna.

(08121 The details of the design and implementation of an MD sensor ina guadropole
configuration are discussed in at least the following papers, all of which are hereby incorporated
by reference in their entirety in this application: “Broadband Electromagnetic Induction Sensor for

. ¢ . <

anceliatton Technique for

[
@

Jetecting Burted Landmine,” Waymond R. Seott, Ir.; “New

1

Electromaguetic Induction Sensors,” Waymond R. Scett, .. and Michael Malluck: “Broadband

Array of Electromagnetic Induction Sensors for Detecting Buried Landmines,” Waymond R.

¥

Scott, Jr.; “Location Estimation Using A Broadband Blectromagnetic Induction Agray,” All C.
Gurbuz, Waymond R. Scott, Jr., and James H. McClellan; “Beamforming Array for Detecting
Buried Land Mines,” Seung-Ho Lee and Waymond R. Scott, Jr.; “Combined Seismic, Radar, and

. Seett, Jr.: Kangwook Kim, Grege D

poted

,.

indaction Sensor for Landmine Detection,” Waymond
Larson, Al C. Gurbuz, and James H. MceClellan; and “Performance Comparison of Freguency
Bomain Quadrupole and Dipole Electromagnetic Induction Sensors i a Landmine Detection

Application,” Erie B. Fails, Peter A. Torrione. Waymond R. Seott, ir., and Leslie M. Callins.

(SN

brid hea

{0013} In addition to the MD sensor arranged in a quadrupole configuration, the h

also includes a V-dipoie antenna of a GPR colloc with the M} sensor. The details of the
design and implementation of a V-dipole antenna for a GPR are provided in the papers cite
above. Detas concerning the design and implementation of V-dipole antennas are also disclosed
in Kim et al,, “The Design and Realization of & Discreetly Loaded Resistive Vee Dipole on a

ait Board”, 2003, pp. 818-829, Vol. 5089, Proceedings of SPIE, which is afso

s
ry
£
P
w0
[=¥
0

worporated by reference o its entivety in this application.

[8014]  While the configuration discussed above may reduce most of the coupling between the

Cj
9
£

MD sensor and the GPR antenna, there may be some coupling due to components of the M
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C(

that may be oriented parallel to the to the V-dipoles. This coupling may be redaced by pitching

T

the MD sensor coils at a nor-normal angle with respect to the plane of the GPR antenna as
discussed above.
{08158]  Furthermore, in an embodiment the top and bottom portion of the transmit and receive

coils of the MD gensor may be covered by an electrostatic shield. The electrostatic shield fixes
the capacitance of the coil to a changing outside environment.

j0816] A particular embediment of an MD/GPR hvbrid head will now be discussed with
reference to Figs. 1 and 2. Fig. 1 illustrates a low radar cross section ransmit/receive coil
assembly 100, The coil assembly 160 is forined from two D-shaped halves 10, 20, Each of the
halves 10, 20 is formed from a substrate 30 on which a plurality of traces 40 are formed. The

3
H

substrate 30 may be formed from a flexible material such as a polyester or polyimide. The traces

o)

40 may be formed of conducting, metallic material such as copper using any known technigue,
such as chemical etehing. Connectors 50 connect the traces on the two halves 10, 20 such that the
current in the receive coil flows in a figure eight pattern throtgh multiple turns of the coil
assembly 100, with current flowing through all of the traces 40 on the crossbar 60 in the same
direction {referred to in the art as a quadruple configusation). For example, in one embodiment,

the connectors SO connect the traces 40 such that current Hows in the direction of the sequence of

b

arrows A-B-C-D through one turn of the coil assembly 100, The transmit coil extends around the

i~ . B - g

outer circumierence of both halves 10, 20 on the outside or inside of substrates 30, The substrates
38 and the traces 40 are as thin as possible consistent with structural and electrical requirements in
order to minimize the radar cross section of the coll assembly 100, Alternatively. the transmit coil
may be formed in a simple circular pattern on a separate substrate surrounding the receive coil
such that the receive coil 1s concentric with the transmit coil.

{0017} Referring nowto Fig. 2, a GPR antenna array 200 including a plurality of elements 210

s shown (3 efements are shown in Fig. 2, but those of skill in the art will recognize that more or

fess elements may be used). The elements 210 are each planar and in the shape of an fnverted V-

dipole, with the open end of the V-dipole positioned over the crossbar 60 of the coil assembly

4
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Lo T eld avic £ o
¢ BT axis (e,

joch)

100, In this manner, the components of the coil assermbly 100 that ave along ¢

the crogsbar 60} do not couple to the V-dipoles 210 which define the E-fleld was. The elements
210 may be formed on a planar substrate 212 with a metallic trace 228 formed thereon, in Fig. 2,
the distal ends (the ends at the open end of the V) of the V-dipole elements 210 are positioned
such that the crosshar 60 is inferposed between them.  In other embodiments, the V-dipole
elements 210 are positioned such that no portion of the crosshar 60 is interposed between any
portion of the two legs of the V-dipole elements 210, but the distal ends of the V-dipole elements
are on opposite sides of the plane in which crossbar 60 15 oriented. fv such configurations, the V-

D

er s uot mited to

ooz
o
=

dipole elements are within an imagniary cylinder C (as used herein, “cylh

civcular eylinders but rather includes any surface generated by a straight line Infersecting and

el ==

k]

moving along a closed plane curve while remaining paraile! o a fixed straight line that is

&

perpendicular to the closed plane curve) with a base formed by the prejection of the cross

‘..A.

sectional shape of the coil assembly 100 onto the plane which is perpendicular to the planes in
which the crossbar 6 and the V-dipole elements 210 are oriented.

1018] A second embodiment of an MIYGPR hvbrid head 300 will now be discussed with
reference to Figs. 3A-D and 5A-C. The recetve and transmit coils of the hybrid head 300 are
formed by a multiiaver PCB (printed circuit board) with through-hole vias for inter-layer
connections. Each layer of the multi-layer PCB board includes either four grounding (shielding)
fingers or two turns each of both the ansmit and receive cotls. The transmit and receive coils are
approximately concentric (as used herein, approximately concentric means that the approximate
centers of the receive and transmit coils are both approximately on an axis of concentricity that is
normal to the taces of the cotls. and one coil is located within an outer perimeter formed by the
turns of the other coil}. Also, as above, the receive coil is in a quadrupole configuration. The

total numbers of layers included in the PCB board depends upon the number of turns desired.

=

OIS Figs. 3A-D illustrate various layers of the PCB. Fig. 3A iilustrates a top grounding

A

{shielding} layer 301 with four grounding fingers formed by 2 long trace 302 connected to the

£

ground termunal that covers the inner and outer areas of the PCR, and a short trace 304 connected

LA
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to the Rt~ (recetve cotl negative) terminal and the throogh hole via 306, Fig. 38 iitustrates a

botiom grounding layer 307 with four grounding fingers formed by the long trace 308, and 2 short
trace 310 connected to the Rx+ {recewve coil positive) terminal. Bachl
grounding layer 301 and one botiom grounding layer 307, with one or more pairs of
complementary inner layers disposed between them. Figs. 3C and 3D ithustrate the
complementary first and second inner layer PUBs, respeciively. The first immer layer 311
iHlustrated i Fig. 3C includes an outer trace 312 that forms two turns of g transmit coil, and an
inner trace 314 that forms two turns of a quadrupole receive coil. The via 316 in Fig. 3

7

aligned with the via 306 1n the {op grounding laver 301 of Fig. 3A, so the trace 314 will be

electrically connected (o the Rx- terminal at this ¢
{68928]  The second mnner {ayer 319 Hustrated in Fig. 3D also ncludes an outer trace 320 that
forms two turns of the transmit coil, with one end of the trace connected to the Tx- terminal and

the other end connected to via 322 which is aligned with vig 318 of Fig. 3C, thereby connecting

the two turns of the transmit coil realized by the trace 320 in Fi

transmit cotl realized by the trace 312 of Fig. 3C. The second inner layer of Fig. 3D also includes
an inner trace 324 that forms two turas of the receive coil in a guadn upole configuration. One end
of the trace 324 is connected to via 326, which aligns with via 317 of Fig. 3C. thereby tonnecting

the two turns of the receive cotl formed by the frace 324 with the two turns of the receive coil

formed by the trace 314 of The other end of the trace 324 {s connected to via 328, which

aligns with via 309 of the bottom grounding layer 307 of Fig. 3B, thereby connecting the two

turns of the recetve coil formed by trace 324 with the Rx+ terminal shown in Fig. 38,

211 A four layer PCB formed by a top layer 301, a first inner layer 311, a second inner laver
319 and a bottom layer 307, along with suitable interconnections made using the vias discussed
above, will thus have recetve and transmit coils with four tums (two turns on each of the inner

x

{6622]  When additional turns on the transmit and receive coils are desired, additional inner
PCB layers may be added. Figs. 4A-F illustrate an exemplary multilaver PCB with internal layers

6
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between a top layer and a bottom fayer.  In order 0 accommeodate the interconnection between

the layers, additional vias are added. In general, 2 additional vias {or the transmt coil and two

(./

additional vias for the recetve cotl are needed for each pair of additional tnner lavers.  As with the

previously discussed 4-fayer embodiment, the six-tayer PCB includes a top grounding layer 401

A

shown in Fig. 44 with a long, four finger grounding trace 407 and a short trace 404 connected

>0

e

10

&

an Rx- termunal via and a second via F. Below the top layer 401 is an inner layer 411 shown in

Py .

Fig. 4B. The inner fayer 411 includes an outer trace 412 that forms two turns of the transmit coil,

and an inner trace 414 that forms two tums of the receive coll, again in a quadnupole
configoration. The outer transmit coil frace 412 is connected on one end te a Tx- terminal via and
at the other end to a via C. The receive coil s 414 are connected at one end to a via F

(through which it 1s connected to the Rx- terminal connection in laver 401) and to avia D on the

{09231 The next layer 419, shown in Fig, 4C, includes two tums 420 of the transmit coil
connected to a via  {through which they are connected {o the transmit coil furns in laver 411) and
avia A, and two tums 422 of the receive coll connected to a via D (through which it is connected

to the receive cotl tums in layer 411) and a via H. The next laver 423, shown in Fig. 45, includes

two tumns 424 of the transmit coil connected to a via A (through which they are connected 1o the

7

transmit coil turns inlayer 419) and a via B, and two tums 426 of the receive coil connected to a

ia H (through which it is connected to the receive coil turns in layer 4193 and a via £, The next
iayer 427, shown in Fig. 4E, includes two turns 428 of the transmit coil connected to a via B

{through which they are conmnected to the transmit coil turns in layer 423) and a Tx+ via, and two

o the receive ¢pil

p—

turns 430 of the receive coil connected to a via F (through which it is connected

I\)

turns in layer 423) and a via G, The bottom layer 431 shown in Fig. 4F includes a trace 43

connected at one end o a via & {through which it is connected to the recetve coil turns in | ayer

427} and at the other end to a Rx+ terminal.  The bottom laver 431 also includes a long trace 43

i
4
t

¥

H will recognize that

M

connected o a via 436 that forms four grounding fingers. Those of ski
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additional pairs of fnner lavers may be added by adding additional vias for the transmit and

eceive coils using the scheme of Figs. 4A-F.

¢

[6624]  Referring now back to Figs. 3A-D, in order to facilitaie incorporation of V-dipol
antennas {as discussed further below). the areas of the PCB marked with an X o Figs. 3A-D
wside each of the figure-& patterns of the receive cotl may be removed to allow the distal ends of
the V-dipole antennas to be placed through the plane of the PCB. In other embodiments in which
the ends of the V-dipole antennas are not passed through the plane of the PCB, those areas in Figs.
3A-D marked with an X are not removed.
{6825]  The layers 301, 307, and one pair of complementary lavers 311 and 319 iHustrated in
Figs. 3A-13 may be formed into a single PCB 510 (with the areas of the PCB 510 marked with an
X in Figs. 3A-D removed) that forms a part of a hybrid MIVGPR head 500 as shown in Figs. 5A-
. Also forming part of the hybrid head 500 are four planar V-dipole antenna elements 328, Az
shown most elearly in Fig. 5B, the legs 522 of each of the antenna elements 520 exiend through
the central plane (the plane parallel to the faces of the PCB 510 and passing through is center}
of the PCB 510 such that the distal ends of the legs 522 and the vertex V of the ele
on opposite sides of the plane of the PCB S10. Referring stitl to Fig. 5B, the central plane P of the

> V-dipole antenna

PCB 510 forms an angle y of 70 degrees with respect io the cen
elements 520 (the central axis of the V-dipole antenna clements is the axis that passes through the
vertex of the V-dipole antenna eloment and s equidistant from and coplanar with the axes of the

two legs of the V-dipole antenna element) and an angle x of 26 degrees with respect to the plane

X that is perpendicular to the central axis Y. Although an angle y of 70 degrees is illustrated in
Fig. 5B, the angle y may range from 20 to 90 degrees (i.e., the angle x may range from 0 toc 70

degrees) in other embodiments. Further, although the legs 522 of the V-dipole elements 520
extend through the plane P i the embodiment of Fig. S, in other embodiments the entirety of the
V-dipole efements 526 are on one side of the plane P while remaining inside an imaginary
eviinder C having & cross sectional shape formed by the projection of an outer perimeter of the
coils of the PCB 510 on the plane X normal to the central axis of the V-dipole elements 520

8
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>

100261 Positioning the PCB 510 at a non-normal angle with respect to the V-dipole antenna

time lag between received impuises in each
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of the V-dipole antenma legs 522. Since the coupling at cach leg and the nearest portions of the
510 are of different length scales, the differential signal between the two is incoherent. The

resulting coupling 1s incoherent and displays hitle ringing i the received GPR signal. Couphng

&

~

between the portions of the cotls on the PCB 310 that are perpendicular o the legs 322 of the V-

dipole elements 320 (e.g., the crossbar 312} is minimized because of the perpendicuiar
relationship.

{8027} Referring now to Fig. 5A, it can be seen that the V-dipole clemenis 320 are on one side
of the crossbar 512 (i.e., the elements 420 are on one side of a plane that passes through a center
of the crossbar 312, is perpendicular to the faces of the PCB, and is parallel to an axis of the
crossbar 512 m a divection in which current flows in the crossbar 512). T

1

minimize coupling between the V-dipole elements 520 and the texminals (not shown in Fig. 4) of

=

the PCB 510. ln other embodiments, V-dipole elements 520 are positioned such tha
522 are on opposite sides of the crosshar 512
{08287 The MID/GPR hybrid heads disclosed herein may be utilized in any device, and in
particular may be incorporated into a handheld device that includes the hybrid head and other
conventional compouents such as signal generators to generate signals for transmission by the MD
transmit coil and the GPR antenna, a signal processor and associated analog-dighial converters to
process signals received by the MDD receive coil and the GPR antenna, a power supply, and
appropriate interconnections between the aforementioned components. Any conventional
technigues known in the art may be utilized to process such received signals. The handheld
device may further incorporate a display for displaying video from the GPR and ohjects detected

by the M. When the hybrid head is incorporated into such a handheld device, it may be whelly

or paritall

‘<

nelosed by a housing such as the housing 600 of Fig. 6. Repardless of whether or not

4

a housing is provided, the GPR antenna eloments and the transmit and receive coils of the hybrid
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head will be mechanically connected, either directly to each other or to another component andfor

the housing {e.g., the mechanical connections 610 of Fig. 6).

00291 [t will be apparent to those of skill i the art that muperous vanations in addition {o

rra

those discussed ahove are also possible. Therefore, while the invention has been deseribed with
respect to certain speeific embodiments, it will be appreciated that many modifications and

changes may be made by those skilled in the art without departing from the spirit of the invention,

1ges as full

ft is inlended therefore, by the appended claims to cover all such modifications and cha

:

3

within the true spirit and scope of the invention.
{6838} Furthermore, the purpose of the Abstract is 1o enable the U3, Patent and Trademark

vt

pecially the scientists, engineers and praciitioners in the art

o

Office and the public generally, and e

N

who are not familtar with patent or legal terms or phraseology, to determine quickly from a
cursory inspection the nature and essence of the technical disclosure of the epplication. The

Abstract is not intended to be limiting as to the scope of the present vention o any way.,

o
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CLAIMS

A pround penetrating radar (“GPR”} and metal detector ("MD7) hybrid head corprising:

ek

an M sensor including at least one receive coil it a quadrupole configuration including &
crossbar, and at least one transmit coll, the crossbar having a first axis parallel (o a divection 1n

which current flows in the crosshar; angd

C""
,,1

faxis ot

at least one GPR V-dipole antenna arvanged in a plane perpendicular to the
crosshar so as to reduce coupling between the ceils of the MD sensor and the antenna;

wherein the transmit coil has an outer perimeter, the veceive coil has an outer perimeter,
and wherein at least a portion of the V-dipole antenna is within a cylinder formed by the

projection of one of the outer perimeter of the receive cotl or the transmit coitl onto a plane

perpendicular to a central axis of the V-dipole antenna.

2
»wa

he hybrid head of claim 1, further including at feast one electrosiatic shield covening the

top and bottom portion of the transmit and receive coils so as 1o stabilize capacitance between the
transmit and receive coils and the changing external environment.

3. The hybrid head of claim 1, wherein the at least one receive coil is concentric with the at
least one transmit cotl.

4. The bybrid head of claim 3, wherein each of the at least one transmit coil and the at least

Fad

one receive coil includes a plurality of turns respectively, the plurality of turns being concentric 1o

ther and offset along an axis of concentricity.

(¢
jn5)
o,
oy
@]

{94

The hybrid head of claim 3. wherein the at least one V-dipole antenna is focated within
one half of the M sensor on one side of the crossbar.

5. The hybrid head of claim 3, where first and second conductors of the at least one V-dipole
antenna are placed on opposite sides of the crosshar.

7. The hybrid head of claim 3, wherein the MD coils are pitched at an angle between 20 and

90 degrees with respect 1o a central axis of the V-dipole antenna.

[
e
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8. The hybrid head of claim 1, wherein the at least one transmit coil and the at least one
receive cotl are formed on a printed cireuit board (“PCB.7)
9. The hybrid head of claim 8, wherein the PCB has at least one laver including at least one
turn of the transmit oot and at least one turn of the receive coil.

16, The hybrid head of claim 8, wherein the PCH includes mulitiple lavers, cach of the layers
including at least one turn of the transmit coil and at feast one turn of the receive coll, wherein the
at least one turn of the transmit coil and the at least one turn of the receive coil are approximaiely
concentric and wherein the concentric layers which are arranged i stacked planes which ave

oftset from each other along an axis of concentricity.

1. The hybrid head of claim 8, wherein the at least one V-dipole antenna is located within

o~y

one half of the MD receive coil on one side of the crossbar,
12. The hybrid head of claim 8, where first and second conductors of the at least one V-dipole
antenna are placed on opposite sides of the crossbar.

T
H

13, The hybrid bead of claim 8§, wherein the MD coils are piiched at an angle between 20 and
80 degrees with respect to a central axis of the V-dipole antenna.
{4, The hybrid head of claim 1, {further comprising a housing. wherein the MDD sensor and the
GPR antenna are mechanically connected to the housing.
15, A metbod for manufacturing an MD/GPR hybrid head, the method comprising the steps
of!

forming an MD sensor including af least one receive coil in a quadrupole configuration
meluding a crossbar, and at least one transmit coil, the crosshar having a first axis paraifel {0 a
direction in which current flows in the crossbar; and

P

positioning at least one GPR V-dipole antenna in a plane perpendicular to the first axis

ol
P

of the crossbar so as to reduce coupling between the coils of the MDD sensor and the antenna;
wherein the transmit coil has an outer perimeter, the recelve coil has an outer

perimeter, and wherein at least a portion of the V-dipole antenna posttioned within a eylinder
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formed by the projection of one of the outer perimeter of the receive coil or the transmit coil onto

3 1

a plane perpendicuiar o a central axis of the V-dipole antenna

16, The methed of claim 15, further including the step of covering the top and bottom portion
of the transmit and receive coils with at least one electrostatic shield so as to stabilize capacitance
between the fransnut and receive coils and the changing external environment,

17. The method of claim 135, wherein the at least ane receive coil 1s concentric with the at feast
one transmit eoil.

i&. The method of claim 15, wherein the at least one V-dipole antenna is positioned within
one half of the MD sensor on one side of the crosshar,

1

19. The hybrid head of claim 3, where first and second conductors of the at least ane V-dipole
antenna are placed on opposite sides of the ¢crosshar.

20. The hybrid head of claim 3, wherein the MD coils are pitched at an angle between 20 and

90 degrees with respect 0 a central axis of the V-dipole antenna.
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