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APPARATUS AND METHOD FOR
HORIZONTAL DRILLING

“This is a divisional of patent divisional application Ser.
No. 09/676,730, which was filed on Sep. 29, 2000, U.S. Pat.
No. 6,435,286, which is a division of Ser. No. 09/311,085
May 13, 1999, U.S. Pat. No. 6,161,630, which is a continu-
ation of 08/784,061 Jan. 17, 1997, U.S. Pat. No. 5,904,210,
which is a CIP of 08/587,832 Jan. 11, 1996, U.S. Pat. No.
5,720,534, issued Feb. 24, 1998, which are hereby incorpo-
rated by reference herein.”

BACKGROUND OF THE INVENTION

The present invention relates generally to the field of
trenchless underground boring and, more particularly, to a
system and method for horizontal drilling and subsurface
object detection.

Utility lines for water, electricity, gas, telephone and cable
television are often run underground for reasons of safety
and aesthetics. In many situations, the underground utilities
can be buried in a trench which is then back-filled. Although
useful in areas of new construction, the burial of utilities in
a trench has certain disadvantages. In areas supporting
existing construction, a trench can cause serious disturbance
to structures or roadways. Further, there is a high probability
that digging a trench may damage previously buried utilities,
and that structures or roadways disturbed by digging the
trench are rarely restored to their original condition. Also, an
open trench poses a danger of injury to workers and pass-
ersby.

The general technique of boring a horizontal underground
hole has recently been developed in order to overcome the
disadvantages described above, as well as others unad-
dressed when employing conventional trenching techniques.
In accordance with such a general horizontal boring
technique, also known as microtunnelling or trenchless
underground boring, a boring system is situated on the
ground surface and drills a hole into the ground at an oblique
angle with respect to the ground surface. Water is typically
flowed through the drill string, over the boring tool, and back
up the borehole in order to remove cuttings and dirt. After
the boring tool reaches a desired depth, the tool is then
directed along a substantially horizontal path to create a
horizontal borehole. After the desired length of borehole has
been obtained, the tool is then directed upwards to break
through to the surface. A reamer is then attached to the drill
string which is pulled back through the borehole, thus
reaming out the borehole to a larger diameter. It is common
to attach a utility line or other conduit to the reaming tool so
that it is dragged through the borehole along with the reamer.

In order to provide for the location of a boring tool while
underground, a conventional approach involves the incor-
poration of an active beacon, typically in the form of a radio
transmitter, disposed within the boring tool. A receiver is
typically placed on the ground surface and used to determine
the position of the tool through a conventional radio direc-
tion finding technique. However, since there is no synchro-
nization between the beacon and the detector, the depth of
the tool cannot be measured directly, and the position
measurement of the boring tool is restricted to a two
dimensional surface plane. Moreover, conventional radio
direction finding techniques have limited accuracy in deter-
mining the position of the boring tool. These limitations can
have severe consequences when boring a trenchless under-
ground hole in an area which contains several existing
underground utilities or other natural or man-made hazards,
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2

in which case the location of the boring tool must be
precisely determined in order to avoid accidentally disturb-
ing or damaging the utilities.

Recently the use of ground penetrating radar (GPR) for
performing surveys along trenchless boring routes has been
proposed. Ground-penetrating-radar is a sensitive technique
for detecting even small changes in the subsurface dielectric
constant. Consequently, the images generated by GPR sys-
tems contain a great amount of detail, much of it either
unwanted or unnecessary for the task at hand. A major
difficulty, therefore, in using GPR for locating a boring tool
concerns the present inability in the art to correctly distin-
guish the boring tool signal from all of the signals generated
by the other features, such signals collectively being referred
to as clutter. Moreover, depending on the depth of the boring
tool and the propagation characteristics of the intervening
ground medium, the signal from the boring tool can be
extremely weak relative to the clutter signal. Consequently,
the boring tool signal may either be misinterpreted or
undetectable.

It would be desirable to employ an apparatus for detecting
a natural or man-made subsurface feature and controlling an
underground excavator to avoid such subsurface feature
with greater response time and accuracy than is currently
attainable given the present state of the technology.

SUMMARY OF THE INVENTION

The present invention is directed to a system and method
of horizontally drilling and subsurface feature detection.
According to one embodiment, a horizontal drilling system
includes a base machine capable of propelling a drill pipe
rotationally and longitudinally underground. A cutting tool
system is coupled to the drill pipe, and a control system
controls the base machine. A detector is employed to detect
a subsurface feature. A communication link is utilized for
transferring data between the detector and the control sys-
tem. The control system uses the data generated by the
detector to modify control of the base machine in response
to detection of the subsurface feature.

The subsurface feature may be a geological or man-made
obstruction, in which case the control system uses the data
generated by the detector to modify control of the base
machine to avoid contact between the cutting tool system
and the obstruction. The subsurface feature may also com-
prise a transition between a first subsurface geology and a
second subsurface geology, in which case the control system
uses the data generated by the detector to modify control of
the base machine to modify one or both of cutting tool
system direction and base machine propulsion in response to
the detected subsurface geology transition. Cutting tool
system and/or subsurface feature location and depth may be
computed.

The detector can be integral with the cutting tool system.
In such a configuration, the cutting tool includes a cutting
element, a power source, a transmitter, and a receiver. In
another configuration, the detector is communicatively
coupled to the cutting tool system. In a further configuration,
the detector operates cooperatively with the cutting tool
system to detect the subsurface feature. In yet another
configuration, the detector is situated above ground. Accord-
ing to another configuration, elements of the detector are
respectively situated at or proximate the cutting tool system
and above ground. The detector can include a ground
penetrating radar unit, a beacon or an acoustic wave detec-
tion unit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a side view of a trenchless underground boring
apparatus in accordance with an embodiment of the present
invention;
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FIG. 2 is a detailed schematic side view of the trenchless
underground boring tool and a probe and detection unit
shown in FIG. 1;

FIG. 3 is a graph depicting time domain signature signal
generation;

FIG. 4 is a graph depicting frequency domain signature
signal generation;

FIGS. 5a-5c¢ show three embodiments for passive micro-
wave signature signal generation;

FIGS. 6a—6d show four embodiments for active micro-
wave signature signal generation;

FIGS. 7a-7b show two embodiments for active acoustic
signature signal generation;

FIG. 8 shows an embodiment of a cooperative target
incorporating a signature signal generator and an orientation
detector;

FIG. 9 is an illustration of an orientation detector for
detecting an orientation of a cooperative target;

FIG. 10 is a block diagram of an orientation detector
which, in accordance with one embodiment, detects an
orientation of a cooperative target and produces an output
indicative of such orientation, and, in accordance with
another embodiment, produces an output signature signal
that indicates both a location and an orientation of the
underground boring tool;

FIGS. 11a—11b illustrate an embodiment of an orientation
detecting apparatus which includes a number of passive
signature signal generating devices that provide both boring
tool location and orientation information;

FIG. 12 illustrates another embodiment of an orientation
detector that produces an output indicative of an orientation
of the underground boring tool;

FIGS. 134-13b illustrate another embodiment of a pas-
sive orientation detector that produces a signature signal
indicative of both the location and orientation of the under-
ground boring tool;

FIG. 14 illustrates an embodiment of an orientation detec-
tor suitable for incorporation in an underground boring tool
that produces an output indicative of the rotational orienta-
tion and pitch of the boring tool;

FIG. 15 shows an embodiment of a boring tool incorpo-
rating an active signature signal generator and an orientation
detection apparatus;

FIG. 16 is a diagram of a methodology for determining
the depth of an underground boring tool incorporating a
cooperative target by use of at least two receive antennas and
a single transmit antenna;

FIG. 17a is a depiction of an underground boring tool
tracking methodology using an array of two receive anten-
nas and a transmit antenna provided within the receive
antenna array,

FIG. 17b is a graph illustrating signature signal detection
by each of the antennae in the receive antenna array of FIG.
17a which, in turn, is used to determine a location and
deviation of an underground boring tool relative to a pre-
determined above-ground path;

FIG. 18a is a depiction of an underground boring tool
tracking methodology using an array of four receive anten-
nas and a transmit antenna provided within the receive
antenna array,

FIG. 18b is a graph illustrating signature signal detection
by each of the four antennae in the receive antenna array of
FIG. 18a which, in turn, is used to determine a location and
deviation of an underground boring tool relative to a pre-
determined above-ground path;
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FIG. 19 is an illustration of a single-axis antenna system
typically used with a ground penetrating radar system for
providing two-dimensional subsurface geologic imaging;

FIG. 20 is an illustration of an antenna system including
a plurality of antennae oriented in an orthogonal relationship
for use with a ground penetrating radar system to provide
three-dimensional subsurface geologic imaging in accor-
dance with one embodiment of the invention;

FIG. 21 illustrates an embodiment of a trenchless under-
ground boring tool incorporating various sensors, and fur-
ther depicts sensor signal information;

FIG. 22 illustrates an embodiment of a trenchless under-
ground boring tool incorporating an active beacon and
various sensors, and further depicts sensor signal informa-
tion;

FIG. 23 is an illustration of a boring site having a
heterogeneous subsurface geology;

FIG. 24 is a system block diagram of a trenchless boring
system control unit incorporating position indicators, a
geographical recording system, various databases, and a
geological data acquisition unit;

FIG. 25 is an illustration of a boring site and a trenchless
boring system incorporating position location devices;

FIG. 26 illustrates in flow diagram form generalized
method steps for performing a pre-bore survey;

FIG. 27 is a system block diagram of a trenchless under-
ground boring system control unit for controlling the boring
operation; and

FIGS. 28-29 illustrate in flow diagram form generalized
method steps for performing a trenchless boring operation.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Referring now to the figures and, more particularly, to
FIG. 1, there is illustrated an embodiment of a trenchless
underground boring system incorporating elements for con-
trolling horizontal drilling and subsurface feature detection.
In one embodiment, the detection system includes an above-
ground probing and detection unit 28 (PDU) and a below-
ground cooperative target 20 mounted to, contained in, or
otherwise coupled to an underground boring tool 24.

The PDU 28 and the target 20 operate in cooperation to
provide reliable and accurate locating of an underground
boring tool 24. In addition, the orientation of the boring tool
24 during operation may also be provided. In terms of
general operation, the PDU 28 transmits a probe signal 36
into the ground 10 and detects return signals reflected from
the ground medium and the underground boring tool 24. The
return signals typically includes content from many different
reflection sources, often rendering detection of the under-
ground boring tool 24 unreliable or impossible using con-
ventional techniques. Detecting an underground boring tool
24 is greatly enhanced by use of the cooperative target 20,
which, in response to the probe signal 36, emits a signature
signal that is readily distinguishable from the return signals
reflected by the ground medium and the underground boring
tool 24. The cooperative target 20 may also include an
orientation detection apparatus that senses an orientation of
the boring tool 24. Boring tool orientation information may
be transmitted with the location information as a composite
signature signal or as an information signal separate from
the signature signal. As such, the presence, location, and
orientation of an underground boring tool 24 is readily and
reliably determined by employing the probing and detection
system and method of the present invention.
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It is well known in the field of subsurface imaging that
conventional underground imaging techniques, such as
those that employ GPR, detect the presence of many types
of underground obstructions and structures. It is also well
known in the art that detecting objects of interest, such as an
underground boring tool 24, is often made difficult or
impossible due to the detection of return signals emanating
from many sources not of interest, collectively known as
clutter, associated with other underground obstructions,
structures, and varying ground medium characteristics, for
example. The clutter signal represents background noise in
the composite return signal above which a return signal of
interest must be distinguished. Attempting to detect the
presence of the underground boring tool 24 using a conven-
tional approach often renders the boring tool 24 undetectable
or indistinguishable from the background noise.

It is understood that the return signal from an underground
object of interest using conventional detection techniques
may be weak relative to the clutter signal content. In such a
case, the signal-to-clutter ratio would be low, which reduces
the ability to clearly detect the return signal emanating from
the underground object of interest. The probe and detection
apparatus and method of the present invention advanta-
geously provides for the production of a return signal from
the cooperative target 20 provided at the underground boring
tool 24 having a characteristic signature which can be more
easily distinguished from the clutter. As will be discussed in
detail hereinbelow, the generation of a signature signal
containing either or both location and orientation informa-
tion by the cooperative target 20 may be performed either
passively or actively.

FIG. 1 illustrates a cross-section through a portion of
ground 10 where the boring operation takes place, with most
of the components of the detection system depicted situated
above the ground surface 11. The trenchless underground
boring system, generally shown as the system 12, includes
a platform 14 on which is situated a tilted longitudinal
member 16. The platform 14 is secured to the ground by pins
18 or other restraining members in order to prevent the
platform 14 from moving during the boring operation.
Located on the longitudinal member 16 is a thrust/pullback
pump 17 for driving a drill string 22 in a forward, longitu-
dinal direction as generally shown by the arrow. The drill
string 22 1s made up of a number of drill string members 23
attached end-to-end. Also located on the tilted longitudinal
member 16, and mounted to permit movement along the
longitudinal member 16, is a rotating motor 19 for rotating
the drill string 22 (illustrated in an intermediate position
between an upper position 19z and a lower position 195). In
operation, the rotating motor 19 rotates the drill string 22
which has a boring tool 24 at the end of the drill string 22.

A typical boring operation takes place as follows. The
rotating motor 19 is initially positioned in an upper location
19a and rotates the drill string 22. While the boring tool 24
is rotated, the rotating motor 19 and drill string 17 are
pushed in a forward direction by the thrust-pullback pump
20 toward a lower position into the ground, thus creating a
borehole 26. The rotating motor 19 reaches a lower position
19b when the drill string 22 has been pushed into the
borehole 26 by the length of one drill string member 23. A
new drill string member 23 is then added to the drill string
22 cither manually or automatically, and the rotating motor
19 is released and pulled back to the upper location 19a. The
rotating motor 19 then clamps on to the new drill string
member 23 and the rotation/push process is repeated so as to
force the newly lengthened drill string 22 further into the
ground, thereby extending the borehole 26. Commonly,
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water is pumped through the drill string 22 and back up
through the borehole to remove cuttings, dirt, and other
debris. If the boring tool 24 incorporates a directional
steering capability for controlling its direction, a desired
direction can be imparted to the resulting borehole 26.

In FIG. 1, there is illustrated a borehole 26 which bends
in the vicinity of a point 31 after the initial oblique section
becomes parallel to the ground surface 11. Located above
the surface 11, and detachable from the trenchless under-
ground boring system 12, is a probing and detection unit 28
(PDU), mounted on wheels 29 or tracks in order to permit
above-ground traversing of the PDU 28 along a path corre-
sponding to the underground path of the boring tool 24. The
PDU 28 is coupled to a control unit 32 via a data transmis-
sion link 34.

The operation of the PDU 28 is more clearly described in
reference to FIG. 2. The PDU 28 is generally used to
transmit a probe signal 36 into the ground and to detect
returning signals. The PDU 28 contains a generator 52 for
generating the probe signal 36 which probes the ground 10.
A transmitter 54 receives the probe signal 36 from the
generator 52, which, in turn, transmits the probe signal 36
(shown as continuous lines in FIG. 2) into the ground 10. In
a first embodiment, the generator 52 is a microwave gen-
erator and the transmitter 54 is a microwave antenna for
transmitting microwave probe signals. In an alternative
embodiment, the generator 52 is an acoustic wave generator
and produces acoustic waves, and the transmitter 54 is
typically a probe placed into the ground 10 to provide for
good mechanical contact for transmitting the acoustic waves
into the ground 10.

The probe signal 36 is transmitted by the PDU 28,
propagates through the ground 10, and encounters subsur-
face obstructions, one of which is shown as 30, which scatter
a return signal 40 (shown as dotted lines in FIG. 2) back to
the PDU 28. A signature signal 38 (shown as dashed lines in
FIG. 2) is also returned to the PDU 28 from the boring tool
24 located in the borehole 26.

The detection section of the PDU 28 includes a receiver
56, a detector 58, and a signal processor 60. The receiver 56
receives the return signals from the ground and communi-
cates them to the detector 58. The detector 58 converts the
return signals into electric signals which are subsequently
analyzed in the signal processing unit 60. In the first
embodiment described hereinabove in which the probe
signal 36 constitutes a microwave signal, the receiver 56
typically includes an antenna, and the detector 58 typically
includes a detection diode. In another embodiment in which
the probe signal 36 constitutes an acoustic wave, the receiver
56 typically is a probe in good mechanical contact with the
ground 10 and the detector 58 includes a sound-to-electrical
transducer, such as microphone. The signal processor 60
may include various preliminary components, such as a
signal amplifier, a filtering circuit, and an analog-to-digital
converter, followed by more complex circuitry for produc-
ing a two or three dimensional image of a subsurface volume
which incorporates the various underground obstructions 30
and the boring tool 24. The PDU 28 also contains a beacon
receiver/analyzer 61 for detecting and interpreting a signal
from an underground active beacon. The function of the
beacon receiver/analyzer 61 will be described more fully
hereinbelow.

The PDU 28 also contains a decoder 63 for decoding
information signal content that may be encoded on the
signature signal produced by the cooperative target 20.



US 6,886,644 B2

7

Orientation, pressure, and temperature information, for
example, may be sensed by appropriate sensors provided in
the cooperative target 20, such as a strain gauge for sensing
pressure. Such information may be encoded on the signature
signal, such as by modulating the signature signal with an
information signal, or otherwise transmitted as part of, or
separate from, the signature signal. When received by the
receiver 56, an encoded return signal is decoded by the
decoder 61 to extract the information signal content from the
signature signal content. It is noted that the components of
the PDU 28 illustrated in FIG. 2 need not be contained
within the same housing or supporting structure.

Referring once again to FIG. 1, the PDU 28 transmits
acquired information along the data transmission link 34 to
the control unit 32, which is illustrated as being located in
proximity to the trenchless underground boring system 12.
The data transmission link 34 is provided to handle the
transfer of data between the PDU 28 and the trenchless
underground boring system 12, and may be a co-axial cable,
an optical fiber, a free-space link for infrared
communication, or some other suitable data transfer medium
or technique. A significant advantage of using a trenchless
underground boring system 12 which employs the subsur-
face detection technique described herein concerns the
detection of other important subsurface features which may
purposefully be avoided by the boring tool 24, particularly
buried utilities such as electric, water, gas, sewer, telephone
lines, cable lines, and the like.

Signature signal generation, in accordance with the
embodiments of FIGS. 3 and 4, may be accomplished using
temporal and frequency based techniques, respectively. FIG.
3 is an illustration depicting the generation and detection of
an underground boring tool signature signal in the time
domain. Line A shows the emission of a probe signal 36a as
a function of signal character plotted against time. Line B
shows a return signal 62a detected by the PDU 28 in the
absence of any signature signal generation. The return signal
624 is depictive of a signal received by the PDU 28 at a time
AT1 after emission of the probe signal 36a, and is repre-
sented as a commixture of signals returned from the under-
ground structure 22 and other scatterers. As previously
discussed, a low signal-to-clutter ratio makes it very difficult
to distinguish the return signal from the underground boring
tool 24.

Line C illustrates an advantageous detection technique in
which cooperation between the cooperative target 22, pro-
vided at the boring tool 24, and the PDU 28 is employed to
produce and transmit a signature signal at a certain time AT2
following illumination with the probe signal 36a. In accor-
dance with this detection scheme, the return signal 40a
received from the scatterers is detected initially, and the
signature signal 38a received from the underground boring
tool 24 is detected after a delay of AT2. The delay time AT2
is established to be sufficiently long so that the signature
signal produced by the cooperative target 20 is significantly
more pronounced than the clutter signal at the time of
detection. In this case, the signal-to-clutter ratio of the
signature signal 38a is relatively high, thus enabling the
signature signal 38a to be easily distinguished from the
background clutter 40a.

FIG. 4 is an illustration depicting the detection of a
cooperative target signature signal emitted from an under-
ground boring tool 24 in the frequency domain. Line A
illustrates the frequency band 36b of the probe signal as a
function of signal strength plotted against frequency. Line B
shows a frequency band 62b of a return signal received from
the underground boring tool 24 in the absence of any
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cooperative signal generation. It can be seen that the natu-
rally occurring return signals from the underground boring
tool 24 and other scatterers 30 share a frequency band 62b
similar to that of the probe signal 36b. Line C illustrates a
case where cooperation is employed between the coopera-
tive target 20 of the underground boring tool 24 and the PDU
28 to produce and transmit a signature signal which has a
frequency band 38b different from that of the scattered
return signal 40b. The difference in frequency band, indi-
cated as Af, is sufficiently large to move the cooperative
target signature signal out of, or at least partially beyond, the
scattered signal frequency band 40b. Thus, the cooperative
target signature signal can be detected with relative ease due
to the increased signal-to-clutter ratio. It is noted that high
pass, low pass, and notch filtering techniques, for example,
or other filtering and signal processing methods may be
employed to enhance cooperative target signature signal
detection.

It is an important feature of the invention that the under-
ground boring tool 24 be provided with a signature signal-
generating apparatus, such as a cooperative target 20, which
produces a signature signal in response to a probe signal
transmitted by the PDU 28. If no such signature signal was
produced by the generating apparatus, the PDU 28 would
receive an echo from the underground boring tool 24 which
would be very difficult to distinguish from the clutter with a
high degree of certainty using conventional detecting tech-
niques. The incorporation of a signature signal generating
apparatus advantageously provides for the production of a
unique signal by the underground boring tool 24 that is
easily distinguishable from the clutter and has a relatively
high signal-to-clutter ratio. As discussed briefly above, an
active or passive approach is suitable for generating the
boring tool signature signal. It is understood that an active
signature signal circuit is one in which the circuit used to
generate the signature signal requires the application of
electrical power from an external source, such as a battery,
to make it operable. A passive circuit, in contrast, is one
which does not utilize an external source of power. The
source of energy for the electrical signals present in a
passive circuit is the received probe signal itself.

In accordance with a passive approach, the cooperative
target 20 does not include an active apparatus for generating
or amplifying a signal, and is therefore generally less
complex than an active approach since it does not require the
presence of a permanent or replaceable power source or, in
many cases, electronic circuitry. Alternatively, an active
approach may be employed which has the advantage that it
is more flexible and provides the opportunity to produce a
wider range of signature response signals which may be
more identifiable when encountering different types of
ground medium. Further, an active approach reduces the
complexity and cost of manufacturing the cooperative target
20, and may reduce the complexity and cost of the signature
signal receiving apparatus.

Three embodiments of a passive signature signal gener-
ating apparatus associated with a microwave detection tech-
nique are illustrated in FIG. 5. Each of the embodiment
illustrations shown in FIG. 5 includes a schematic of a
cooperative target including a microwave antenna and cir-
cuit components which are used to generate the signature
signal. The three embodiments illustrated in FIGS. 5a, 5b,
and 5c are directed toward the generation of the signature
signal using a) the time domain, b) the frequency domain
and c¢) cross-polarization, respectively.

In FIG. 54, there is illustrated a cooperative target 20
which includes two antennae, a probe signal receive antenna
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66a, and a signature signal transmit antenna 68a. For
purposes of illustration, these antennae are illustrated as
separate elements, but it is understood that microwave
transmit/receive systems can operate using a single antenna
for both reception and transmission. Two separate antennae
are used in the illustration of this and the following embodi-
ments in order to enhance the understanding of the invention
and, as such, no limitation of the invention is to be inferred
therefrom. The receive antenna 66a and the transmit antenna
68a in the physical embodiment of the signature signal
generator will preferably be located inside the cooperative
target 20 or on its surface in a conformal configuration. For
antennae located entirely within the cooperative target 20, it
is understood that at least a portion of the cooperative target
housing is made of a non-metallic material, preferably a hard
dielectric material, thus allowing passage of the microwaves
through at least a portion of the cooperative target housing.
A material suitable for this application is KEVLAR®.
Antennae that extend outside of the cooperative target
housing may be covered by a protective non-metallic mate-
rial. The antennae, in this configuration, may be made to
conform to the housing contour, or disposed in recesses
provided in the housing and covered with an epoxy material,
for example.

The illustration of FIG. Sa shows the signature signal
generation apparatus for a microwave detection system
operating in the time domain. In accordance with this
embodiment, a receive antenna 66a receives a probe signal
70a from the PDU 28, such as a short microwave burst
lasting a few nanoseconds, for example. In order to distin-
guish a signature signal 74a from the clutter received by the
PDU 28, the received probe signal 70a passes from the
receive antenna 66a into a time-delaying waveguide 724,
preferably a co-axial cable, to a transmit antenna 68a. The
signature signal 74a is then radiated from the transmit
antenna 68a and received by the PDU 28. The use of the
time-delay line, which preferably delays the response from
the cooperative target 20 by about 10 nanoseconds, delays
radiating the return signature signal 74a until after the clutter
signal received by the PDU 28 has decreased in magnitude.

In accordance with another embodiment, a single antenna
embodiment of the passive time domain signature generator
could be implemented by cutting the waveguide at the point
indicated by the dotted line 764 to form a termination. In this
latter embodiment, the probe signal 70a propagates along
the waveguide 72g until it is reflected by the termination
located at the cut 76a, propagates back to the receive
antenna 66a, and is transmitted back to the PDU 28. The
termination could be implemented either as an electrical
short, in which case the probe signal 70a would be inverted
upon reflection, or as an open circuit, in which case the
probe signal 70a would not be inverted upon reflection.

The introduction of a time delay to create the signature
signal 74a makes the underground boring tool 24 appear
deeper in the ground than it is in actuality. Since microwaves
are heavily attenuated by the ground, ground penetrating
radar systems have a typical effective depth range of about
10 feet when employing conventional detection techniques,
beyond which point the signal returns are generally too
heavily attenuated to be reliably detected. The production of
a time delayed signature signal return 74 from the under-
ground boring tool 24 artificially translates the depth of the
underground boring tool 24 to an apparent depth in the range
of 10 to 20 feet, a depth from which there is generally no
other strong signal return, thus significantly enhancing the
signal-to-clutter ratio of the detected signature signal 74a.
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The actual depth of the underground boring tool 24 may then
be determined by factoring out the artificial depth compo-
nent due to the known time delay associated with the
cooperative target 20. It is believed that the signature signal
generated by a cooperative target 20 may be detectable at
actual depths on the order of 100 feet. It is further believed
that a signature signal generated by an active device will
generally be stronger, and therefore more detectable, than a
signature signal produced by a passive device.

The illustration of FIG. 5b depicts a signature signal
generating apparatus for a microwave detection system
operating in the frequency domain. In accordance with this
embodiment, a receive antenna 66b, provided in or on the
boring tool 24, receives a microwave probe signal 705 from
the PDU 28. The probe signal 70b is preferably a microwave
burst, lasting for several microseconds, which is centered on
a given frequency, f, and has a bandwidth of Afl, where
Af1/f is typically less than one percent. In order to shift a
return signature signal 74b out of the frequency regime
associated with the clutter received by the PDU 28, the
received probe signal 70b propagates from the receive
antenna 66b along a waveguide 72b into a nonlinear device
78b, preferably a diode, which generates harmonic signals,
such as second and third harmonics, from an original signal.

The harmonic signal is then radiated from a transmit
antenna 68b as the signature signal 74b and is received by
the PDU 28. The PDU 28 is tuned to detect a harmonic
frequency of the probe signal 70b. For a probe signal 70b of
100 MHz, for example, a second harmonic detector 58
would be tuned to 200 MHz. Generally, scatterers are linear
in their response behavior and generate a clutter signal only
at a frequency equal to that of the probe signal 70b. Since
there is generally no other source of the harmonic frequency
present, the signal-to-clutter ratio of the signature signal 74b
at the harmonic frequency is relatively high. In a manner
similar to that discussed hereinabove with respect to the
passive time domain embodiment, the passive frequency
domain embodiment may be implemented using a single
antenna by cutting the waveguide at the point indicated by
the dotted line 76b to form a termination. In accordance with
this latter embodiment, the probe signal 70b would propa-
gate along the waveguide 72b, through the nonlinear ele-
ment 78b, reflect at the termination 76b, propagate back
through the nonlinear element 78b, propagate back to the
receive antenna 66b, and be transmitted back to the PDU 28.
The polarity of the reflection would be determined by the
nature of the termination, as discussed hereinabove.

The illustration of FIG. 5¢ depicts signature signal gen-
eration for a microwave detection system operating in a
cross-polarization mode. In accordance with this
embodiment, the PDU 28 generates a probe signal 70c of a
specific linear polarity which is then transmitted into the
ground. The clutter signal is made up of signal returns from
scatterers which, in general, maintain the same polarization
as that of the probe signal 70c. Thus, the clutter signal has
essentially the same polarization as the probe signal 70c. A
signature signal 74c is generated in the cooperative target 20
by receiving the polarized probe signal 70c in a receive
antenna 66¢, propagating the signal through a waveguide
72c to a transmit antenna 68c¢, and transmitting the signature
signal 74¢ back to the PDU 28. The transmit antenna 68¢ is
oriented so that the polarization of the radiated signature
signal 74c¢ is orthogonal to that of the received probe signal
70c. The PDU 28 may also be configured to preferentially
receive a signal whose polarization is orthogonal to that of
the probe signal 70c. As such, the receiver 56 preferentially
detects the signature signal 74¢ over the clutter signal, thus
improving the signature signal-to-clutter ratio.
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In a manner similar to that discussed hereinabove with
respect to the passive time and frequency domain
embodiments, the cross-polarization mode embodiment may
be implemented using a single antenna by cutting the
waveguide at the point indicated by the dotted line 76¢ to
form a termination and inserting a polarization mixer 78¢
which alters the polarization of the wave passing there-
through. in this latter embodiment, the probe signal would
propagate along the waveguide 72¢, through the polarization
mixer 78c, reflect at the termination 76c, propagate back
through the polarization mixer 78c, propagate back to the
receive antenna 66¢ and be transmitted back to the PDU 28.
The polarity of the reflection may be determined by the
nature of the termination, as discussed previously herein-
above. It is understood that an antenna employed in the
single antenna embodiment would be required to have
efficient radiation characteristics for orthogonal polariza-
tions. It is further understood that the cross-polarization
embodiment may employ circularly or elliptically polarized
microwave radiation. It is also understood that the cross-
polarization embodiment may be used in concert with either
the passive time domain or passive frequency domain sig-
nature generation embodiments described previously with
reference to FIGS. 5a and 5b in order to further enhance the
signal-to-clutter ratio of the detected signature signal.

Referring now to FIG. 6, active signature signal genera-
tion embodiments will be described. FIG. 6a illustrates an
embodiment of active time domain signature signal genera-
tion suitable for incorporation in a boring tool 24. The
embodiment illustrated shows a probe signal 82a being
received by a receive antenna 84a which is coupled to a
delay-line waveguide 86a. An amplifier 88a is located at a
point along the waveguide 864, and amplifies the probe
signal 82a as it propagates along the waveguide 86a. The
amplified probe signal continues along the delay-line
waveguide 864 to the transmit antenna 90z which, in turn,
transmits the signature signal 92a back to the PDU 28. FIG.
6b illustrates an alternative embodiment of the active time
domain signature generator which incorporates a triggerable
delay circuit for producing the time-delay, rather than propa-
gating a signal along a length of time-delay waveguide. The
embodiment illustrated shows a probe signal 82b being
received by a receive antenna 84b coupled to a waveguide
86b. A triggerable delay circuit 88b is located at a point
along the waveguide 86b. The triggerable delay circuit 88b
operates in the following fashion. The triggerable delay
circuit 885 is triggered by the probe signal 82b which, upon
initial detection of the probe signal 82b, initiates an internal
timer circuit. Once the timer circuit has reached a predeter-
mined delay time, preferably in the range 1-20 nanoseconds,
the timer circuit generates an output signal from the trig-
gerable delay circuit 885 which is used as a signature signal
92b. The signature signal 92b propagates along the
waveguide 86b to a transmit antenna 90b which then trans-
mits the signature signal 92b to the PDU 28.

FIG. 6c illustrates an embodiment of an active frequency
domain signature generator suitable for incorporation in or
on an underground boring tool 24. The embodiment illus-
trated shows a probe signal 82¢ being received by a receive
antenna 84¢ coupled to a waveguide 86¢ and a nonlinear
element 88c. The frequency-shifted signal generated by the
nonlinear element 88c¢ is then passed through an amplifier
94c before being passed to the transmit antenna 90c, which
transmits the signature signal 92c¢ to the PDU 28. The
amplifier 94¢ may also include a filtering circuit to produce
a filtered signature signal at the output of the amplifier 94c.
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An advantage to using an active frequency domain signature
signal generation embodiment over a passive frequency
domain signature signal generation embodiment is is that the
active embodiment produces a stronger signature signal
which is more easily detected.

In a second embodiment of the active frequency domain
signature signal generator, generally illustrated in FIG. 6c, a
probe signal 82¢ passes through the amplifier 94¢ prior to
reaching the nonlinear element 88c. An advantage of this
alternative embodiment is that, since the amplification pro-
cess may take place at a lower frequency, the amplifier may
be less expensive to implement.

A third embodiment of an active frequency domain sig-
nature generator suitable for use with an underground boring
tool 24 is illustrated in FIG. 6d. FIG. 6d shows a receive
antenna 84d coupled through use of a waveguide 86d to a
frequency shifter 88d and a transmit antenna 90d. The
frequency shifter 884 is a device which produces an output
signal 92d having a frequency of 2, which is different from
the frequency, fl, of an input signal 82d by an offset Af,
where f2=f1+Af. In accordance with this embodiment, Af is
preferably larger than one half of the bandwidth of the probe
signal 824, typically on the order of 1 MHz. The frequency
shifter 88d produces a frequency shift sufficient to move the
signature signal 92d out of, or at least partially beyond, the
frequency band of the clutter signal, thereby increasing the
signal-to-clutter ratio of the detected signature signal 92d.
For purposes of describing these embodiments, the term
signature signal embraces all generated return signals from
the cooperative target 20 other than those solely due to the
natural reflection of the probe signal off of the underground
boring tool 24.

FIG. 7 illustrates an embodiment of a signature signal
generator adapted for use in a cooperative target 20 provided
on or within an underground boring tool 24 where the probe
signal is an acoustic signal. In an acoustic time-domain
embodiment, as illustrated in FIG. 7a, an acoustic probe
signal 98a, preferably an acoustic impulse, is received and
detected by an acoustic receiver 100a mounted on the inner
wall 96a of the boring tool 24. The acoustic receiver 100a
transmits a trigger signal along a trigger line 1024 to a delay
pulse generator 104a. After being triggered, the delay pulse
generator 104a generates a signature pulse following a
triggered delay. The signature pulse is passed along the
transmitting line 1064 to an acoustic transmitter 108a, also
mounted on the inner wall 96a of the boring tool 24. The
acoustic transmitter 108a then transmits an acoustic signa-
ture signal 110a¢ through the ground for detection by the
PDU 28.

In accordance with an acoustic frequency-domain
embodiment, as is illustrated in FIG. 7b, an acoustic probe
signal 98b, preferably an acoustic pulse having a given
acoustic frequency 13, is received and detected by an acous-
tic receiver 1006 mounted on the inner wall 96b of the
boring tool 24. The acoustic receiver 1000 transmits an input
electrical signal corresponding to the received acoustic
signal 98b at a frequency f3 along a receive line 102b to a
frequency shifter 104b. The frequency shifter 104 gener-
ates an output electrical signal having a frequency that is
shifted by an amount Af3 relative to the frequency of the
input signal 98b. The output signal from the frequency
shifter 104) is passed along a transmit line 1065 to an
acoustic transmitter 1085, also mounted on the inner wall
96b of the boring tool 24. The acoustic transmitter 1085 then
transmits the frequency shifted acoustic signature signal
1105 through the ground for detection by the PDU 28.

In FIG. 8, there is illustrated in system block diagram
form another apparatus for actively generating in a coop-
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erative target 20 a signature signal that contains various
types of information content. In one configuration, the
signature signal generating apparatus of the cooperative
target 20 includes a receive antenna 41, a signature signal
generator 43, and a transmit antenna 45. In accordance with
this configuration, a probe signal 37 produced by the PDU
28 is received by the receive antenna 41 and transmitted to
a signature signal generator 43. The signature signal gen-
erator 43 alters the received probed signal 37 so as to
produce a signature signal that, when transmitted by the
transmit antenna 45, is readily distinguishable from other
return and clutter signals received by the PDU 28.
Alternatively, the signature signal generator 43, in response
to the received probe signal 37, generates a signature signal
different in character than the received probe signal 37. The
signature signal transmitted by the transmit antenna 45
differs from the received probe signal 37 in one or more
characteristics so as to be readily distinguishable from other
return and clutter signals. By way of example, and as
discussed in detail hereinabove, the signature signal pro-
duced by the signature signal generator 43 may differ in
phase, frequency content, polarization, or information con-
tent with respect to other return and clutter signals received
by the PDU 28.

Additionally, as is further illustrated in FIG. 8, the coop-
erative target 20 may include an orientation detector 47. The
orientation detector 47 is a device capable of sensing an
orientation of the cooperative target 20, and provides an
indication of the orientation of the underground boring tool
24 during operation.

It may be desirable for the operator to know the orienta-
tion of the boring tool 24 when adjusting the direction of the
boring tool 24 along an underground pathway, since several
techniques known in the art for directing boring tools rely on
a preferential orientation of the tool. If the boring tool 24
orientation is not known, the boring tool 24 cannot be
steered in a preferred direction in accordance with such
known techniques that require knowledge of boring tool 24
orientation. It may not be possible to determine the orien-
tation of the boring tool 24 simply from a knowledge of the
orientation of the members 23 of the drill string 22, since one
or more members 23 of the drill string 22 may twist or slip
relative to one another during the boring operation. Since the
boring operation takes place underground, the operator has
no way of detecting whether such twisting or slipping has
occurred. It may, therefore, be important to determine the
orientation of the boring tool 24.

The orientation detector 47 produces an orientation signal
which is communicated to an encoder 49, such as a signal
summing device, which encodes the orientation signal pro-
duced by the orientation detector 47 on the signature signal
produced by the signature signal generator 43.

The encoded signature signal produced at the output of
the encoder 49 is communicated to the transmit antenna 45
which, in turn, transmits the encoded signature signal 39 to
the PDU 28. Various known techniques for encoding the
orientation signal on the signature signal may be imple-
mented by the encoder 49, such as by modulating the
signature signal with the orientation signal. It is noted that
other sensors may be included within the apparatus illus-
trated in FIG. 8 such as, for example, a temperature sensor
or a pressure sensor. The outputs of such sensors may be
communicated to the encoder 49 and similarly encoded on
the signature signal for transmission to the PDU 28 or,
alternatively, may be transmitted as information signals
independent from the signature signal.

Referring to FIG. 9, there is illustrated an embodiment of
an orientation detecting apparatus which may include up to
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three mutually orthogonally arranged orientation detectors.
The orientation detectors 210, 212, and 214 are aligned
along the x-axis, y-axis, and z-axis, respectively. In accor-
dance with this embodiment, the orientation detector 210
detects changes in orientation with respect to the x-axis,
while the orientation detector 212 senses changes in orien-
tation with respect to the y-axis. Similarly, the orientation
detector 214 detects changes in orientation with respect to
the z-axis. Given this arrangement, changes in pitch, yaw,
and roll may be detected when the cooperative target 20 is
subject to positional changes. It is noted that a single
orientation detector, such as detector 210, may be used to
sense changes along a single axis, such as pitch changes in
the boring tool 24, if multiple axis orientation changes need
not be detected. Further, depending on the initial orientation
of the cooperative target 20 when mounted to the under-
ground boring tool 24, two orthogonally arranged orienta-
tion detectors, such as orientation detectors 210 and 212
aligned respectively along the x and y-axes, may be suffi-
cient to provide pitch, yaw, and roll information.

Referring now to FIG. 10, there is illustrated an embodi-
ment of an apparatus for detecting an orientation of an
underground boring tool 24. In accordance with this
embodiment, the cooperative target 20 provided on or within
the underground boring tool 24 includes a tilt detector 290
that detects changes in boring tool orientation during boring
activity. The cooperative target 20, in addition to producing
a signature signal for purposes of determining boring tool
location, may include an orientation detector, such as that
illustrated in FIG. 10, for purposes of producing and orien-
tation signal representative of an orientation of the coopera-
tive target 20 and, therefore, the underground boring tool 24.

In one embodiment, as is illustrated in FIG. 8, the
cooperative target 20 includes an orientation detecting
apparatus, which produces an orientation signal, and a
separate signature signal generator, which produces a sig-
nature signal. The signature signal and the orientation signal
may be transmitted by the transmit antenna 45 of the
cooperative target 20 as two separate information signals or,
alternatively, as a composite signal which includes both the
signature and orientation signals. Alternatively, the orienta-
tion detecting apparatus may produce a single signature
signal that is indicative of both the location and the orien-
tation of the cooperative target 20.

Referring in greater detail to FIG. 10, there is illustrated
a tilt detector 290 coupled to a selector 291. The tilt detector
290 detects tilting of the cooperative target 20 with respect
to one or more mutually orthogonal axes of the boring tool
24. It is believed that the tilt detector 290 illustrated in FIG.
10 is useful as a sensor that senses the pitch of the boring
tool 24 during operation. The range of tilt angles detectable
by the tilt detector 290 may be selected in accordance with
the estimated amount of expected boring tool tilting for a
given application. For example, the tilt detector 290 may
detect maximum pitch angles in the range of +45° relative to
horizontal in one application, whereas, in another
application, the tilt detector 290 may detect pitch angles in
the range of +90° relative to horizontal, for example. It is to
be understood that the tilt detector 290, as well as other
components illustrated in FIG. 10, may be active or passive
components.

As is further illustrated in FIG. 10, a probe signal 235 is
received by the receive antenna 234 which, in turn, com-
municates the probe signal 235 to a selector 291. The tilt
detector 290 and selector 291 cooperate to select one of
several orientation signal generators depending on the mag-
nitude of tilting as detected by the tilt detector 290. In one
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embodiment, the probe signal 235 is coupled to each of the
orientation signal generators P, 292 through P,, 297, one of
which is selectively activated by the tilt detector 290 which
incorporates the function of the selector 291, such as the
embodiment illustrated in FIG. 12. In another embodiment,
the probe signal 235 is coupled to the selector 291 which
activates one of the orientation signal generators P; 292
through P,, 297 depending on the magnitude of tilting
detected by the tilt detector 290.

By way of example, and in accordance with a passive
component implementation, each of the orientation signal
generators P, 292 through P, 297 represent individual
transmission lines, each of which produces a unique time-
delayed signature signal which, when transmitted by the
transmit antenna 244, provides both location and orientation
information when received by the PDU 28. As such, the
orientation detection apparatus in accordance with this
embodiment provides both location and orientation infor-
mation and does not require a separate signature signal
generator 43. In another embodiment, each of the orientation
signal generators, such as orientation signal generator P,
294, produces a unique orientation signal which is transmit-
ted to an encoder 49. A signature signal 299 produced by a
signature signal generator 43 separate from the orientation
detection apparatus may be input to the encoder 49, which,
in turn, produces a composite signature signal 301 which
includes both signature signal and orientation signal content.
The composite signal 301 is then transmitted to the PDU 28
and decoded to extract the orientation signal content from
the signature signal content.

As discussed previously, the range of tilt angles detectable
by the tilt detector 290 and the resolution between tilt angle
increments may vary depending on a particular application
or use. By way of example, it is assumed that the tilt detector
290 is capable of detecting maximum tilt angles of +60°.
The selector 291 may select orientation signal generator P,
292 when the tilt detector 290 is at a level or null state (i.e.,
0° tilt angle) relative to horizontal. When selected, orienta-
tion detector P, 292 generates a unique orientation signal
which is indicative of an orientation of 0°. As previously
discussed, the orientation signal may be combined with a
signature signal produced by a separate signature signal
generator 43 or, alternatively, may provide both signature
signal and orientation signal information which is transmit-
ted to the PDU 28.

In the event that the tilt detector 290 detects a positive 5°
tilt angle change, for example, orientation signal generator
P, 293 is selected by the selector 291. The orientation signal
generator P, 293 then produces an orientation signal that
indicates a positive 5° tilt condition. Similarly, orientation
signal generators P; 294, P, 295, and P 296 may produce
orientation signals representing detected tilt angle changes
of positive 10°, 15°, and 20°, respectively. Other orientation
signal generators may be selected by the selector 291 to
produce orientation signals representing tilt angle changes in
five degree increments between 25° and 60°. Negative tilt
angles between 0° and -60° in 5° increments are preferably
communicated to the PDU 28 by selection of appropriate
orientation signal generators corresponding to the magni-
tude of negative tilting. It will be appreciated that the range
and resolution between tilt angle increments may vary
depending on a particular application.

In FIGS. 114 and 11b, there is illustrated another embodi-
ment of an underground boring tool 500 equipped with a
signature signal generating apparatus which, in addition to
providing location information, provides boring tool orien-
tation information. Referring to FIG. 11a, the boring tool
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500 includes a longitudinal axis 501 about which the boring
tool 500 rotates during boring activity. Distributed about the
periphery of the boring tool 500 are a number of a signature
signal generating devices, such as devices 504 and 508. In
accordance with this embodiment, the signature signal gen-
erating devices operate passively and, as such, do not require
an external power supply. Each of the signature signal
generating devices distributed about the boring tool 500
produces a unique signature signal in response to a received
probe signal generated by the PDU 28.

As is further illustrated in FIG. 11b, the boring tool 500
includes a number of elongated recesses or channels within
which signature signal generating devices are disposed. In
FIG. 11b, there is shown a cross-sectional view of the boring
tool 500 illustrated in FIG. 11a. A signature signal generat-
ing device 504, such as a co-axial transmission line, for
example, is disposed in a recess 502 and encased in a
protective material 505 which permits passage of electro-
magnetic signals therethrough. The protective material 505
fixes the signature signal generating device 504 within the
channel 502. Also shown in FIG. 115 is a second signature
signal generating device 508 similarly disposed in a recess
506 and encased in a protective material 505. A hard
dielectric material, such as KEVLAR®, is a material suit-
able material for this application.

During operation, the boring tool 500 is rotated at an
appropriate drilling rate which, assuming a full 360°
rotation, exposes each of the signature signal generating
devices to a probe signal 36 produced by the PDU 28. When
exposed to the probe signal 36 during rotation, each of the
signature signal generating devices will emit a characteristic
or signature signal 38 in response to the probe signal 36. As
a particular signature signal generating device rotates
beyond a reception window within which the probe signal
36 is received and a signature signal 38 generated, the bulk
metallic material of the boring tool 500 shields such a
signature signal generating device from the probe signal 36.
It may be desirable to situate the signature signal generating
devices about the periphery of the boring tool 500 such that
the signature signal produced by the signature signal detect-
ing device exposed to the probe signal 36 produces the
predominant signature signal 38 received by the PDU 28. It
may further be desirable to provide for a null or dead zone
between adjacent signature signal generating devices so that
the only signature signal 38 received by the PDU 28 is that
produced by a single signature signal generating device
currently exposed to the probe signal 38.

The type of signature signal generating device, configu-
ration of the boring tool recesses, such as recess 502, the
type of protective material 505 employed, the number and
location of signature signal generating devices used, and the
rotation rate of the boring tool 500 will typically impact the
ability of the PDU 28 to detect the signature signal 38
produced by each of the signature signal generating devices
during boring tool rotation.

Turning now to FIG. 12, there is illustrated an embodi-
ment of an orientation detector suitable for use in both active
and passive signature signal generating apparatuses. In one
embodiment, a mercury sensor 220 may be constructed
having a bent tube 221 within which a bead of mercury 222
moves as the tube 221 tilts within a plane defined by the axes
223 and 225. Pairs of electrical contacts, such as contacts
227 and 229, are distributed along the base of the tube 221.
As the tube 221 tilts, the mercury bead 222 is displaced from
an initial or null point, generally located at a minimum bend
angle of the tube 221. As the bead 222 moves along the tube
base, electrical contact is made between electrical contact



