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RATIOMETRIC AC WIRE TRACER

CROSS-REFERENCE TO RELATED
APPLICATIONS

2
secondary transmitter or reducing the emphasis placed on the
initial threshold calibration step.

SUMMARY

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments ofthe invention will be described, by way of
example only, with reference to the drawings.

FIG. 1 shows a side view of electrical wiring 10 hidden
behind a material, such as a wall 20, and a sensor 30.

FIG. 2A shows front view of the electrical wiring 10, wall
20 and sensor 30.

FIG. 2B illustrates a sensed measurement along a wall 20 at
various distances between the electrical wiring 10 and the
sensor 30.

FIGS. 3A to 3D show device placement with respective to
electrical wiring 10 and a three-electrode sensor device 100,
in accordance with the present invention.

Some embodiments of the present invention provide for a
handheld device to sense electrical wiring, the device com
prising: a plurality of sensor electrodes; a plurality of ampli
fiers each having an input port couple to a separate one ofthe

10 plurality of sensor electrodes and each further having an
output port; a combiner having a first input port coupled to a
first one of the output ports of the plurality of amplifiers, a
second input port coupled to a second one ofthe output ports
ofthe plurality ofamplifiers, and an output port; a comparator

15 having a first input coupled to the output port ofthe combiner,
a second input coupled to a third one ofthe output ports ofthe
plurality of amplifiers, and an output port; an indicator
responsive a single at the output port of the comparator.

20 Some embodiments of the present invention provide for a
handheld device to sense electrical wiring, the device com
prising: a plurality of sensor electrodes comprising at least
three sensor electrodes; a plurality of amplifiers each having
an input port couple to a separate one ofthe plurality ofsensor

25 electrodes and each further having an output port; an analog
to-digital converter having a plurality of input ports each
coupled to a respective one ofthe output ports ofthe plurality
of amplifiers and an output port; a processor coupled to
receive data from the analog-to-digital converter and to

30 execute instructions; and memory coupled to the processor,
wherein the memory contains instructions for the processor to
combine data from respective pairs of sensor electrodes from
the plurality of sensor electrodes and to compare respective
reference signal data to each of the combined data from the

35 respective pairs of sensor electrodes.
Some embodiments of the present invention provide for a

method to sense electrical wiring, the method comprising:
sensing input signals from a plurality of sensor electrodes;
amplifying each of the sensed signals; combining a first pair

40 ofamplified signals resulting in a first combined signal; com
paring a referenced signal to the first combined signal result
ing in first comparison result; combining a second pair of
amplified signals resulting in a second combined signal; com
paring a referenced signal to the second combined signal

45 resulting in second comparison result; determining a pres
ence of the electrical wiring based on the first comparison
result and second comparison result; and indicating the pres
ence of the electrical wiring.

These and other aspects, features and advantages of the
50 invention will be apparent from reference to the embodiments

described hereinafter.

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates to electrical-test equipment

used for tracing conductors and finding hidden electrical ele
ments.

2. Background of the Invention
Electrical work often requires identifying elements of a

circuit or tracing a circuit behind a wall or other obstruction.
For example, an electrician may wish to identifY whether any
electrical wiring exists or find electrical wiring attached to a
particular wall outlet so that repairs may be made. By iden
tifYing hidden electrical wiring, the electrician can de-ener
gize the circuit before exposing the wiring and performing
repairs. For example, an electrician may wish to trace a hid
den wire along a wall to locate a convenient place to add
another outlet.

Some devices for locating and identifying electrical cir
cuits use a transmitter and a receiver. A transmitter induces a
current signal on the circuit in question. A receiver senses the
induced signal. For a further description of a circuit finders
using a transmitter-receiver pair, see U.S. Pat. No. 6,933,712
by Miller, et al. on Aug. 23, 2005, titled "Electrical circuit
tracing and identifying apparatus and method", the contents
of which are included herein by reference.

Other sensing devices for locating and identifying electri
cal circuits and energized AC wiring use only a handheld
receiver and rely on either changes in capacitance or a
received electric field. Such devices are dependent on the
environment. Such factors include the types of and dimen
sions ofmaterials used in constructing the wall as well as the
distance between the sensor and the wiring. These sensors
operate by determining a threshold, which marks a boundary
between the presence of a target and the absences of that
target. The threshold is variable and is susceptible to varia
tions in construction, thickness ofthe wall and subtle changes
in temperature and humidity. Even the dielectric characteris
tics of the material used in an operator's shoes and how the
operator holds the device may playa factor in the determined
threshold. If an operator moves to a different floor material or
the wall construction differs during operation, the determine
threshold value may become ineffective and the sensor may
fail to operate as intended.

In sum, the environment leads to unpredictability and
uncertainty requiring careful calibration. For a sensor to have 55

sufficient sensitivity and have the flexibility to operate in
various environments, a sensor must be calibrated for that
particular enviroument. If a sensor is not properly calibrated,
the sensor may be less sensitive (e.g., if the threshold is too
high) or give false-positive readings (e.g., if the threshold is 60

too low).
The above-described conventional sensors require either a

secondary transmitter or a step of threshold calibration.
Therefore, a need exists to reduce or eliminate environmental
variables leading to inaccurate sensor indications, thus pro- 65

viding an operator of a handheld sensing device with the
ability to find hidden electrical wiring without relying on a

This application claims priority under 35 U.S.c. §119(e) to
provisional U.S. Patent Application 611034,420, titled
"RATIOMETRIC AC WIRE TRACER", filed on Mar. 6,
2008.
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procedures, steps, logic blocks, processing, and other sym
bolic representations of operations on data bits that can be
perfonned in electronic circuitry or on computer memory. A
procedure, computer executed step, logic block, process, etc.,
are conceived here to be a self-consistent sequence of steps or
instructions leading to a desired result. The steps are those
utilizing physical manipulations ofphysical quantities. These
quantities can take the form of electrical, magnetic, or radio
signals capable ofbeing stored, transferred, combined, com-

10 pared, and otherwise manipulated in electronic circuitry or in
a computer system. These signals may be referred to at times
as bits, values, elements, symbols, characters, tenns, num
bers, or the like. Each step may be perfonned by hardware,
software, firmware, or combinations thereof. In a hardware

15 implementation, for example, a processing unit may be
implemented within one or more application specific inte
grated circuits (ASICs), digital signal processors (DSPs),
digital signal processing devices (DSPs), programmable
logic devices (PLDs), field programmable gate arrays (FP-

20 GAs), processors, controllers, micro-controllers, micropro
cessors, electronic devices, other devices units designed to
perfonn the functions described herein, and/or combinations
thereof.

Throughout this specification, reference may be made to
25 "one example", "one feature", "an example" or "a feature"

means that a particular feature, structure, or characteristic
described in connection with the feature and/or example is
included in at least one feature and/or example of claimed
subject matter. Thus, the appearances of the phrase "in one

30 example", "an example", "in one feature" or "a feature" in
various places throughout this specification are not necessar
ily all referring to the same feature and/or example. Further
more, the particular features, structures, or characteristics
may be combined in one or more examples and/or features.

"Instructions" as referred to herein relate to expressions
which represent one or more logical operations. For example,
instructions may be "machine-readable" by being interpret
able by a machine for executing one or more operations on
one or more data objects. However, this is merely an example

40 ofinstructions and claimed subject matter is not limited in this
respect. In another example, instructions as referred to herein
may relate to encoded commands which are executable by a
processing circuit having a command set which includes the
encoded commands. Such an instruction may be encoded in

45 the fonn ofa machine language understood by the processing
circuit. Again, these are merely examples of an instruction
and claimed subject matter is not limited in this respect.

Unless specifically stated otherwise, as apparent from the
following discussion, it is appreciated that throughout this

50 specification discussions utilizing terms such as "process
ing," "computing," "calculating," "selecting," "forming,"
"enabling," "inhibiting,""locating," "terminating," "identifY
ing," "initiating," "detecting," "obtaining, ""hosting," "main
taining," "representing," "estimating," "receiving," "trans-

55 mitting," "determining" and/or the like refer to the actions
and/or processes that may be performed by a computing
platform, such as a computer or a similar electronic comput
ing device, that manipulates and/or transfonns data repre
sented as physical electronic and/or magnetic quantities and/

60 or other physical quantities within the computing platfonn' s
processors, memories, registers, and/or other infonnation
storage, transmission, reception and/or display devices. Such
actions and/or processes may be executed by a computing
platform under the control of machine-readable instructions

65 stored in a storage medium, for example. Such machine
readable instructions may comprise, for example, software or
finnware stored in a storage medium included as part of a

DETAILED DESCRIPTION OF THE INVENTION

In the following description, reference is made to the
accompanying drawings, which illustrate several embodi
ments of the present invention. It is understood that other
embodiments may be utilized and mechanical, composi
tional, structural, electrical, and operational changes may be
made without departing from the spirit and scope of the
present disclosure. The following detailed description is not
to be taken in a limiting sense. Furthennore, some portions of
the detailed description that follows are presented in terms of

FIG. 4 illustrates sensed measurements along a wall 20 at
various distances between the electrical wiring 10 and a
device 100 ofFIGS. 3A to 3D, in accordance with the present
invention.

FIGS. 5A and 5B show a second orientation of device
placement with respective to electrical wiring 10 and a three
electrode sensor device 100, in accordance with the present
invention.

FIG. 6 illustrates sensed measurements along a wall 20 at
various distances between the electrical wiring 10 and a
device 100 of FIGS. 5A and 5B, in accordance with the
present invention.

FIG. 7 shows placement of multiple sensors in a five
electrode device 100, in accordance with the present inven
tion.

FIGS. 8A to 8D show relative placement ofthe device 100
of FIG. 7 with respect to the electrical wiring 10, in accor
dance with the present invention.

FIG. 9 illustrates sensed measurements along a wall 20 at
various distances between the electrical wiring 10 and the
device 100 as shown in FIGS. 8A to 8D, in accordance with
the present invention.

FIGS. lOA to 10D show relative placement of the device
100 of FIG. 7 with respect to the electrical wiring 10, in
accordance with the present invention.

FIG. 11 illustrates sensed measurements along a wall 20 at
various distances between the electrical wiring 10 and the
device 100 as shown in FIGS. lOA to 10D, in accordance with
the present invention.

FIGS. 12A to 12C show placement and use of virtual
sensors, in accordance with the present invention.

FIG. 13 is a schematic diagram of a circuit for the device
100 of FIG. 7, in accordance with the present invention.

FIG. 14A shows virtual sensors and relative placement of
the device 100 of FIG. 7 with respect to the electrical wiring 35

10, in accordance with the present invention.
FIG. 14B illustrates sensed measurements along a wall 20

at various distances between the electrical wiring 10 and the
device 100 as shown in FIG. 14A, in accordance with the
present invention.

FIG. 15A shows virtual sensors and relative placement of
the device 100 of FIG. 7 with respect to the electrical wiring
10, in accordance with the present invention.

FIG. 15B illustrates sensed measurements along a wall 20
at various distances between the electrical wiring 10 and the
device 100 as shown in FIG. 15A, in accordance with the
present invention.

FIG. 16 is a schematic diagram of a circuit for the device
100 of FIG. 7, in accordance with the present invention.

FIG. 17 shows a software flow for the device 100 ofFIG. 7,
in accordance with the present invention.

FIGS. 18A and 18B show an alternate embodiment, in
accordance with the present invention.

FIGS.19A to 19D show yet another alternate embodiment,
in accordance with the present invention.
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computing platfonn (e.g., included as part of a processing
circuit or external to such a processing circuit). Further,
unless specifically stated otherwise, processes described
herein, with reference to flow diagrams or otherwise, may
also be executed and/or controlled, in whole or in part, by
such a computing platfonn.

Embodiments of the present invention provide the ability
to identifY energized alternating current (AC) wiring while
reducing the occurrence of false readings. Some embodi
ments of the current invention use a family of sensing elec
trodes with one being used as a reference electrode thereby
eliminating common mode sensing errors. For a further
description ofcommon mode sensing and multi-electrodeAC
sensing devices having references electrodes, see V.S. Pat.
No. 5,773,971 by Tavernetti on Jun. 30, 1998, titled "Three
electrode AC detection", the contents of which are included
herein by reference.

FIG. 1 shows a side view of electrical wiring 10 hidden
behind a material, such as a wall 20, and a handheld device 30
used to sense the electrical wiring. The electrical wiring 10,
when energized, produces an electric field surrounding the
wire, which passes through the wall and is sensed by the
device 30. The device 30 includes a sensing electrode 40, an
amplifier 50, a threshold detector 60 and a display 80. The
electric field received at the electrode 40 is sensitive to the
dielectric material around the sensing electrode 40. The sens
ing electrode 40 may simply be a metallic pad or may also
contain active circuitry. A signal generated by an electric field
induced on the sensing electrode 40 passes from the electrode
40 to the amplifier 50, which produces an electronic signal for
comparison by the threshold detector 60. The threshold detec
tor 60 compares the amplified signal with a predetermined
reference signal 70. Ifthe amplified signal is greater than the
reference signal, a decision may be made that electrical wir
ing is present beneath the device 30. A display device 80 may
be used to indicate to an operator that electrical wiring has
been detected. Hysteresis may be used to reduce a blinking
effect when the amplified signal is approximately equal to the
threshold value.

FIG. 2A shows front view of the electrical wiring 10, wall
20 and handheld device 30 of FIG. 1. As the device passes
from left to right (along the X axis), the amplified signal
gradually changes in intensity as shown in the not-to-scaled
drawing ofFIG. 2B. FIG. 2B illustrates sensed measurements
72 along a wall 20 at various distances between the electrical
wiring 10 and the handheld device 30. The sensed measure
ments 72 may represent maximum voltage of the amplified
signal, which is typically a cyclical signal corresponding to
the alternating current (AC) frequency running through the
electrical wiring 10. Though the sensor electrode 40 sense a
sequence of amplitudes representing a sinusoidal signal, for
simplicity, it is assumed that the sensed signal 72 is the
maximum of the sensed signals across a cycle and the non
maximum signals of the sinusoid are discarded.

A maximum point 71 of the sensed measurements 72 rep
resents a point (or line) along the surface of the wall 20 at
which the device 30 and sensor electrode 40 are closest to the
electrical wiring 10. The sensed measurements 72 gradually
decreases as the distance between the electrical wiring 10 and
the device 30 increases. The comparator 60 compares a pre
determined threshold 70 to the sensed measurements 72.
When the sensed measurements 72 are greater than the pre
determined threshold 70, the comparator 60 outputs a deci
sion signal indicating that the device 30 is above the electrical
wiring 10. When the sensed measurements 72 are less than the
predetermined threshold 70 (e.g., at position 'A' 3 units from
the center a position '0'), the comparator 60 outputs a deci-

6
sion signal indicating that the device 30 is not above any
electrical wiring. The decision signal may be used by a dis
play 80 to inform an operator ofthe presents of the electrical
wiring 10.

FIGS. 3A to 3D show device placement with respective to
electrical wiring 10 and a three-electrode sensor device 100,
in accordance with the present invention. The sensor device
100 includes multiple sensor electrodes. The device 100
shown include a left 'L' electrode, a center 'C' electrode and

10 a right 'R' electrode. In a first position 'A' shown in FIG. 3A,
the device 100 is at a distance way from the electrical wiring
10. In a second position 'B' shown in FIG. 3B, the right 'R'
electrode is shown positioned over the electrical wiring 10. In
a third position 'C' shown in FIG. 3C, the center 'C' electrode

15 is shown positioned over the electrical wiring 10. In a fourth
position 'D' shown in FIG. 3D, the left 'L' electrode is shown
positioned over the electrical wiring 10.

FIG. 4 illustrates sensed measurements along a wall 20 at
various distances between the electrical wiring 10 and a

20 device 100 ofFIGS. 3A to 3D, in accordance with the present
invention. In FIG. 4, the curve 72 ofFIG. 2B is repeated at 73,
74 and 75; once for each sensor electrode in device 100. At
position 'A', the right 'R' sensor electrode has the largest
maximum amplitude of the three sensed measurements as

25 expected. When comparing amplitudes to find a larger ampli
tude, the sign of the signal may be ignored and only magni
tudes are compared. When sensor electrode 'R' is centered
over the electrical wiring, the sensed measurements 73 is at its
maximum. Similarly, when sensor electrode 'C' and 'L' are

30 centered over the electrical wiring, the sensed measurements
74 and 75 are respectively at their maximums. A decision that
the device 100 is centered over the electrical wiring 10 may be
made by comparing the sensed measurements 74 from the
center 'C' electrode with measurements from the other two

35 electrodes. For example, when the sensed measurements 74
are greater than both the sensed measurements 73 and 75, the
device 100 may indicated that it is centered over the electrical
wiring 10. Alternatively, when the sensed measurements 74
are greater than a predetennined threshold above both the

40 sensed measurements 73 and 75, the device 100 may indi
cated that it is centered over the electrical wiring 10. With yet
another alternative, when a scaled version ofthe sensed mea
surements 74 (e.g., a version scaled up by 10 percent) are
greater than both the sensed measurements 73 and 75, the

45 device 100 may indicated that it is centered over the electrical
wiring 10.

FIGS. SA and 5B show a second orientation of device
placement with respective to electrical wiring 10 and a three
electrode sensor device 100, in accordance with the present

50 invention. The relative orientation between the device 100
and the electrical wiring 10 has been shifted by 90 degrees.
The top electrode is referred to as the upper 'V' electrode, the
center electrode is referred to as center 'C' and the lower
electrode is referred to as down 'D'. In a first position 'A'

55 shown in FIG. SA, the device 100 is at a lateral distance away
from the electrical wiring 10. In FIG. 5B, the device 100 is
directly over the electrical wiring 10.

FIG. 6 illustrates sensed measurements 76 along a wall 20
at various distances between the electrical wiring 10 and a

60 device 100 of FIGS. SA and 5B, in accordance with the
present invention. When the sensor electrodes (U, C, D) are in
line with the electrical wiring 10, they each provide the same
sensed measurements as shown by a common curve 76.
Because the three sensor electrodes produce an identical sig-

65 nal, the method ofidentifying a center ofthe electrical wiring
10 by comparing sensor results (described above with refer
ence to FIG. 4) may not be used. Instead, the method using
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UL, C and LR and sensor electrode UR. In FIG. 10D at a
fourth position 'D', electrical wiring lOis centered on sensor
electrodes UL, C and LR.

FIG. 11 illustrates sensed measurements along a wall 20 at
various distances between the electrical wiring 10 and the
device 100 as shown in FIGS. lOA to 10D, in accordance with
the present invention. The resulting curves 73, 74 and 75
illustrate that measurements from the center electrode C will
be at least as large if not larger than all other sensor measure
ments. In this case, curve 73 shows sensor measurements
from electrode UR, curve 74 shows sensor measurements
from electrodes C, UL and UR, and curve 75 shows sensor
measurements from electrode LL. While the electrical wiring
lOis near or over the center electrode C, sensor measurements
are greater than at least two other sensor signals (namely, LL
and UR).

FIGS. 12A to 12C show placement and use of virtual
sensors, in accordance with the present invention. The five
electrode configuration of FIG. 7 is supplemented with four

20 virtual electrodes (VR, VD, VL and VU) as shown in FIG.
12A. Virtual electrode right "VR" is formed by combining
measurement signals form UR and LR (the two electrodes to
the right) and is conceptually placed directly between UR and
LR. Similarly, virtual electrode down "VD" is formed by

25 combining measurement signals form LR and LL (the two
downward electrodes). Virtual electrode right "VL" is formed
by combining measurement signals form LL and UL (the two
electrodes to the left). Virtual electrode right "VU" is formed
by combining measurement signals form UL and UR (the two

30 upper electrodes).
The combination may be formed by a simple sum or a

scaled sum such as an average. For example, if an average is
used for combining and ifthe UR and LR provided the respec
tive values of 8 and 12 volts, VR would be 10 volts (the

35 average of 8 and 12). If a sum is used when combining, the
values ofUR=8 and LR=12 would result in VR=20. In this
case, the amplifier (e.g., 120c in FIG.13A below) associated
with the center electrode C may have a gain oftwice the gain
values associated with the other amplifiers (e.g., 120a in FIG.

40 13A below).
An electrical wire may be viewed as having an X-axis

component and a Y-axis component. For example, the elec
trical wiring ata 45 degree angle (e.g., position CinFIG.10C)
may be viewed as having one component vertically along the

45 Y axis and one component horizontally along the X axis.
Each component contributes a fraction of the total signal
provided by the diagonal electrical wiring 10. As such, to
electrodes along the X axis may be used to determine a
gradient or a direction with respect to the X axis. For example,

50 a virtual electrode located along the X axis (directly to the
right or left) from the center electrode may be used to deter
mine a relative distance or direction ofthe X axis contribution
of the electrical wiring 10. Similarly, a virtual electrode dis
placed vertically from the center electrode may be used to

55 determine a gradient or a direction with respect to the Y axis.
In FIG. 12B, a virtual electrode VR is computed as the

average of UR and LR and is conceptually placed between
UR and LR. The positioning ofVR places it just to the right of
the center electrode C along the X axis. The positioning ofthe

60 vertical component of the electrical wiring 10 may be deter
mined relative to C and YR. For example, when C andVR are
equal and above a minimum threshold, the vertical compo
nent is directly between C andYR. Similarly, FIG.12C shows
a virtual electrode VU, which is computed as the average of

65 UL and UR and is conceptually placed between UL and UR.
The positioning of VU places it just above of the center
electrode C along theY axis. The positioning ofthe horizontal

thresholds (described with reference to FIG. 2B) must be
used. To overcome this limitation, the multi electrode sensor
may include electrodes spread across a plane rather than in a
single line as described below.

FIG. 7 shows placement of multiple sensors in a five
electrode device 100, in accordance with the present inven
tion. The handheld device 100 includes five sensors elec
trodes: a first positioned in the upper right "UR", a second
positioned at the lower right "LR", a third positioned at the
center "C", a fourth positioned at the lower left "LL" and a 10

fifth positioned at the upper left "UL" as shown. The center
electrode "C" may be used as a reference electrode as
described further below. Each ofthe electrodes, including the
reference electrode, is of the same area such that sensed
signals are equivalently amplified and relatively compared. 15

The surrounding electrodes (DR, LR, LL & UL) define a
plane and provide signals that are compared to the reference
center electrode.

FIGS. 8A to 8D show relative placement ofthe device 100
of FIG. 7 with respect to the electrical wiring 10, in accor
dance with the present invention. At a first position 'A' shown
in FIG. 8A, the device 100 is at a distance away from the
electrical wiring 10. At a second position'B' show in FIG. 8B,
the de-vice 100 has its UR and LR electrodes centered over
the electrical wiring 10. At a third position 'C' shown in FIG.
8C, the device 100 has its UR and LR electrodes and center
electrode C straddling the electrical wiring 10. At a fourth
position 'D' shown in FIG. 8D, the device 100 has its center
electrode "C" centered over the electrical wiring 10.

FIG. 9 illustrates sensed measurements along a wall 20 at
various distances between the electrical wiring 10 and the
device 100 as shown in FIGS. 8A to 8D, in accordance with
the present invention. With a vertical electrical wiring orien
tation with respect to the device 100, electrodes UR and LR
produce sensor measurements shown by curve 73, electrode
C produces sensor measurements shown by curve 74, and
electrodes UL and LL produce sensor measurements shown
by curve 75.As described with reference to FIG. 4, a center of
the electrical wiring 10 may be determined by examining the
relative measured signals. For example, when sensor mea
surements from electrode C are greater than or greater than a
threshold above the other sensor measurements, the device
100 may be considered over the electrical wiring 10.

Unlike the three-electrode configuration described above
having three inline sensor electrodes, the five-electrode con
figuration shown result in the center electrode being greater
than at least two of the other electrodes when the electrical
wiring lOis near the center electrode. In other words, by
adding electrodes across a plane, a center of the electrical
wiring 10 may be identified by comparing a selected set or
subset ofelectrodes surrounding the center electrode. In FIG.
9, a first curve 73 represents sensor measurements from the
UR and LR electrodes, a second curve 74 represents sensor
measurements from the center C electrode, and a third curve
75 represents sensor measurements from the UL and LL
electrodes.

FIGS. lOA to 10D show relative placement of the device
100 of FIG. 7 with respect to the electrical wiring 10, in
accordance with the present invention. The relative angle
between the device 100 and the electrical wiring 10 has been
shifted by 45 degrees as an example to show resulting sensor
measurements. In FIG. lOA at a first position 'A', electrical
wiring 10 is away from all of the sensor electrodes. In FIG.
lOB at a second position 'B', electrical wiring 10 is centered
on sensor electrode UR. In FIG. 10C at a third position 'C',
electrical wiring 10 is centered between sensor electrodes
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10, in accordance with the present invention. The device 100
is positioned with respect to the electrical wiring 10 at a 45
degree angle. In a first position A, the electrical wiring is
under sensor electrode UR. In a second position B, the elec
trical wiring 10 is under virtual electrodes VU and YR. In a
third position C, the electrical wiring 10 is under sensor
electrodes LR, C and UL.

FIG. 14B illustrates sensed measurements along a wall 20
at various distances between the electrical wiring 10 and the
device 100 as shown in FIG. 14A, in accordance with the
present invention. Curve 74 represents measurement signals
from the center electrode. Curve 78 represents virtual signals
VR and VU formed by a combination of sensor electrode
signals UR & LR and UL & UR, respectfully. Curve 79
represents virtual signal VL andVD formed by a combination
of sensor electrode signals LL & UL and LR & LL, respect-
fully. Depending on the size or area of the sensor electrodes
and the relative placement ofthe sensor electrodes, the virtual
curves may have a single maximum (single hump as shown)
or may have two maximums (two humps). For simplicity, the
virtual curves are shown with a single hump and with dotted
lines.

When the device 100 is at position A, curve 78 is largest.
When the device 100 is at position B, curve 78 is at a maxi
mum. When the device 100 is at position C, curve 74 is at a
maximum. Note that each of the virtual curves (shown as
dotted lines) have a maximum value that is less than the
maximum value of curve 74, which represents the reference
signal from the center electrode. The comparator 154 may set
the decision indicator when the reference signal is greater
than all of the virtual signals. Alternatively, the reference
signal may be scaled (or equivalently the virtual signals may
be scaled) such that the range in which the scaled reference
signal is greater than the virtual signals is either larger or

35 smaller to broaden or narrow the window where the electrical
wiring 10 is deemed present.

FIG. 15A shows virtual sensors and relative placement of
the device 100 of FIG. 7 with respect to the electrical wiring
10, in accordance with the present invention. The device 100
is positioned with respect to the electrical wiring 10 at a 90
degree angle. In a first position A, the electrical wiring is
under sensor electrodes UR and LR as well as under virtual
electrode YR. In a second position B, the electrical wiring 10
is between the center electrode C and sensor electrodes UR
and LR. In a third position C, the electrical wiring 10 is under
sensor electrode C as well as under virtual electrodes VD and
VU.

FIG. 15B illustrates sensed measurements along a wall 20
at various distances between the electrical wiring 10 and the
device 100 as shown in FIG. 15A, in accordance with the
present invention. Curve 74 represents measurement signals
from the center electrode. Curve 78 represents virtual signal
YR. Curve 79A represents virtual signal VL. Curve 79B
represents virtual signals VU and YD.

When the device 100 is at position A, curve 78 is greater
than any of the other curves. When the device 100 is at
position B, curve 78 is at its maximum but curve 74 is shown
having a greater value. When the device 100 is at position C,
curve 74 is at a maximum. The comparator 154 may set the
decision indicator as described above (e.g., when the refer
ence signal C is greater than all of the virtual signals).

FIG. 16 is a schematic diagram of a circuit for the device
100 of FIG. 7, in accordance with the present invention. The
device 100 has five sensor electrodes HOa to HOe form by

65 UR, LR, C, LL and UL, respectfully. Each sensor electrode is
paired with a respective amplifier 120a to 120e. Each ampli
fier has an input port couple to a separate one of the sensor

component of the electrical wiring 10 may be determined
relative to C and VU. For example, when C and VU are equal
and above a minimum threshold, the horizontal component is
directly between C and VU.

FIG. 13 is a schematic diagram of a circuit for the device
100 ofFIG. 7, in accordance with the present invention. A first
sensor electrode HOa (UR) provides a raw sensor signal to a
first amplifier 120a. The first amplifier amplifies the signal to
generate a first amplified sensor signal. A second electrode
HOb (LR) provides a raw sensor signal to a second amplifier 10

120b. The second amplifier amplifies the signal to generate a
second amplified sensor signal. The first and second ampli
fied signals are used as input values to a combiner 152. The
combiner 152 may sum the input values. Alternatively, the
combiner may average the input values. The resulting com- 15

bined signal may be viewed as a signal from a virtual elec
trode (VR). A third sensor electrode HOc (C) provides a raw
sensor signal to a third amplifier 120e. The first amplifier
amplifies the signal to generate a third amplified sensor sig
nal. This third amplified sensor signal is used as a reference 20

signal, which is provided as a first input to a comparator 154.
The combined signal (VR) is used as the second input signal
to the comparator 154. The comparator provides a decision as
an output signal. For example, when the reference signal is
larger than the VR signal, the decision may be that an elec- 25

trical wiring 10 is to the left of the virtual electrode YR. The
circuitry of FIG. 13A may be duplicated to form additional
virtual electrodes thus giving the hardware the circuitry nec
essary to narrow in on electrical wiring 10.

The gain of amplifiers 120 may be set during factory cali- 30

bration to reduce the effect of differences in dielectric mate
rial immediately around the sensor electrode. By compensat
ing for differences in dielectric characteristics around an
electrode, measurements from each of the sensor electrodes
may be more reliability compared.

In FIG. 13B, five sensor electrodes HOa to HOe form UR,
LR, C, LL and UL, respectfully. Each sensor electrode is
paired with a respective amplifier 120a to 120e. Each ampli
fier has an input port couple to a separate one of the sensor
electrodes and an output port. Pairs of sensor electrode sig- 40

nals are combined by combiners 152a to 152d. Combiner
152a combines signals UR and LR. Combiner 152b com
bines signals LR and LL. Combiner 152e combines signals
LL and UL. Combiner 152d combines signals UL and UR. As
shown, the output signal from amplifier 120e is a reference 45

signal and is not combined with another sensor electrode
signal.

A comparator 154 has input ports connected to an output
port of each combiners 152a to 152d as well as an input port
to receive the reference signal from amplifier 120e. The com- 50

parator 154 may be provided by a single comparator, a con
figuration of comparators and additional common logic ele
ments or instructions in a processor such as a microcontroller.
The output signal from the comparator 154 provides a deci
sion signal, which may be used by follow-on processing, a 55

display or some other indicator.
In some embodiments, the comparator 154 provides a deci

sion signal to indicate presence of electrical wiring 10 when
the reference signal is greater than all of the combined sig
nals. In other embodiments, the comparator 154 provides a 60

decision signal to indicate presence of electrical wiring 10
when the reference signal is greater than at least two of the
combined signals. The comparator may have hysteresis built
in such that the decision signal does not flutter during a
transition conditions.

FIG. 14A shows virtual sensors and relative placement of
the device 100 of FIG. 7 with respect to the electrical wiring
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FIG. 18B illustrates sensed measurements along a wall 20
at various distances between the electrical wiring 10 (not
shown) and the device 100 of FIG. 15A, in accordance with
the present invention. A first curve (C) represents reference
measurements from the center electrode. Curve VR repre
sents virtual signal YR. Curve VL represents virtual signal
VL. Curve VD represents virtual signals VU and YD. When
the device 100 is over electrical wiring 10, the first curve (C)
is greater than the virtual curves. A comparator accepting the

10 virtual measurements and the reference measurements may
indicate the present of electrical wiring 10 when C=max(C,
CR, CD, CL) and where C is above a minimum threshold. The
minimum threshold may be used to indicate the device is
susceptible or in range of the electrical wiring 10.

A direction may be determined using virtual sensors. For
example, a position-weighted average may be made with the
results of the virtual sensors with respect to the reference
electrode (C). In the case ofFIG. 18A, a positional average of
VR, VD and VL may be computed. The direction to the

20 electrical wiring 10 may be in the direction of the positional
average with respect to the position ofthe reference electrode
(C). Alternatively, direction may be determined from the sen
sor electrode measurements themselves (i.e., before combin
ing). For example, a direction may be indicated by which of

25 the sensor electrodes gives the greatest measurement.

FIGS. 19A to 19D show yet another alternate embodiment,
in accordance with the present invention. The device 100
includes three sensor electrodes: an upper electrode (U); a
lower-right electrode (LR); and a lower-left electrode (LL).

30 Respective pairs ofthe sensor electrodes may be combined as
described above to form virtual electrodes: U and LR form a
virtual-right electrode (VR); LR and LL form a virtual-lower
or down electrode (VD); and LL and U form a virtual-left
(VL) electrode. In the embodiment shown, no dedicated ref-

35 erence electrode exists. A sensor electrode acts as a reference
electrode when the opposite facing pair of sensor electrodes
have been combined to form a virtual electrode. Each elec
trode, in turn, acts as a reference electrode as described in
more detail below.

FIG. 19B shows a first phase ofoperation where computed
data from virtual sensorVL is compared to measurement data
from sensor electrode LR. FIG. 19C shows a second phase of
operation where computed data from virtual sensor VR is

45 compared to measurement data from sensor electrode LL.
FIG. 19D shows a third phase of operation where computed
data from virtual sensorVD is compared to measurement data
from sensor electrode U.

During each phase, comparison data indicates a direction
50 of sensed electrical wiring 10. For example, in phase one, if

VL is greater than LR, then the electrical wire 10 may be
closer to VL (or generally closer to the pair of sensor elec
trodes LL and U). In this case, a directional vector beginning
at LR and in the direction ofVL may be determined. In phase

55 two, ifVR is less than LL, then the electrical wire 10 may be
closer to LL. A directional vector beginning at VR in the
direction ofLL may be determined. In phase three, ifVD is
less than U, then the electrical wire 10 may be closer to U. A
directional vector beginning at VD in the direction ofU may

60 be determined.
As electrical wiring 10 gets close to and passes the device

100, one or more ofthe determined directional vectors should
change in direction. For example, in a subsequent phase one,
VL may become smaller than LR. This change in direction is

65 an indication that electrical wiring 10 is in the vicinity of the
device 10, therefore, the device 100 may indicate to an opera
tor that electrical wiring 10 is nearby.

electrodes and an output port coupled to a processor 150. The
processor has an analog-to-digital converter connected to
each ofthe outputs ofamplifiers 120a to 120e. The processor
include instructions to digitize the amplified sensor electrode
signals as well as to combine pairs of signals to form virtual
signals, to compare virtual signals to a reference signal and to
provide a decision signal to an indicator device 140, which
provides an audio and/or visual indication of the presence of
electrical wiring 10.

FIG. 17 shows a software flow for the device 100 ofFIG. 7,
in accordance with the present invention. At step 200, the
processor 150 initializes the hardware and software. For
example, the processor 150 executes instructions to setup the
analog-to-digital converters for subsequent data capture.

At step 210, the processor 150 samples sensor electrode 15

signals. The samples may be taken in a round-robin fashion or
may be taken during one period of time. The processor may
continue sampling the analog signals to form digital data. The
processor 150 may analyze the digital data to find a local
maximum (a maximum point in one or more cycles), which
may be used by the combiner.

At step 220, the combining function is performed by aver
aging neighboring pairs of sensor electrodes. That is, mea
surements from UR and LR are combined to form VR, mea
surements from LR and LL are combined to form VD,
measurements from LR and UL are combined to form VL,
and measurements from UL and UR are combined to form
VU. Assuming the amplifiers all provide a common amplifi
cation, the combined signals represent an average ofthe sepa
rate signals.

At step 230, the reference value from the center sensor
electrode is compared to the virtual signals VR, VD, VL and
VU to determine whether the reference signal is greater than
the virtual signals. The comparison process may require that
the reference signal be greater than a positive (or negative)
threshold from each of the virtual signals. The comparison
process may include a hysteresis process to minimize
unwanted fluttering. The resulting decision may simply be an
indication that the device is generally centered over electrical 40

wiring 10. The resulting decision may also be an indication of
direction to the electrical wiring 10. If not change is found
(e.g., the device was not over any electrical wiring 10 before
and still not over any electrical wiring 10), then the process
returns to collect the next sensor sample at step 210.

At step 240, any change or update in the decision from step
230 may be indicated to an operator of the device 100. The
indicator may be an audio indicator, such as a buzzer or
speaker. In addition, the indicator may be a visual indicator,
such as an LED, series of sequence of LEDs and/or display.
Once the indicator has been updated, the process repeats by
returning to collect the next sensor sample at step 210.

FIG. 18A shows an alternate embodiment, in accordance
with the present invention. The four-electrode configuration
shown includes four sensor electrodes: an upper electrode
(U); a lower-right electrode (LR); a lower-left electrode (LL);
and a center electrode (C). Three virtual electrodes are also
shown: virtual right (VR); virtual down (VD); and virtual left
(VL). As described above, a virtual electrode is formed by
combining two neighboring electrodes. VR is the combina
tion of U and LR, VD is the combination of LR and LL, and
VL is the combination ofLL and U. The virtual electrodes and
reference electrodes are balanced such that their magnitudes
are equivalent. For example, the combination may be an
average and the center measurements are not adjusted. Alter
natively, the combination may be a sum and the center mea
surement are scaled by a factor of two.
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fiers, a second input port coupled to a fourth one of the
output ports of the plurality ofamplifiers, and an output
port;

wherein the output port ofthe second combiner is coupled
to a third input port of the comparator.

12. The device of claim 11, further comprising:
a third combiner having a first input port coupled to the

fourth one of the output ports of the plurality of ampli
fiers' a second input port coupled to a fifth one of the
output ports of the plurality ofamplifiers, and an output
port;

wherein the output port ofthe third combiner is coupled to
a fourth input port of the comparator.

13. The device of claim 11, further comprising:
a fourth combiner having a first input port coupled to the

fifth one ofthe output ports ofthe plurality ofamplifiers,
a second input port coupled to the first one of the output
ports of the plurality of amplifiers, and an output port;

wherein the output port ofthe third combiner is coupled to
a fifth input port of the comparator.

14. A handheld device to sense electrical wiring, the device
comprising:

a plurality of sensor electrodes comprising at least three
sensor electrodes;

a plurality ofamplifiers each having an input port couple to
a separate one of the plurality of sensor electrodes and
each further having an output port;

an analog-to-digital converter having a plurality of input
ports each coupled to a respective one ofthe output ports
of the plurality of amplifiers and an output port;

a processor coupled to receive data from the analog-to
digital converter and to execute instructions; and

memory coupled to the processor, wherein the memory
contains instructions for the processor to combine data
from respective pairs of sensor electrodes from the plu
rality of sensor electrodes and to compare respective
reference signal data to each of the combined data from
the respective pairs of sensor electrodes;

wherein the instructions for the processor to combine data
comprises at least one ofinstructions for the processor to
average and instructions for the processor to add.

15. The device ofclaim 14, wherein the at least three sensor
electrodes comprises at least four sensor electrodes.

16. A method to sense electrical wiring, the method com-
45 prising:

sensing input signals from a plurality of sensor electrodes;
amplifYing each of the sensed signals;
combining a first pair ofamplified signals resulting in a first

combined signal, wherein the combining comprises at
least one of averaging and adding;

comparing a referenced signal to the first combined signal
resulting in first comparison result;

combining a second pair of amplified signals resulting in a
second combined signal;

comparing a referenced signal to the second combined
signal resulting in second comparison result;

determining a presence ofthe electrical wiring based on the
first comparison result and second comparison result;
and

indicating the presence of the electrical wiring.
17. The method claim 16, further comprising:
combining a third pair of amplified signals resulting in a

third combined signal; and
comparing a referenced signal to the third combined signal

resulting in third comparison result;
wherein the act ofdetermining is further based on the third

comparison result.

Additionally, the greatest of the raw and/or virtual sensor
electrode measurements may be used to indicate a general
direction to the electrical wire 10. Furthermore, a positional
weighted average point may be computed to determine a
gradient to the electrical wire 10.

Therefore, it should be understood that the invention can be
practiced with modification and alteration within the spirit
and scope of the appended claims. The description is not
intended to be exhaustive or to limit the invention to the
precise form disclosed. It should be understood that the inven- 10

tion can be practiced with modification and alteration.

What is claimed is:
1. A handheld device to sense electrical wiring, the device

comprising:
a plurality of sensor electrodes;
a plurality ofamplifiers each having an input port couple to

a separate one of the plurality of sensor electrodes and
each further having an output port;

a combiner having a first input port coupled to a first one of 20

the output ports of the plurality of amplifiers, a second
input port coupled to a second one of the output ports of
the plurality of amplifiers, and an output port;

a comparator having a first input coupled to the output port
ofthe combiner, a second input coupled to a third one of 25

the output ports of the plurality of amplifiers, and an
output port;

an indicator responsive to a signal at the output port of the
comparator;

wherein the combiner comprises at least one of an averag- 30

ing unit and an adder.
2. The device of claim 1, wherein the plurality of sensor

electrodes comprise a plurality of electric field sensors.
3. The device of claim 1, wherein the plurality of sensor

electrodes comprise a plurality of capacitive sensors.
4. The device of claim 1, further comprising:
a corresponding plurality of analog-to-digital converters

each having an input port coupled to a separate one ofthe
output ports of the plurality of amplifiers;

a processor having an input port coupled to the analog-to- 40

digital converters, wherein the processor comprises the
combiner and the comparator.

5. The device ofclaim 4, further comprising memory com
prising instructions to:

generate a first combined signal from a combination of a
first signal from a first of the plurality of sensor elec
trodes with a second signal from a second ofthe plurality
of sensor electrodes; and

compare a third signal from a third ofthe plurality ofsensor
electrodes with the first combined signal. 50

6. The device ofclaim 1, wherein the plurality ofamplifiers
each provide a common gain.

7. The device of claim 1, wherein one of the plurality of
sensor electrodes is a reference electrode, and wherein the 55

reference sensor provides a reference signal.
8. The device of claim 7, wherein one of the plurality of

amplifiers coupled to the reference electrode provides a first
gain and each ofthe remaining plurality ofamplifiers provide
a second gain.

9. The device of claim 1, wherein each of the plurality of
sensor electrodes comprise a separate circuit board.

10. The device of claim 1, further comprising a circuit
board comprising the plurality of sensor electrodes.

11. The device of claim 1, further comprising:
a second combiner having a first input port coupled to the

second one of the output ports of the plurality of ampli-



US 7,671,576 B2
15 16

*****

the act of detennining the presence of the electrical wiring
based on the first comparison result and second com
parison result comprises determining the reference sig
nal is larger in both comparisons.

21. The method of claim 16, wherein the reference signal
resulting in the first comparison result is equal to the reference
signal resulting in the second comparison result.

22. The method of claim 16, wherein the reference signal
resulting in the first comparison result is different from the

10 reference signal resulting in the second comparison result.
23. The method of claim 16, wherein the act of comparing

the reference signal to the first combined signal comprises
determining the reference signal is greater than a threshold
above the first combined signal.

24. The method of claim 16, further comprising indicating
a direction to the electrical wiring.

18. The method claim 17, further comprising:
combining a fourth pair of amplified signals resulting in a

fourth combined signal; and
comparing a referenced signal to the fourth combined sig

nal resulting in fourth comparison result;
wherein the act of detennining is further based on the

fourth comparison result.
19. The method claim 16, wherein the act ofcombining the

first pair of amplified signals comprises averaging the first
pair of amplified signals.

20. The method claim 16, wherein:
the act ofcomparing the referenced signal to the first com

bined signal comprises determining whether the refer
ence signal is larger than the first combine signal;

the act of comparing the referenced signal to the second 15

combined signal comprises detennining whether the ref
erence signal is larger than the second combine signal;
and


