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1 ABSTRACT
The performance, characteristics, and limitations of
a sensor for the localization and identification of electrical
transmission cables are theoretically and experimentally
analyzed and discussed in terms of the performance criteria.
It is found that a device can be constructed to locate distinct
concealed cables with satisfactory accuracy.
Index Terms— NM-B 12-2 with ground cable

2 INTRODUCTION
Electricity is provided in homes at each electrical
outlet, which are connected by cables to a breaker box,
which in turn receives electricity from the main electric grid.
These cables are concealed behind walls and thus difficult to
locate once walls have been placed. Non-invasive detection
of these cables is a worthwhile endeavor, as it is necessary to
adding additional elements to the house’s electrical system.
Non-invasive detection is preferred over an invasive search
for reasons such as the reconstruction cost resulting from
the search. The most common cable is NM-B 12-2 with
ground, which consists of multiple insulated 12 AWG wires
acting as “hot”, “neutral”, and “ground.” The voltage in the
line is 120VRMS (171 VPP on the “hot” wire) with a frequency
of 60Hz (in the US). By basic circuit analysis it can be shown
that hot and neutral wires carry the same magnitude of
current, each being 180 degrees out of phase.
In this report, a sensor exploiting the induced
magnetic field around the cable, employing inductive coils, is
demonstrated and discussed. The sensor, with various
interfacing electronics, is capable of locating cables by
measuring the induced magnetic field, and can be used to
identify a particular cable with a complex load by reading the
relative strength of each frequency present in the field.

Figure 3-1; Magnetic field due to two wires out of phase.
Note Logarithmic Scale of Tesla.

It can be seen that the magnetic field strength
decreases with distance. Notably, the field decreases nonlinearly in the logarithmic scale, indicating the field strength
is not proportional to the inverse of distance but the inverse
of the square of distance. This is due to the magnetic field of
the two wires canceling each other out. It should also be
noted that orientation of the cable is indeterminate from any
discernible distance and thus this will be a non-factor in
attempts to locate the cable.
Motivating the design of the sensor is the presence
of a peak flux in any cross section of the magnetic field.
Figure 3-2 shows the presence of these peaks both close to
(0.15 meters) and far from (0.1 meters) the cable. Identifying
the peak of the cross section will identify the location of the
cable.

3 SENSOR STRUCTURE AND
MEASUREMENT PRINCIPLE
The magnetic field due to a wire can be found from
Ampere’s law and is given by
 
 =  (1)


Where µ0 is the permittivity of free space, I is the
current, and r is the distance from the wire. The orientation
of the counter-phase wires causes much of the two magnetic
fields to cancel. The magnetic fields due to two wires in
parallel at a distance of 4.2mm with opposite currents were
calculated and added to find net magnetic field, as shown in
Figure 3-1.

Figure 3-2: Magnetic fields due to 1A current at cross sections of x
=0.015 m (top) and x = 0.1m (bottom)

The sensor system will be placed in a similar fashion
to a stud finder, against the surface of a wall. An array of

inductive coils will have flux due to the magnetic field
generated by the cable, generating a voltage across the two
ends of the coil. The voltage across the coil will be amplified
and filtered to generate larger, cleaner waveforms. By
comparing the magnitude of the waveform produced by
each coil, the cable’s location can be determined. A sketch of
the system can be seen in Figures 3-3 and 3-4.

4

Figure 3-3: Placement of device for measurement

Figure 4-1: Interface Circuit

Figure 3-4: High-level view of the Device

4 INTERFACE CIRCUIT
The interface circuit was constructed to amplify the
input voltage, which ranged from approximately 1mV at
highest proximity to a few µV at farther proximity. It also
filtered out higher frequency noise by creating a band width
around 63 Hz.
The circuit, seen in Figure 4-1, consists of, in order,
an amplification stage, a low pass filter stage, a DC block, two
more amplification stages, and another low pass filter.
The circuit was successful in generating a clean
signal that reached 5.5 Vpp at closest proximity to a cable
carrying 1 Ampere. At farther proximity, 60Hz interference
remained fairly constant and large (about 1 Vpp). This data is
further discussed in section 5.A, experimental results.

Figure 4-2: Magnitude Plot of Gain vs Frequency. Bandwidth is 63
Hz.

5 SENSOR CHARACTERISTICS

Figure 5-1: Sensor Geometry

A small section of drywall was attached to wooden
2x4s, simulating the wall in a home. An outlet was added to
the miniature wall, with NM-B wire leaving the outlet,
continuing across the wall section, and terminating in a plug
to be plugged into an existing power source. A lamp was
plugged into the wall section’s outlet to draw current
through the cable.
The wall was marked with a grid system to
determine the exact location of the cable on both sides of
the drywall. For accuracy of testing, the NM-B cable was ran
straight horizontally at a height of 10 inches from the bottom
of the wall section.
A single inductive coil was attached to the input of
the interface circuit and placed against the wall at a height of
10 inches. A Texas Instruments Data Acquisition unit was
attached to the output of the interface circuit. Matlab was
used to generate real-time images of the waveform and the
frequency spectrum, as seen below.
Note: All equipment used for measurement as well as the
power supply was decoupled from the 60Hz AC power source.
The amplifying and filtering circuitry were battery operated
as well as the computer taking measurements through a
National Instruments myDAQ device at a sampling frequency
of 50000Hz. The plot below was generated using 5000
samples over 0.1 seconds fast fourier transformed using a
zero-padding of 2^13 – 500 = 3192 samples for efficiency.

The picture above shows the sensor geometry. A
2
ferrite core with cross sectional area of 560mm will be
wound with 30 AWG magnet wire for 200 loops in 4 layers
which gives an approximate coil length of 11mm.

A.

Experimental Results

Figure 5-3 Voltage Waveform and Frequency Spectrum at Output
due to 0.33 A current

Figure 5-2 Testing Environment

To analyze the sensor system for ability to locate
electrical cable, the following test was conducted:

Figure 5-4 Test 1

the same peak and descent. The main difference is that the
experimental results show non-zero measurements where
the field is projected to be extremely weak. This is due to
interference caused by the magnetic field around the circuit.
The interference, measured when the coils was attached to
the interface circuit but was nowhere near a cable, is shown
below.

Figure 5-5 Test 2

Two separate tests were conducted as described in
Figure 5-4 and Figure 5-5: The coil was moved up and down
in half inch increments from the original 10 inches to profile
the change in magnetic field. The output voltage vs offset
distance was recorded. The coil was also placed at 10 inches
height and the distance between the coil and the cable was
increased in quarter inch increments to show how the field
weakened with distance. The relationship between output
voltage and distance was recorded. The tests were repeated
for different loads, each drawing 0.33, 0.67, and 1.00
Amperes.

Figure 5-6 Output Voltage vs Offset Distance. The profile suggests
that the sensor can be used to find the location of cables.

Figure 5-7 Output Voltage vs Distance from Wall. The results
suggest the magnetic field strength varies with the inverse of the
square of distance.

It can be noted that the experimental results
correlate closely with the predicted magnetic field around
the wire. If Figure 3-2 and Figure 5-6 are compared, we see

Figure 5-8 Waveform due to Interference Alone

From these results we can draw a number of
conclusions.
1: The correlation with the predicted model shows that the
output voltage varies directly with magnetic field strength.
2: The relationship of the three different currents drawn
shows the magnetic field strength varies directly with current.
3: The change of the output voltage with distance suggests
that the magnetic field strength varies with the inverse of the
square of distance.
4: The profile of the output voltage with respect to offset
suggests a high enough contrast between distances to use
this method for locating cables.
In an additional test, one experimenter changed the
locations of wires behind the wall. The other experimenter,
blind to the new locations, was able to run the coil across the
wall and roughly determine the path of the cable.
For the last test, a rectifier was placed between in
the outlet receptacle on the hot line. This rectifier caused
current to be drawn only when the voltage waveform was
positive. This significantly changed the frequency spectrum
at the output voltage. In the figure below, it can be seen that
there is a significant portion at 120Hz. This is a far greater
ratio of 120Hz contribution to 60Hz contribution, compared
to the spectrum of Figure 5-3.
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Figure 5-9 Voltage Waveform and Frequency Spectrum at Output
due to 1 A current, rectified

These results suggest that the relative strength of
the 60Hz and 120Hz frequencies can be measured and
compared to determine if the current is affected by a
rectified load. Thus the objective to identify a particular wire
among many can be achieved.

B. Transfer Function
The voltage induced in the coil is determined by the
area of the coil, the number of turns, and the time rate of
change of magnetic flux density. The function is predictable.
Given a position in space, the flux can be calculated.
Using measurements taken from the sensor system
(circuit inclusive), we were able to determine that the
relative permeability μ ≈ 30 , which is consistent in
magnitude with ferrite cores of similar material, and thus
yielding the transfer function:
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C. Sensitivity

Sensitivity is found to be linearly proportional to
the loop count and sensor area
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D. Span

The maximum input is the peak of the magnetic flux
density due to a 1 A current at drywall width (.015m) from
-7
the sensor, which is measured to be 3.1 x 10 Tesla.
The minimum input we might consider is the low
side values of the flux density due to a 0.33 A current 0.10m
-9
from the sensor, which is measured to be 39.5 x 10 Tesla.

E. Output Range
The calculated Maximum Output, in response to the
maximum input, is calculated as follows:
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The abbreviated calculation for minimum output
follows:
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F. Resolution

Constructing a sensor with enough resolution to be
useful is the most evident design challenge for this sensor. In
order to calculate the peak of the minimum input, a
resolution of at most 10% of the input is necessary. During
our offset calculations, we stopped seeing changes in output
-7
at 0.05 m away. This corresponds to a flux value of 1.01x10
Teslas/sec in our model, which we will consider our
resolution.
Another Resolution goal is to be able to narrow
down the cable location to a certain area. The current goal is
to be able to describe a 5cm “cable zone” which can be said
to contain a live cable.

G. Saturation
The voltage of the coil should always vary
proportionately with flux. Circuit elements used to
determine voltage may become saturated. However,
saturation would require a 18Vpp signal, which corresponds
to 1.04*10^-6 Tesla, which is not physically attainable with
the geometries given
9
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H. Dynamic Range
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I. Non-Linearity

Sources of non-linearity may include variability in
the winding of coils from one inductor to the next, the
tolerance or the resistors used as voltage drops, and current
division between the resistors and the circuit elements used
to gauge voltages.

J. Interference
There are several sources of interference that our
device will pick up in its context of use. Among them are cell
signals, WLAN signals, radiation from AC motors, and other
devices drawing current from a 60Hz AC source.
This section will attempt to approximate the level of
magnetic noise and tabulate them.
Below are constants used in the analysis:
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Figure 5-10

The high magnitude of the signal estimated above is of no
concern once it has been filtered. The circuit will have a
cascaded low pass filter both with corner frequencies at
approximately 100Hz. A 2.4GHz signal will attenuate by over
140dB with the current circuit configuration.
WLAN Signal: Using the same calculations, signals from
WLAN (P = 4 Watts) routers 1m away have a magnetic field
component of:
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Having a much smaller magnitude than a cell phone signal,
this is signal is also of no concern upon filtering the signal.
AC Motor: For the purpose of analysis, an AC motor can be
reduced to windings of wire. A typical AC ceiling fan motor is
0.1 horse power and draws an average of 0.5A. The following
equation can be used to determine the magnetic field in
radial direction caused by a loop of current with radius
b=3cm. Assuming the worst case scenario in which the
sensor is axially aligned with the loop of current (theta=0)
and that the user of the sensor will not be within 2m of an
operating fan the following approximation can be made.

Figure 5-11
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Each coil typically has windings on the order of
magnitude of 100 loops putting the magnitude of radiate
magnetic waves at the following:
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This source of interference will not be properly filtered, as it
is at the same frequency as the signal being measured.
However, the signal level seen here is approximately 40dB
lower than that of the minimum signal the sensor we will be
able to detect. Therefore, this source of interference is also
of no concern.
Below is a summary of interference that could affect
the operation of our device. All sources have sinusoidal or
other periodic components to it resulting in a non-zero time
rate change in B field. Consequently, a change of flux will be
seen at the sensor element that can lead to a false positive
reading by the sensor device.
Source

Frequency [Hz]

Magnitude [T]

Cell Phone

100MHz~2GHz

WLAN Router

2.4GHz

Ceiling Fan

60Hz

3.7 3 104_ 6

3.2 3 104_ 6
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The results above suggest using a filter circuit to
attenuate frequencies above 100Hz can effectively
marginalize signals at the same order of magnitude as the
minimum signals produced by live cables detailed in the
performance section. This will allow for more accurate
detection of live cables.

K. Noise
Upon testing the sensor system, a considerable
amount of noise was detected. As can be seen in the figure
below the system outputs a signal which corresponds to a
sensor reading of 116x10^-9 Teslas, which is higher than the
minimum of the calculated output range:

Johnson noise should also be low. The maximum resistor on
board is 39kOhms, which at T=300K and∆w  10$% will
cause about 80nV of noise. This after the amplification
circuitry corresponds to about 550uV, very close to the
measured noise.
Amplifier Noise: There are 5 types of noise inherent
in components of an operational amplifier: shot, thermal,
flicker, burst and avalanche noise. An op amp can be
represented as a noise voltage in series with a noiseless op
amp. Current noise is considered insignificant because it is
swamped by input impedances.

Figure 5-12 System output without a signal is rather significant

This figure accurately reflects the results of the previously
mentioned test 1. The measured Vpp values stopped
decreasing as the sensor got further from the NM-B cable
even before reaching the minimum of the calculated output
range. The minimum output seen by in figure 5-6
corresponds to a measured magnetic field strength of
approximately 58 nano Tesla, above the expected minimum
of 39.5 nano Tesla.
There are several sources of noise that will be
present in our system:
Mains Noise: The voltage of the power grid is not a
pure 60 Hz sinusoid. Mains noise refers to distortions due to
the multitude of electronic devices that distort this wave
form. While linear systems, such as lightbulbs, do not distort
the waveform, many other devices use switch-mode power
supplies. These power supplies change the impedance facing
the main to regulate the power being supplied to the device.
The largest culprit is personal computers. These noises sum
to distort the 60 Hz sinusoid.
1/F Noise: Also known as pink or flicker noise, this
noise increases as frequency decreases. This type of noise
will be troublesome as a very low frequency (60Hz) signal is
being measured. This is also a portion of the spectrum with
many sources of noise, such as machines and traffic.
Johnson-Nyquist Noise: Also known as thermal
noise, this is the electronic noise generated by the agitation
of charge carriers in an electrical conductor. This noise
occurs independent of any applied voltage. Any conductor,
whether a resistor or the loops of wire used to measure
magnetic flux, will be subject to this noise. The noise can be
represented as a voltage source representing the noise in
series with the ideal conductor. That voltage equals
g4uv 6P∆w, where uv is the Boltzman constant, T is the
temperature, R is the resistance, and ∆w is the bandwidth.
Because the bandwidth around 60Hz is relatively low,

Figure 5-13

Any noise in a signal fed into the input of an op amp
will be multiplied with the signal. If the gain of an op amp is
A, then the noise on the input will be multiplied by A.
xyz{  ||x| . For a noisy input and noisy amplifier,
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6 CONCLUSIONS
The objective of this project was to create a sensor
system that can be used to identify the location of wires. The
sensor, an inductive coil with a magnetically permeable core,
was constructed, as was an interface circuit. An experiment
was constructed to measure the induced voltage in the coil
in different orientations.
From experimental data, we can conclude that the
output voltage varies directly with the magnetic field, and
that the magnetic field varies directly with current and
inversely with the square of distance. Furthermore, there is a
high enough contrast in voltages that locating the cable is
possible. In fact, experiments showed that reading the
strength in voltage could be used to identify the location of
wires, allowing an experimenter who was not allowed to see
the location of cable behind the wall to reconstruct the path
of the cable.
Additionally, experiments with rectification showed
that different frequencies can be induced in the current, and
the relative strength of these frequencies can be identified
by the sensor system. For both of these objectives, the signal

strength was far greater that surrounding interference,
giving clean results that could be interpreted by a data
acquisition unit.
Preliminary experiments with an array of coils show
promise that the array can facilitate the identification of
cables. However, this capability is already shown by
individual coil measurements, and is less essential to the
report.
Future work includes creating methods of
identifying field strength and frequency spectrum without
use of a data acquisition unit. This work can be used to
create the handheld device first envisioned in the project.

Figure 6-1: Preliminary testing with arrays of coils show there is a
significant difference in flux between coils that are nearest the
wire and those that are offset, giving promise for an detector
employing arrays.
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