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ABSTRACT

This study focuses on the development of a light weight metal
detector to be used on small autonomous robots for the purpose of mine /
Unexploded Ordnance (UXO) detection. The detector was developed
based upon a twin oscillator design, and the performance of this design
was tested with respect to diameter of the sensing coil, operating
frequency, and the number of turns of the sensing coil. The results of this
study provide a field tunable, light weight, low power mine / UXO detector
with significant range. The ability to equip a robot with this device and
send it into the field will prove to be an invaluable asset to ongoing mine

sweeping operations.
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. INTRODUCTION

A. BACKGROUND

“An estimated 100 million or more of these indiscriminate killers have been
deployed worldwide, maiming or killing 26,000 people a year.” [Ref. 1: p. 62]
These indiscriminate killers are land mines. Land mines and unexploded
ordnance left in the ground after a regional conflict are not a trivial problem in
the international community. In some countries, land mines are an extreme
problem. Cambodia has so many unexpioded mines that half of the country
cannot be inhabited. Kuwait was forced to extract seven million mines scattered
in the countryside as a result of Desert Storm. From 1992 to 1995, UN peace
keepers have reported 20 deaths and over 100 incidents related to mines.

Land mines in Bosnia represent the current threat to United States troops. In
Bosnia alone there‘are as many as 5,000,000 mines of 2,500 different varieties.
While Swedish peace keepers are using fairly sensitive metal detectors, the US
Army is still utilizing Korean -War vintage technology in their mine sweeping
operations. The mine sweeping technology currently being used in Bosnia
includes the use of a titanium probe to s_tick in the ground and look for buried
mines. The probe has a special tip so as not to activate magnetic mines. As for
contact mines, the titanium probe is not the optimal tool.

The problem facing the world is to detect plastic and metal cased mines and

to be able to distinguish them from background clutter. With the notabie




exception of biological and chemical land mines, most mines can be easily
disarmed after detection. Science is beginning to tackle the most important
stage in mine disarmament, detection. The work in the area of detection is
heading in different directions, with the consensus that no one type of sensor is
the answer to the problem, but rather, a fusion of sensors is required to obtain a
complete picture.

Man-portable mine detectors are one category of sensor. The Austrian built
AN/PSS-12 pulse -induction metallic mine detector is the primary land mine
hunting device in use. In 1955, advanced hand held detectors were
demonstrated that would help in the hunt for plastic and other non metallic
mines. There are four of these advanced detectors being evaluated. Three of
these advanced detectors are ground penetrating radars, and one is an infrared
detector. These four detectors have gone past the prototype stage and are in
formal development. . The obvibus disadvantage to this approach is that a
- human operator is needed, and this is inherently dangerous.

Other categories of sensors include ground vehicle detectors, airborne
detectors, sound detectors, and X-ray backscatter detectors. The ground
vehicle detectors are likely to employ all of the above types of sensors (FLIR
cameras, GPR, and pulse induction metal detectors). All of these sensors would
then be mounted upon a blast hardened vehicle. The Army is currently
developing ASTAMIDS, the Airborne Standoff Minefield Detection System.

This system will be deployed on the Hunter UAV (airborne) surveillance




platform. It uses passive infrared to detect the size of an object. The problem
with this sensor is that rocks and land mines of the same size are not
distinguishable from each othér.

The use of sound detectors is still in preliminary phases, and the results are
not very promising. The sound detection is only capable of resolving objects of
at least 5 centimeters of length at a distance of 6 centimeters. Other limitations
are the need for the scan to hit the target directly to find its shape, and the
limitation of a slow scan rate that makes this process time consuming.

X-ray backscatter is a promising technology. Originally the process used
two different X-rays, each having a different energy. The two X-rays would be
compared, and the surface return would be subtracted out by comparing the two
pictures. This worked well, but in order to obtain any distance, enormous
energy was required. A new sensor using just one X-ray source was developed
that works on the principle that photon absorption of mines is less than soil, and
it therefore scatters more photons. This scattering can be used to image the
land mine. The X-ray backscattering systems can show the shape of the mine
and approximate its depth down to about 4 inches.

The purpose of this thesis is to investigate the parameters of a metal
detection device so that it may be mounted upon a small autonomous robot.
This would open the possibility of allowing robots to perform the function of land
mine detection. The immediate advantage is that unlike the man portable mine

detectors, the risk to human life is considerably diminished, if not eliminated in




its entirety. Another advantage is that machines do not require rest and are
better suited to the tedium and exactness required to sweep a minefield. The
ultimate vision is to incorporate this metal detection device' with all of the sensor
types mentioned above, and perhaps some new technology, into a cohesive,
robotic “small unit operations” role. When the need for mine sweeping exists, a
team arrives with its computer controlled robots, inputs the parameters of the
search, and collects the data for further use/detonation.

It appears that the Army is well on its way to providing automated sensing
with the use of the ASTAMI DS system that was described above. This thesis
will center upon the metal detecting portion of mine detection. The reason for
this decision is the fact that in a recent U.N. conference in Geneva, it was
agreed upon that all anti-personnel land mines are to be detectable (i.e. made
at least partly of metal) and have a limited life span. The ASTAMIDS system
and a robust metal detection system working together could be a useful tool,

and a huge step towards realizing an automated mine detection unit.

B. PROBLEM STATEMENT

The problem at hand is to design a detector to function as a metal detector
that is small enough and sensitive enough to be placed upon an autonomous
robot. This robot would then be used to sweep minefields instead of risking the

safety of personnel.



As stated above, the overall purpose of this thesis is to design a metal
detector. It is true that metal detectors already exist in the field today, but the
problem with integrating these particular devices onto an autonomous platform
is that they are intended for use by a soldier, and give an audible tone to denote
detection, and, more importantly come in predetermined, rigid shapes and sizes
whose physical characteristics cannot be easily changed. This thesis will
provide a baseline of data for the designer of an overall mine detection system
to choose the components of a metal detector that will suit his particular size
and range requirements. Froh the graphs provided in this thesis, the designer
will be able to attain the appropriate coil size required for a sensor and the
appropriate frequency at which to run the metal detection circuit in order to

achieve a specified range of detection for a specific sized target.

C. ASSUMPTIONS

Due to the fact that this product is to be used upon a mobile robot,
assumptions wére made as to the approximate size of the coil, and the probable
power supply voltage. The numbers decided upon were to make the inductor
coil no greater than 12 inches in diameter, and a minimum diameter of no less
than four inches. The power supply was chosen to be between 15 and 5 volts
positive, and a matching negative power supply must be available. The number
of turns was arbitrarily chosen to be less than 100, because exceeding this

number makes the inductor bulky. Also, the shielding that may be required to



electromagnetically isolate the sensor from an actual robot upon which it may
be mounted was not taken into consideration due to the difficulty of predicting

the geometry of mounting, or the radiative parameters of any particular robot.

D. THEORY / LITERATURE REVIEW
1. Twin Oscillators

The most critical piece of literature reviewed was the schematic of the twin
oscillator from Reference 3. Shown in Figure 1.1 on the next page, this
oscillator forms the basis of my attempts to create a small, sensitive metal
~ detector. This detector utilizes the C-MOS 4030 chip to provide the functioné of
an amplifier and an exclusive-or gate. The 4030 chip is designed for the
function of exclusive-or, bpt the logic also provides a 5 volt high output, and it
provides a O volt low output, thus providing amplification to potentially weak
signais. Each gate supplies the next gate with sufficient power.

Starting with gate A1, a coil and a capacitor are attached to one input of the
executive-or gate. This will create a natural frequency. This natural frequency
is given by the formula:

w*=1/LC

where L is the inductance provided by the coil, and C is the capacitance of the

capacitor in the 100 pF position of Figure 1.1.
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Figure 1.1 Twin oscillator schematic from Ref. (4]



The exciusive-or gate labeled A2 has its frequency controlled exactly the
same way, except that a tunable inductance coil is utilized to attain a frequency
that is exactly 1 kHz greater than the output of exclusive-or gate A1.

The outputs from exclusive-or gate A1 and exclusive-or gate A2 are sent
through exclusive-or gate A3, where an output of the sum of the two input
frequencies and the difference between the two output frequencies is generated
and sent to the rest of the circuit. (The explanation of the exclusive-or gaté asa
mixer is given below in this section). Gain control for the volume of the
difference is the function of exclusive-or gate A4. The result of this model circuit
is an audible tone that is the frequency difference between the A2 gate output
and the A1 gate output. The sum frequency from the A3 exclusive-or gate is
filtered out by the frequency response of one’s ears. The key to the circuit is that
as metal is placed near the search coil that inputs to gate A1, the overall
inductance (L) of the coil as seen by the circuit goes up. As can be seen from
the above equation, inductance and frequency share an inverse relationship.
As inductance increases, the resulting frequency will decrease. This
occurrence will create a larger difference between the outputs of exclusive-or
gates A1 and A2. This in turn will increase the frequency of the audible signal

heard at the output.




2. Oscillators

Obviously, in a twin oscillator device, the construction of oscillators is of
extreme importance. Sedra and Smith, in Reference S, discuss several different
oscillators, and give guidance for their use and limitations. The practical
oscillator of interest which incorporates op amps and RC networks is the Wien-
bridge oscillator. Figure 1.2 provides a component diagram of an oscillator that

was originally implemented into the working circuit.

R,
‘N'
, R,
AAA -

..L / "
~———— Fig. 12.4 wien-bridge oscillator
} lC R ; amplitude stabilization.

v, o ' 1 "—vaI*

Figure 1.2 From Ref. 5, p.848] Wien-bridge oscillator

Sedra and Smith go on to warn that op amp-RC circuits of this type are only
reliable in the neighborhood of 10 Hz to 100 kHz. The lower frequency limit is a
function the passive components used, but the upper limit is a function of the
ability of the op amp's slew rate. Simply stated, slew rate is the amount of time
the op amp takes to transifion from zero to the prescribed voltage of the output,

and if this period is long, high frequencies cannot be realized. The fact that



these circuits are unreliable at higher frequencies became a painful reality, and
the project was forced to change direction.

The direction taken relied upon the fact that LC and crystal oscillator circuits
provide for a better frequency response. They are able to accommodate
frequency ranges up to huhdreds of MHz. Sedra and Smith go through a
detailed description of a Colpitts oscillator [Ref. 5: p. 855]. The oscillator used
for the detection side of the circuit is a variation of this circuit. An op amp was
chosen for the metal detector circuit due to the fact that an op amp has better
tolerance of heat fluctuations than that of the FET (field-effect transistor) used in
Sedra Smith example.

Crystal oscillators are generally constructed of a piezoelectric crystal, like
quartz, that has electromechanical-resonance characteristics when voltage is
applied. The advantages of this device is that it is extremely stable with time
and in the face of temperature variations. Also, crystal oscillators have a very
high Q factor, which means they are very stable in frequency. The
disadvantage of this oscillator is that it is set at a particular frequency and
cannot be changed.

3. Filters

In the mine detection circuit to be discussed later, filtering is necessary
because the output is meant for a robot and not a human operator like the
circuit discussed in the twin oscillator section above. Because of this, the robot

does not have ears to filter out the unwanted “sum of frequencies” component.

]

10




Signals are sometimes composed of several different frequencies. In order
to neglect the unwanted frequency components, first order filters are used. The
part qf the spectrum that is ailowed through the filter is the passband, and the
range of frequencies stopped by the filter is cailed the stop-band. In figure 1.3,
a lowpass filter and a highpass filter are drawn to demonstrate the principle.

(Ref. 5, p. 764].

1714 ITI4

r<— Passband —>-«— Stopband — — ~<— Stopband —>1=<— Passband — —

w,, ) w

€

@y

(a) Low-pass (LP) (b) High-pass (HP:

Figure - 1.3 Ideal Filter Realizations

The w, represents the passband edge. This figure is an ideal representation of

a lowpass and highpass filters. In the physical world it is impossible to realize a
filter with a vertical passband / stopband division. The order of the filter
determines the slope of that line. The higher the order, the steeper the division
line. For the purposes of this discussion. first order filters are used, becaﬁse the
attenuation rolloff is not critical. Figure 1.4 displays a table showing different
ways to realize a first order filter. The passive filter has been chosen because

passive filters are not as restricted by bandwidth.

L1
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4. Digital Logic

The finished circuit turns the analog input signal into a digital output . Two
types of digital logic devices are used. Exclusive-or gates and D Flip-Flops are
the means by which the analog signal is converted into digital. The discussion
that follows is by no means all inclusive of the functionality of these two logic
devices, but does provide the basis for understanding later discussion of their
implementation in the circuit.

D Flip-Flops are digital logic devices that can be u‘sed to divide a frequency
by two. The D Flip-Flops utilized in. this thesis are edge-triggered devices. This
means that the logic is activated by the rising edge of an input signal. . There are

two inputs to the D Flip-Flop (the clock and the D). There are also two outputs to

a D Flip-Flop (Q and Q). Figure 1.5 shows the truth table for the D Flip Flop. By

placing the periodic signal of the frequency to be divided onto the clock input of
a D Flip-Flop, the low to high transition supplies the edge-triggering mechanism

for the rest of the Flip-Flop. By using the incoming signal as the trigger and

attaching the D input of the Flip-Flop to the Q'output (Q’ being the inverse of

the output Q), the incoming frequency is effectively divided by two. This occurs

because, as Figure 1.5 shows, the output , Q, assumes the value waiting at the

D input each time the clock is triggered. The new Q' value is then fed back to the

D input. It is important to note that as the clock transitions from high to low, the

13




Q is unchanged, and is in the memory state. An example of the divide by two

follows:

D=R=S=Q'= 0 and a low to high transition occurs. Now, Q=0, and Q'=D=1.
The clock transitions high to low with no change in output, it is still high. The
next low to high transition occurs, Q=D=1, S=R= Q'=0 and the output is now low.
Note that two input low to high transitions produce only one low to high output.
The first low to high transition of the clock makes the output Q' high, and the
next low to high transition forces Q' low.

Figure 1.6 shows the divide by two D-Flip-Flop circuit implemented.

clock D S R Q Q’
1 0 0 0 0 1
1 1 0 0 1 |0
l X 0 0 Q Q'

Figure 1.5 D Flip Flop Truth Table

14
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Figure 1.6 Implementation of a D Flip-Flop in a Divide By Two Circuit
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In this diagram a one Hz signal (a), is combined with a two Hz signal (b)
using the exclusive-or function. The output is demonstrated in (c). If the theory
that it behaves as a mixer is correct, the output should be a 3 Hz signal
component (the sum of the two frequencies), and a one Hz frequency (the
difference of the two frequencies). Part (c) of the diagram shows that in a one
second interval, these component parts do exist. The shaded areas represent
the sum of frequencies, and the white areas represent the difference frequency.
As explained earlier, it does behave as a mixer.

The first chapter of this thesis discusses the principles required to
understand the construction of the sensor. The second chapter addresses ihe
construction and design considerations that went into the circuitry of the sensor.
The third chapter discusses the testing procedure and resuits. The fourth
chapter draws out some of the applications of this sensor and mentions work

that is currently in progress to use the results of this thesis.
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a) One Hz signal

b) Two Hz signal

¢) Exclusive-or output

1 second

1 second

Figure 1.7 Exclusive-or Function Used as a Mixer
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iI. DESCRIPTION OF THE SENSOR

A. PRINCIPLE

The sensor which is analyzed in this thesis is a twin-oscillator design.
Figure 2.1 gives an overall block diagram of the circuit. As such, the circuit is
divided into two distinct sections. One side will be named the frequency
reference side, and the other side will be referred to as the sensor side. This
circuit generates a reference frequency through the use of a crystal instead of
the tunable inductor / capacitor combination that is discussed in the Literature
Review Section above. Unlike the circuit of Reference 3 where the coils are
tuned in frequency to be 1 kHz apart, the reference frequency in this qircuit is
matched exactly by the sensor side through the use of a tunable inductance coil
in combination with correct capacitance. The frequency reference side of the
circuit is then combined with the sensor side of the circuit through an exciusive-
or function. While these two frequencies are the same, the exclusive-or output
will contain a DC component and an AC component. If on the other hand, the

coil on the sensor side of the circuit passes over metal, the inductance that the
circuit sees goes up, and according to the equation w? = 1/LC, the frequency
goes down, thus creating a difference frequency out of the exclusive-or gate.
The exclusive-or gate performs the role of a mixer. As demonstrated earlier, it
creates the same effect in the frequency domain as multiplication in the time

domain, in that the frequencies coming into the exclusive-or gate produce an
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output of the sum and the difference of the individual frequencies. The higher
frequency, i.e. the sum of the two frequencies s filtered out using a simple first
order filter, thus leaving only the difference frequency. This difference
frequency is then sent to the rest of the circuit for processing. The two outputs of
this circuit are a flashing light, and a bina‘ry voltage output for later input to an

autonomous robot.

B. IMPLEMENTATION

This section will address the implementation of this metal detection circuit
described above. In this section, the parts and design considerations will be
discussed in great detail to ensure that the reader understands the process and
the issues of design. A detailed drawing of the circuit is supplied in Figure 2.2.
The actual values to be used will be presented in the next chapter discussing
the results of testing.

1. Power

Power begins with a 15 Volt bus that is distributed to all of the C-MOS 4000
series chips (CD4013, CD4030), and the two LF411 op-amps. The 15 Volt bus
also delivers power to the (LM317T) 5 Volt voltage regulator.

This 5 Volit regulator runs the non C-MOS system components (the 50 MHz
crystal oscillator and the 74HC393). It is necessary to attach a capacitor to the
output of the 5 Volt regulator because its output was noisy, and disrupted the

logic gates that followed.
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A negative 15 Volt bus is also required to insure correct function of the
sensor side of the circuit. The LF411 was originally connected with a positive
15 Volts into pin 7 with pin 4 tied to ground. The resulting problem was that the |
output signal was not symmetric enough to obtain a correct output from the dual
D Flip-Flop (CD4013B). By forcing the low voltage to negative 15 Volts, the
problem was solved. The positive voltage must be nearly symmetric to the
negative voltage for correct operation.

2. Frequency Reference Side

The frequency reference side is crucial to the sensitivity of this metal
detecting device. Figure 2.3 shows a detailed design of the frequency
reference side of the circuit. After many attempts at creating an oscillator that
remains stable even at high frequencies, a crystal oscillator was chosen. Many
attempts Were made at using RC configurations in Reference 5, but none of
them proved to be as stable as what is constructed here. This is an important
factor, because when adjusting two oscillator frequencies to be exactly the
same, the less the drift, the better the result. As will be explained later, having
two oscillators that have drift, no matter how small, negates the sensitivity of the
circuit, and does not allow for premium performance. The sensor side of the
circuit must contain an inductor, therefore it is susceptible to drift. For this
reason it is of fhe utmost importance that the frequency regulator side of the

circuit does not drift.
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As explained earlier, a crystal has a very precise, mechanical production of
a voltage pulse. This pulse is extremely accurate, but cannot easily be altered.
The idea is to use this mechanical pulse as the clock input into the 74HC393,
which will divide the original crystal parameter by 256, thus giving flexibility to
the crystal oscillator. This divider is capable of handling this frequency, and
provides little to no frequency drift.

After the dividing down circuit is completed, the output goes to an LF411
which amplifies the signal, it then serves as the clock to a Dual D Flip-Flop
(CD4013B). The function of fhe Dual D Flip-Flop is two fold. First, it divides the
incoming signal by two, and second it preconditions the signal by creating a fifty
percent duty cycle for the outgoing signal. Fifty percent duty cycle means that it
is logically high for the same amount of time it is low.

The output of the D Flip-Flop goes into one gate of the exclusive-or chip. It is
at this point that the reference frequency is compared with the sensor frequency

- via the exclusive-or function.

The values for the resistors in this drawing are, R1=R1=5.1kQ , and R3=50Q.

3. Sensor Side

The sensor side uses an op-amp version of a Culpitts oscillator. Figure 2.4
shows the arrangement of the parts. The coil is attached to the circuit via 6 feet
of coaxial cable to reduce any outside inductance that may be acquired by the

connection.
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The equation for the frequency of oscillation remains the same:

w*=1/LC

where w = 2xf.

R3 €03013 0 Flip=Flop

M '
1%
Adjustobdle inductor | |
YN 3 :_" s gguenm Wove
[—— .8 xhz
Sensing Coil ¢ L Y s 0 Lo To XOR
u ]' .
, ; ’

Q-
. V=15 volts lock q

Sinusoidal
195.3 kHz

Figure 2.4 Sensor Circuitry

The inductance is supplied through a coil of 30 gauge wire, and the
capacitance is manipulated through a parallel series of capacitors. One of the
purposes of the thesis is to evaluate performance of the circuit, having different
inductor coil sizes and coils with different numbers of turns, so this 30 gauge
coil will be wound with several different numbers of wraps.

The resistor in the figure is theoretically not required, but in practice, a
feedback resistor must be placed between the output and the positive terminal

of the input in order to provide a trickle of current required to sustain oscillation.
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Another feature of the circuit is the appearance of an adjustable 36 uH

inductor in series with the coil. This cbil is to be utilized as a tuning coil.
Sometimes it is impossible to obtain the exact capacitance / inductance
combination to provide the exact frequency of the reference frequency side.
This tuning coil aliows the exact frequency to be attainéd by adding inductance
to the circuit after it has been tuned as closely as possible to the reference
frequency side without the tuning coil. As a general guideline, it can tune the
circuit about 150 Hz.

The output of the LF411 op-amp provides the clock for a D Flip-Flop. A sine
wave is ekiting the op amp. If this wave were to be sent directly to the exclusive-
or gate to be compared with the reference side of the circuit (a square wave),
depending upon the phase the output of the exclusive-or gate could give a false
detection. While a sine wave appéars almost square, the difference in shape
may produce an error. Again, this Flip-Flop preconditions the signal in voltage,
but more importantly gives it a fifty percent duty cycle square wave output. The
Flip-Flop output provides the other input to the exclusive-or gate, where it is
combined with the preconditioned frequency reference side of the circuit.

The realization of this circuit is very dynamic. As the frequency of the circuit is
adjusted and the number of turns (N) are changed for testing purposes, the

amount of capacitance represented by C1 and the feedback resistor in Figure
2.4 must be adjusted accordingly. As frequency incréases, C1 decreases. As

the number of turns increases, the inductance increases, and C1 decreases.
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Figure 2.5 shows the values of the feedback resistors as tested in the circuit,

25 turns 50 turns 75 turns 100 turns
195 kHz 5 kQ 10 kQ - -
97 kHz 2kQ 4 kQ 5kQ -
48 kHz - 3kQ 3kQ 300 Q

Figure 2.5 Values of the Feedback Resistor for each Circuit Combination

‘Figure 2.6 shows the actual capacitor values (C1) used in testing the circuit.
If the resistor value and corresponding capacitance values are placed in the
circuit, the circuit will be close enough to matching the reference side frequency

to the sensor side frequency that the tunable inductor on the sensor side may

- be used to exactly tune the circuit. Tuning of the circuit will be explained in

more detail in Section 6 of this chapter.




Frequency=195.3 kHz

Diameter N=25 N=50 N=75 N=100
12 .10e-8 - - -
10 .115e-8 - - -
8 .169e-8 .059e-8 - -
6 .330e-8 .056e-8 - -
4 .364e-8 .094e-8 .05e-8 -
Measured capacitance in Farads
Frequency=97.6 kHz
Diameter N=25 N=50 N=75 N=100
12 - - - -
10 .050e-7 .135e-7 _ - -
8 .066e-7 .018e-7 - -
6 .076e-7 .027e-7 .013e-7 -
4 .125e-7 .02%e-7 .033e-7 -
Measured Capacitance in Farads
Frequency
Diameter N=25 N=50 N=75 N=100
12 - .050e-7 .026e-7 -
10 - .061e-7 .028e-7 -
8 - .077e-7 .378e-9 -
6 - .109e-7 .986e-9 13e-9
4 - .180e-7 11e-9 14e-9

Measured Capacitance in Farads

Figure 2.6 Actual Capacitances as Tested in the Circuit
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4. Output Signal Circuitry

Figure 2.7 shows the signal decision section of the éircuit. As explained
earlier, the exclusive-or function behaves much as a mixer in communications.
When the sensor signal and the reference signal are not exactiy the same, the
exclusive-or gate will produce a sum and a difference frequency. Since a light
emitting diode is used‘ to show detection, and a spectrum analyzer with a
maximum frequency of 20,000 Hz was available, the decision to filter the high
frequencies was made. To accomplish the filtering, two simple first order, low
pass, passive filters of resistor / capacitor construction were cascaded to

attenuate the unwanted high ffequencies. The cutoff frequency for these filters

is approximately 24 kHz (w=1/RC). A single stage filter was not enough to

prevent the exclusive-or gate which follows from amplifying the high frequency
component. After the filters, the signal is then sent into an exclusive-or gate in
which one of the leads to the gate is tied low. From the exclusive-or truth table it
is obvious that any input sent through an executive-or gate with zero as the
other input, provides an output exactly like the input. The point to using the
exclusive-or gate in this position is that it will behave as an amplifier without
changing the incoming signal. The signal leaves this exclusive-or gate and
enters a first order high pass filter. The purpose of this filter is to eliminate any
DC component that may have entered the system. As discussed earlier in the
thesis, a DC component is produced when two square waves are sent through .

an exclusive-or gate.
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If they are in phase they will produce a DC voltage of zero out of the exclusive-
or gate. If, however they are exactly 180 degrees out of phase, the high
voltages will add, and produce a strong DC voltage. Since the phase of the
square waves is unpredictable and the circuitry required to align them is difficult
to build, a high pass filter is placed here with the cutoff frequency as close to
zero as possible. The signal then enters fhe final exclusive-or gate in which
one of the inputs is tied low jUst like above, this stage acts as an amplifier for the
LED. An LED is placed at the output to show detection. It will flash according to

the frequency through the last exclusive-or gate. Again, this frequency

represents the difference bétween the Sensor side and the Frequency

Reference side of the circuit. It also becomes clear that the high pass filter is
necessary because if the DC voltage is allowed to pass, the indicator light will
stay lit whether the sensor is in the presence of metal or not. To provide a

logical one or zero as an output, a circuit that involves the use of a FET and a

555 Timer is added.

The actual values of the Output Signal Circuifry diagram shown in Figure 2.7
are R1=R2=12kQ, R3=1 MQ,R4=10KQ,C1=.2H, C2=C3=3500pF,C4=C5=.01uF.

5. Frequency Division

The frequency of the circuit as shown here is considered to be running at
195.5 kHz. The reason for this is that on the Frequency reference side of the
circuit, the 50 MHz Crystal oscillator is being divided by 256 using the 74HC393

chip. Although the 195 kHz signal is again divided by 2 before entering the
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exclusive-or gate with the Sensor side of the circuit, the point is that in order for
the sensor side to match the Frequency reference side, the coil and capacitor
must be tuned to 195 kHz because the sensor side also undergoes a final
divide by two.

One of the testing criteria for this thesis involves changing the frequency of
the circuit to observe the bhanges in detection range. This is accomplished by
adding an N4024 divide by seven counter. This device is placed between the
output of the 74HC393 and the LF411 on the Frequency reference side of the
circuit. This arrangement is shown in Figure 2.8. This set-up allows for a divide
by 2 and 4 capability. Now the circuit can be tested at 97.6 kHz and 48.3 kHz

frequency reference respectively.

divide oy 2 divide by 4

. divide by 8
15V =— ’

-

V1"_
<&, I1&]3!211 10 09 08
a

Na024

01 02 03 04 05 06 07

inout from 74HC393

Figure 2.8 Additional Frequency Division Circuitry
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6. Tuning

Tuning is accomplished by use of.the LED. This procedure is critical in the
detection range of the circuit. As it is arranged, the circuit will react if it is
influenced by either magnetic or anti-magnetic materials. The output is a shift in
frequency seen at the output of the circuit. While the cifcuit is not influenced by
any outside inductance, the LED will remain extinguished as long as the sensor
side and the frequency side are operating at exactly the same frequency. To

tune this circuit to be sensitive, the tunable inductor must be turned so that the

light is flashing very slowly, then turn the adjustment slowly until the LED

extinguishes. This assures the user that the circuit is at maximum sensitivity.

This tuner provides another very useful function. It allows the circuit a
certain amount of adaptability. While attached to one autonomous robot, the
electromagnetic field is set, and the coil can be adjusted accordingly. However,
if the sensor is moved to an entirely different environment, or even another

autonomous robot, the circuit is not set in stone, and it can be adjusted.
7. Shielding

Previously stated in the assumptions section of the thesis was the fact that
the coil is not shielded from electromagnetic fields. This is intentional. The very
nature of the coil is that it detects electromagnetic fields. Shielding would
hinder performance. Since the exact robot for the mounting of this detector is

not yet known, the coil shielding will need to come from the system designer if
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the tuning circuit provided is not capable of allowing for the interference that
may come from the robot. |

The circuitry, on the other hand, should be isolated from external fields. To
accomplish this, the circuit was placed inside a metal container which behaves
as a Faraday Shield. The connection between the circuit and the coil is
constructed of coaxial cable and is relatively resistant to external magnetic
fields.. A twin axial cable waé first used in the circuit and proved to be
inadequate. The twin axial cable performed as an antenna and produced many

false positive resuilts.
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lll. TESTING / RESULTS

A. TESTING

A photograph of the circuit is included in Figure 3.1." The circuit is normally
encased in a metal container and provided rubber shock mounting that can be
screwed on to the bottom of the metal case. The target is a World War Il vintage
pressure activated mine that is still likely to be found in the field today. This
mine can be expected to be located between six inches and one inch under the
soil. When a target passes over the mine, the plunger is depressed, activating
the mine.

The testing consisted of laying the circular search coil flat, i.e. parallel to the
ground, and turning the adjustable inductance coil until the tuning light had
extinguished. The target mine was then placed under the coil as close as
possible to center. If the coil detected the mine, the target depth was increased.
This continued until the circuit no longer detected the mine. Once this distance
was determined, the target was physically removed from the environment of the
coil to see if the detector returned a non detection. I S0, the target was replaced
at the same distance to verify detection. If the circuit again returned a detection

signal, this depth was recorded.
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Figure 3.1 Photograph of Circuit
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B. RESULTS

1. Data Obtained

The results of this study quantitatively come down to depth, and the effect
that different elements have on the depth. | have gathered data on the number
of turns, the diameter, and the frequency of operation of oscillators and have
compiled Figure 3.2 to display the resuits. This tables in this figure represent
repeatable results obtained by the process described above. Sometimes the
tuning of the circuit may be more sensitive than normal, and this allows for the
ranges attained by the circuit to be greater than the distance reported here, but
the distance reported here represents the distance which the circuit could bé
built, measured, and rebuilt and still obtain this range of detection. Figures 3.3
through 3.5 demonstrate the most telling results. These six plots show the
relationship between the diameter of the coil, and the depth at which it can
detect the target.

The other factors such as number of turns and frequency of operation do not
provide interesting plots. The trend seems to be that the number of coils
somewhat increases the detection depth, but the frequency of oscillation has
little to do with detection range.

As is evident from the eight diameter vs. depth graphs, the depth seems to
follow a somewhat linear relationship with the diameter of the coil. As the coil

diameter increases, the depth also increases.

39



Frequency=195.3 kHz

Diameter N=25 N=50 N=75 N=100

12 14 - - -

10 13 - - -

8 9.75 10.5 - -

6 8 7 - -

4 55 6 558 -
Frequency=97.6 kHz

Diameter N=25 N=50 N=75 N=100

12 13 - - -

10 12 12 - -

8 9.75 10.25 - -

6 7.5 8.25 8 -

4 4.5 7 7 -
Frequency=48.8 kHz

Diameter N=25 N=50 N=75 N=100

12 - 14.75 16.25 -

10 - 14.25 12.75 -

8 - 11 11 -

6 - 7 9 8

4 - 6.5 6.25 7

Figure 3.2 Tabulated Results
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Diameter vs. Depth for Freq=48.83kHz
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2. Data Discrepancies
It is important to note that the board itself has a capacitance of 25 pF, and the

board with 6 feet of coaxial cabfe has a capacitance of 690 pF. This is an

important fact because it is directly related to the collection of data. Knowing

that w’ = 1/LC, if the capacitance (C) is a minimum value, there exists a limit

upon the maximum inductance from the coil itself. Figure 3.6 demonstrates this
curve. The result is that the cutoff inductance for 195.3 kHz is .0017 H, for 97.6
kHz is .0068 H, and for 48.8 kHz is .027 H. Accordingly, large coils and coils
with many turns may have too much inductance and cannot be used on this
circuit board. In the data that follows, you will see that some data was not
recorded. This is a direct reflection on the intrinsic capacitance of the-circuit
limiting the amount of inductance that allows the frequency of the sensor side to
be initially greater than or equal to that of the frequency reference side. If this
condition is not met, the two frequencies cannot be adjusted to be exactly the
same, because the only adjustment available is to add capacitance or
inductance to the circuit. Both of these parameters slow the frequncy of the
sensor side, and if it is too slow to begin with, the frequencies will never be

matched.
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Figure 3.6 Maximum Inductance Curve
The data collection at N=25 at 48 kHz is 3 Special problem. The reason this

data was not collected is that the circuit could not be made Stable. As

assumes different values for different sizes of coils and for different frequency
realizations. In this isolated case, a very small resistor (along the order of 20Q)

could get some oscillation but it could not sustain any Steady frequency. This

resistor value pushes the current to high levels and is not advised in the circuit.

The circuit was deemed “unstable,” and the data was discounteg as unreliable.
Faced with the inherent 390 pF of Capacitance on the board, the inductance

of each coil was Computed using the formula L=1/0’C. The Capacitance used in

each circuit was measured. The resylt of the actual Capacitance measurement
is tabulated in Chapter II. This was applied to the above formuia, and an

inductance was arrived upon. A self inductance formula was attaineq from

Reference 8 to be:



L=N°r?/9r + K

where N represents the number of turns, r is the radius of the coil, and K is a
constant that depends upon the width of the wire involved in the wrapping. This
formula, however, did not fit the empirical findings.

Using the above formula as a starting point, the following formula was used
as the basis for a least squares solution for the inductance.

L= Nr?/ a,N°r+a,Nr*+a,Nr+a N+a r+a,N+a,r+a,
After running a least squares solution for all of the empirical data, the final

coefficients for inductance are in Figure 3.7:

-at 21.9 as 38.7e6
a2 -2.62e6 3 -29.5e6
a3 829000 1 a7 -888e6
a4 25450 ag 655000

Figure 3.7 Least Squares Coefficients
These coefficients needed to be normalized by multiplying the equation by a
factor of -200. After this coefficient is applied, the Least squares curve is close
to the inductance curve resulting from the empirical results. Figure 3.8
demonstrates the difference between the least squares curve and the measured

data.
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Figure 3.8 Least Squares Formula vs. Empirical Data for Inductance

Figure 3.8 provides curves for inductance look-up. This allows easy solving
of the capacitance required for a particular sensor coil size, vice the trial and
error approach used in the data collectio}r for this thesis. For the sizes of coils
presented in this thesis, the tables in Chapter Il will suffice for reconstruction of
the circuit. If a different coil is to be used, this formula provides a good stérti'ng
point. |

3. Conclusions

~ The design is successful. A lightweight device has been engineered to
display the desired characteristics. It is low power. Mostly C-MOS chips are
utilized to reduce the power consumption of the circuit. The circuit itself can be
run on any positive and matching negative power supply between 5 and 15
volts. The circuit is stable. The use of the crystal oscillator provides for a very
stable circuit that, when properly tuned, will not give false positives. The
maximum range demonstrated by this circuit is approxinﬁately 16 inches, which
is more than an acceptable range for the intende application. Depending upon
the tuning, the target was detected in excess of twenty inches.

A major asset of this particular circuit is that it is field tunable. Tuning can
eliminate several real hazards facing mine detection today. The soil is not
always uniform. That is to say that it may contain traces of magnetic material

that would otherwise cause background noise. The ability to tune this circuit




flexible for application onto several different platforms with different
electromagnetic characteristics.

The least squares algorithm seems to produce a good fit for the empirical
data. This approach also helps verify some of the gaps in data collection. This
empirical formula for inductance is very useful in predicting the inductance of
the coil. This is a tremendous help if attempting to tune the circuit to a particular
frequency. This allows a calculation that can result in the choice of an
appropriate sized capacitor to begin the tuning process. Since the equation
from Reference 8 did not apply to the coil used, trial and error was the only |
method by which to find the correct capacitance for fhe circuit. This is a very

time intensive problem that has been someWhat solved.
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IV. DISCUSSION

A. APPLICATIONS

Applications for this project are far reaching. Obviously it would be a
tremendous asset to have the technology of autonomous mine detection,
classification and destruction. This project is clearly a step in the right direction.
The system created here is light weight, portable, relatively inexpensive, and
would not increase the cost of the robot significantly. Yet, without a major
breakthrough in technology, a metal detecting device is essential to an overall
mine sensing system in that many of the other advanced techniques discussed
in the introduction have limitations that can only be overcome by sending a
metal detector over the area in question, and making a final determination of the
object as metal or rock formations. As a part of an intricate sweeping system, -
this sensor could be used as close as old Fort Ord, and as far away as Korea for

cleansing areas of dangerous unexploded ordnance, and land mines.

B. FUTURE WORK

A thesis is currently underway to incorporate a sensor built from the
guidelines provided in this thesis with an autonomous mobile robot. Special
attention must be paid to the positioning of the sensor on the robot and to the

shielding of the sensor from the effects of the of the robot. These effects are
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extremely important to understand before sending the robot on a real-time
mission.

Other applications are even more intriguing. The problem of identification is
not addressed in this thesis. It may be possible to compose a neural network for
land mine / unexploded ordnance classification using the results of this thesis.
As the system is designed now, a small object located close to the sensor
appears to the system exactly the same as a larger object further away. it may
be possible to arrange multiple coils in a distinct pattern of geometry, with
multiple coil sizes and spaciﬁg, so that each size / shape and orientation of a
specific abject gives off a distinct pattern on each of the coils. This would make
the neural network program a relatively simple function of pattern recognition,

and would enable a classification to be made.
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