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ABSTRACT

Keywords:- Shrapnel, Microcontroller, Inductive Proximity Sensor (IPS), ADC

Sophisticated and portable medical devices are enabling advances in medical field with their
reduced size and cost. As portability becomes a growing trend in medical products,
manufacturers are seeking technologies that reduce the design complexity and time in developing
the finished product. The “PORTABLE METAL SHRAPNEL DETECTOR FOR
REMOVAL OF SHRAPNEL INSIDE HUMAN BODY” is developed to locate the
metal shrapnel inside the human body which is based on a microcontroller Atmel
ATXMEGA128A1. Its main features are: a Low power, high performance 8/16-bit AVR
microcontroller featuring 256KB self-programming flash program memory, 4-channel DMA
controller, 8-channel event system, and up to 32 MIPS throughput at 32MHz. Microcontrollers

(MCUs) provide the right combination of programmability, cost, performance, and power

consumption.

The project is highly relevant in the medical scenarios where injuries those caused by
weapons or bomb blasts may contain material like steel, aluminum, copper etc .To
retrieve the foreign bodies from the soft tissues , doctors nowadays rely on imaging
systems like CT, MRI and X-ray. The retrieval seems somewhat difficult when these are
penetrated deeply into the tissues. So sometimes its untraceable during surgery. The
success of removal of shrapnel depends on the doctor’s skill to trace and locate the
shrapnel. This necessitates an online tool for locating the metal shrapnel inside the body
which is detailed in the project. The details about the sensor and the controller are given
in the following chapters. To detect the presence of metals in human bodies during
injuries, a new inductive proximity sensor (IPS) was developed. Because of the use of



differential sensing scheme, and the particular design of former, the detection depth is
increased. Since the low amplitude and high frequency signals present on the sensor
output, it seems difficult to process the output with simple electronic circuitry .And to
make a compact, cost-effective portable sensor and easy processing of the sensor output,
according to the requirement, the sensor output is designed around the microcontroller.
Atmel ATXMEGA is chosen because of its high speed ADC and high CPU frequency of

32MHz
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CHAPTER 1
INTRODUCTION

1.1 PURPOSE OF THE PROJECT

Microcontrollers have wide variety of applications in biomedical engineering.
The aim of this project is to develop a microcontroller based metal shrapnel detector to
locate the metal shrapnel inside the human body. Wounds, especially those caused by
weapons or bomb blast, may contain various materials such as metal, glass etc. But most
of these injuries may contain metals like aluminum, steel and copper [1]. Retrieval of
these metals inside the body may be quite challenging depending on many factors such as
the size of the object, the location, and the surrounding anatomical structures. Imaging
Techniques is very important in deciding upon the surgical approach. Current imaging
techniques which are employed for detecting foreign bodies include X-ray, computer
tomography (CT), magnetic resonance imaging (MRI) and ultrasound imaging [2]. A CT
image showing shrapnel inside the body of a blast victim and typical shrapnel materials
observed in such incidents are shown in figure 1.1 [3]. Here sometimes even if the
shrapnel is clearly visible in the images, it may have penetrated deeply into the tissues.
So the recovery of these depends on the doctor’s skill This made a clinical requirement
for online sensing tool which guide the doctors to accurately locate the shrapnel and

retrieve it easily.



Fig 1.1 CT scan Image of Shrapnel inside a bomb blast victim and object
got from victim [3]

Eddy current sensors are mostly used as metal detectors. Here the main constraint
is on the size of the tool. The size of the tool should be very small since the diameters
should satisfy the surgical standards. As the diameter of the tool is small, the detection
depth also should be small [4]. So inductive proximity along with differential sensing
technology, is used as the basement for the particular IPS (Inductive Proximity Sensor).
The high sampling rate and small amplitude of the sensor output urges the need for using
a microcontroller to process the output signal. Here Atmel ATXMEGA128A1
microcontroller is used to process the sensor output. The central part of the entire system

is microcontroller, which is used for producing control signals to the entire circuit.

1.2 ORGANIZATION OF THE THESIS

The remainder of the thesis is logically divided into the following chapters.
Chapter2 explains the background of the older technologies and the differential sensing
scheme which is the back bone of the new IPS (Inductive Proximity Sensor). The main

2



features of the new IPS and detailed descriptions of the new design is clearly described in
chapter 3.The main data acquisition and processing component Atmel ATXMEGA
128A1 microcontroller is explained in chapter 4. Also, the program flow is explained
with the aid of flowcharts in chapter 4.Chapter 5 describes the tests and experiments
performed in order to verify the operation of the instrument and to study the important
characteristics such as sensitivity and range of the device. Chapter 6 gives a summary of

the thesis, conclusions and suggestions for future work.



CHAPTER 2

METHODS FOR DETECTING METALIC OBJECTS

2.1 BACKGROUND

Metal detectors are widely used in various industrial applications. They are based

mostly on eddy current sensing. Metal detector use one of the three technologies.

2.1.1 Very Low Frequency (VLF)

VLF metal detector relies on a phenomenon known as phase shifting [5]. Phase shifting
is the difference in timing between the transmitter coil’s frequency and the frequency of
the target object. An object with high inductance is going to have a larger phase shift,
because it takes longer to alter its magnetic field. An object with high resistance is going
to have a smaller phase shift. Since most metals vary in both inductance and resistance, a
VLF metal detector examines the amount of phase shift, using a pair of electronic circuits
called phase demodulators, and compares it with the average for a particular type of

metal.

VLF Metal detector

Receive Coil

. —Inductive voltage

Current flow in | due to target

Transmit coil
"Reverse flow of current

in bucking coil

Transmit Coil Bucking coil

Fig 2.1 VLF Detector [5]

2.1.2 Pulse Induction (PI)



A less common form of metal detector is based on pulse induction (PI) [5]. Unlike VLF,
Pl uses a single coil as both transmitter and receiver, or they may have two or even three
coils working together. This technology sends powerful, short bursts (pulses) of current
through a coil of wire. Each pulse generates a brief magnetic field. When the pulse ends,
the magnetic field reverses polarity and collapses very suddenly, resulting in a sharp
electrical spike. This spike lasts a few microseconds (millionths of a second) and causes
another current to run through the coil. This current is called the reflected pulse and is
extremely short lasting only about 30 microseconds. Another pulse is then sent and the
process repeats. If the metal detector is over a metal object, the pulse creates an opposite
magnetic field in the object. When the pulse’s magnetic field collapses, causing the
reflected pulse the magnetic field of the object makes it take longer for the reflected pulse
to completely disappear. A sampling circuit in the metal detector is set to monitor the
length of the reflected pulse. By comparing it to the expected length, if the decay of the
reflected pulse takes more than a few microseconds longer than normal, there is probably

a metal object interfering with it.
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Fig 2.2 Eddy current Generation in a Pulse Induction Coil [5]



2.1.3 BFO Technology

The most basic way to detect metal uses a technology called beat frequency
oscillator (BFO). In a BFO system, there are two coils of wire. One large colil is in the
search head, and a smaller coil is located inside the control box. Each coil is connected to
an oscillator that generates thousands of pulses of current per second. The frequency of
these pulses is slightly offset between the two coils. As the pulses travel through each
coil, the coil generates radio waves. A tiny receiver within the control box picks up the
radio waves and creates an audible series of tones (beats ) based on the difference
between the frequencies. If the coil in the search head passes over a metal object, the
magnetic field caused by the current flowing through the coil creates a magnetic field
around the object. The object’s magnetic field interferes with the frequency of the radio
waves generated by the search-head coil. As the frequency deviates from the frequency

of the colil in the control box, the audible beats change in duration and tone.

The targets induced field is very small in the presence of a much larger transmit
field. So a second coil can be placed such that it inductively couples with the transmit
coil. By careful placement of the secondary coil, the effect of the transmit field can be
reduced. If the coils are placed in a null of the transmit field, there won’t be any
coupling. In such a case the coils are said to be inductively balanced. This is called
induction balance. The main design constraint for the sensor in this application is its size.
The size of the sensor should satisfy the requirement of a surgical tool. The size is
proportional to the induced transmit field .So the detection depth is also get reduced.
Therefore to increase the detection depth, the differential sensing method is adopted in

new IPS sensor.
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Fig 2.3 Equivalent Circuit of the Differential Measurement Scheme [6]

A miniature IPS [6] which uses differential sensing is shown below in figure 2.3.
IPS has sensing coil A2 and a dummy coil B1. When current pulse is given, it will
generate a magnetic field in A1 and B1.This magnetic field is inductively coupled into
the secondary and this difference voltage is processed by the differential amplifier. The
main disadvantages of the circuit are as follows:
1) Due to some geometrical mismatch between coils, there is a chance of offset voltage,

even in the absence of target. This offset voltage is indicated as Vo  throughout the

discussions.

2) There is a parasitic impedance Zs (impedance between secondary of sensing coil and
dummy coil), Z, (impedance between primary of sensing coil and dummy coil) and Z.

(impedance of exciting leads).

2.2 PROPOSED METHOD

New inductive proximity sensor [IPS] [6] is based on differential sensing scheme.

It has an air cored coil. Close-in excitation is preferred because continuous current can



make harm to the body. The main change made is on the former design. When a metal
piece exists around this proposed sensor, an eddy current is induced due to the magnetic
field generated by the transmitting coil. The magnetic field generated by this eddy
current is received by a sensing coil which in turn produces a differential output voltage.
But the output of the sensing probe is of low amplitude and also exhibits a faster rise and
decay. It seems to be difficult to be processed by the usual electronic circuit. So to make
a compact and cost effective circuit, the microcontroller was chosen to process the
output. The maximum frequency component in the sensor output is found to be 100 KHz
So the minimum sampling rate required to process the sensor voltage is fixed at 1IMSPS
(Nyquist Criteria). To meet that design requirement, microcontroller ATMEL
ATXMEGA128A1 was selected. The enhanced features of ATXMEGA128A1U proved
that it was an adequate selection for this application. The evaluation board contains an
inbuilt speaker, which is used to generate a sound corresponding to the processed
voltage. The heart of the entire instrument, IPS will be discussed in Chapter3 and the

brain of the circuit is described in Chapter 4.



CHAPTER 3

DESIGN AND DEVELOPMENT OF THE PORTABLE

METAL SHRAPNEL DETECTOR INSIDE HUMAN BODY

The aim of the project is to develop an online sensing probe which gives real time
information about the location of the metal shrapnel inside the body. This tool should be
capable of inserting into the body. So the size should be small. The entire system is
designed to help the doctor’s to locate the shrapnel nside the body during surgery. So it
should be lightweight and portable. So microcontrollers are selected that can also reduces

the design complexities and time in developing the finished products.

The maximum frequency component in the new IPS sensor output is found to be
100 KHz. So the minimum sampling rate required to process the sensor voltage is fixed
at IMSPS (Nyquist Criteria). To meet that design requirement, microcontroller ATMEL
ATXMEGA128A1 was selected. The enhanced features of ATXMEGA128A1U proved
that it was an adequate selection for this application. The evaluation board contains an
inbuilt speaker, which is used to generate a sound corresponding to the processed
voltage. A detailed discussion about new IPS sensor and microcontroller ATXMEGA
128A1 is given in the following chapters. A conceptual diagram of the instrument [6]

during surgery is displayed in Fig 3.1



Processing
module

Incision made
inthe body

Fig 3.1 Conceptual System for the Measurement System During Surgery[6]
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3.2 BLOCK DIAGRAM

Ezcitation

Fig 3.2 Block Diagram representation of the Portable Metal Detector

Fig 3.2 shows the detailed block diagram of the desired instrument. The instrument has

mainly four blocks.

e Sensor
e DC shifter
e Microcontroller

e Loud speaker

The first two blocks are discussed in detail in Chapter3. The remaining blocks are
described in Chapter 4. The proposed sensor is a differential type inductive proximity
sensor as described above. It uses close-in excitation. When a metal target come closer to
the sensor some eddy current is induced in the metal that changes the magnetic field
associated with the receiving coil. This change in the magnetic field is sensed and a

11



differential voltage will be generated at the output of sensor. But for conductive targets,
which are mostly paramagnetic, the differential output voltage is positive. And for
inductive targets, the specific voltage is negative. So before giving this sensing probe
voltage into the microcontroller, a dc voltage is added so as to make the final output
voltage becomes positive. The system is designed based on Atmel ATXMEGA128A1
microcontroller which acts as a data acquisition processing system. The output voltage is
connected to the analog input port of ADC and converted into digital form. The
microcontroller first determines the maximum and minimum in the sample and generates

a sound corresponding to the difference between the two values.

3.2 SENSOR

The proposed sensor has an air cored coil [7]. Normally Pl detectors are using a
single coil. The sensor diameter should follow the standard of keyhole surgical tool.
Because of this constraint, it is very difficult to identify the target with a single coil.
Therefore to increase the detection depth, differential sensing scheme along with a
secondary conductor is used .The effectiveness of differential sensing scheme to achieve
longer detection depths can be theoretically explained as below. Here a special former

was designed as shown in Figure 3.3.

Fig 3.3 IPS Former Design [6]

12



There are two slots in the former. The slots accommodate the sensing and dummy
coils and approximately 25 turns of 0.14mm thick conductor are kept in each slot. So by
this arrangement the number of turns of the coil which is exposed to the eddy current flux
from the target increases. Hence, the detection depth increases when compared to single

coil IPS.

Sensing winding Exciting winding Dummy winding
(No of turns = 25) (No of turns = 60) (No of turns = 25)
Y :

4.5 mm -
3 25 of
t ] Lead-out of
; | ’ sensing coil
0.5 mm =+~ ‘ 16 mm | «~05mm (LeadSl)
Lead connecting sensing  Lead-in of Lead-out of
and dummy windings exciting coil exciting coil

(Lead 52) (Lead E)

Fig3.4 Assembled View of IPS Sensor[6]

The equation 3.1 indicates the relationship between magnetic flux density (B) and
diameter of a single coil. It is clear from the equation that the magnetic flux density (B) is

inversely proportional to the diameter of the coil.

pl (z4+nit) _ =
B= 2AE Jl:‘i"z 'I"::.E"l"il‘il.ﬂf.'}:l 4 I::'I"'z'l'ﬂ'!}

3.1
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Here B is the magnetic field produced by a coil (or IPS) of radius r, n number of
turns and length | at a distance z with a current | and x being the permeability of the

medium. Figure 3.2 represents the value of B for a distance of z=20mm.

140 - = T T
an=60, [=16 mm; :

en=18./=5mm |

—
]

_.
® o=
==
! !
1 1

B (micro Tesla)

i i i i
1 1.5 2 2.5 3 35 4 4.5
7 i mm

3

Fig 3.5 B at a depth of 20 mm for versus r for two different nand | [6]

From the graph in Fig 3.5 it is clearly understood that, the B value is small for
smaller values of radius. Hence the detection depth will be small for IPS with small
radius. If the system uses single conductor coil, then the detection depth is equal to their

diameter. So differential sensing scheme is preferred over the single conductor method.
3.2.1 Features of IPS Sensor

Following are the main key features of the new IPS sensor.

1) Elimination of Parasitic Impedance

Here the former was specially designed as explained earlier. So by placing the sensing
and dummy coil onto the same former, the parasitic impedances such as Z, and Zs are
removed from the instrument. This arrangement gives the sensing coils, full exposure to

the eddy current flux thereby increasing the detection depth.

14



2) Optimization of Number of Turns

Here the diameter of the exciting conductor was chosen as 0.28mm which
could carry a current of 0.1A [6]. But here the excitation may last only for less than
1ms; the excitation current can be 3.5A RMS. But this is given, by ensuring the
safety of the conductor. This high current helps to increase the eddy current flux

from the target. The plot of B versus number of turns, nis given in Fig 3.6.

o I— A B e — |

(o))
T

Normalized B

|—No1111a]ized B (at 20 mm depth) vs No of turns

0 20 0 60 0 00
: 4 n O 3 |

Fig 3.6 B versus n for IPS sensor [6]

From the figure, it is obvious that B increases with n and reaches saturation. But to

maintain the supply current at 3.5A, we cannot increase the coil impedance. Considering

these criteria optimally the number of turns for the sensing coil was chosen at 60.
3) Effect of Distance between Sensing and Dummy Coils

Since the dummy coil is kept nearer to the sensing coil, the magnetic field of dummy coil
may get affected by the target. So the differential output taken in between sensing coil
and dummy coil will get reduced. From calculation it is found that the effect of change in
differential voltage for the IPS sensor is less. Here the distance between sensing and

dummy coil is equal to the length of the exciting coil.

15



4) Effect of Offset Voltage ( Vos)

The sensing and dummy coils are hand-wound. If there is some constructional
difference between the two coils, it will lead to an offset voltage Vos. This may lead to
some difficulty in detecting the target. Another factor which will increase the Vs is the
effect of parasitic impedance Z. of the connecting lead between sensing and dummy
coils and the inductance of the lead out of the sensing coil. In order to reduce the effect of
offset voltage Vs, both sensing and dummy coils are wound planar in the new IPS. The
width of the slots for both coils is set such that each new turn would fall exactly above
the previous one without any nonalignment and hence both the coils are closely matched.
The effect Vos can further be reduced by decreasing the length | of the exciting coil. But
the problem is, this in turn reduces B at a distance. In order to retain the same B at a
distance, the radius of the exciting coil has increased to 3.5 mm and n was reduced to 18.
But shortening of length, gives only 60% of differential voltage V4 at the output. The

features of the sensor are given in Table 1

Table 3.1 Features of the Sensor

Sensor Features Values
Core Air-cored
Thickness of exciting coil conductor (mm) 0.28
No of turns of exciting coll 18
Length of exciting coil conductor (mm) 560
Inductance of exciting coil (UH) 2.5
Resistance of exciting coil (Q) 0.7
Thickness of secondary coil conductor (mm) 0.14
No of turns of secondary coils 16
Length of sensing/dummy coil conductor(mm) 230
Inductance of secondary coils (uH) 1.3
Resistance of secondary coils () 0.7

16




3.2.2 Close in Excitation

The circuit diagram for the excitation is given in Fig 3.7. The excitation [6] to the

coil is given by discharging of a charged capacitor. It has three phases .1) charging phase

2) discharging phase 3) delay phase

M1 R.(1 ohm) e
N
| 2
Vel —Lcqooup)

Ve =gy

a) Charging phase

b) Delay phase

c) Discharging phase

Fig 3.7 Different phases of the Close-in excitation Circuitry [6]

Target
|

D "Tal'get depth ‘
R 3
il RI Bl
V61 .
ng s i:C l{}
B to scope
0
|
R | | = Gromd
T + Sensingcireuit - wigpin pCp
= |‘—. |

Fig 3.8 Circuit Diagram of Close-in Excitation [6]
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During charging phase the trigger which is of 1.5 ms pulse width is given to the
gate (VG1)to the MOSFET (M1).The capacitor starts charging from a dc voltage and

holds a voltage according to the following equation 2

Ve()= Vp(1 - e‘ﬁcj 3.2

The values of R and C such that at the end of VG1 the capacitor should hold a
value of 5V. During the delay phase the capacitor C will act as a battery to C1. Capacitor
C1 starts charging from some 0.2 V. This voltage V1 is compared against a reference
voltage 0.4 V.. In the discharging phase the gate pulse to the second MOSFET (M2) is
given. When the voltage across the capacitor C1 exceeds the voltage across Ry, the
output VF1 becomes high. This pulse switch on the MOSFET M2 and capacitor C
discharges in to the exciting coil Al (with inductance L.) and the current | generate is
measured across a current measuring resistance Ry as voltage V,, . The equation for | is
given by 3.3

A I ) N )

Rm,\!' [1+ E;‘T‘;:}

I(t) 3.3

3.3 DC SHIFTER

Most analog to digital converters have a unipolar input that can be a problem
when designing bipolar circuits. Here the ADC input voltage range from 0 to 2V.
However the analog circuit (sensor) have voltage range from -1.5 V to +1.5 V . Bringing

the ADC input below ground is not good, because the current from input will flow
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through the chip substrate creating irreversible changes in the ADC and damage it. So,

there comes the need of a dc shifter.

Rles K
A

R2 100K
A

A
E3 1K

“ Vec12vy
R4 66K 100K

-~

+

@ sense out

— " ———
iif
—
)
<

1V

Fig 3.9 Circuit Diagram of DC Shifter

Fig 3.9 is the circuit diagram of the dc shifter. Gain without considering the offset is

calculated using the following equation 3.4

R4| R2+R1
I 3.4
Agai R2[R3+ RJ
So if choose R2=R3 and R1=R4
Again = —— . Here we want to convert the 3 V peak to peak voltages into 0to 2 V. So the

R2
gain factor is 0.667. If we choose the resistor R4=R1=66K(, then R3=R2=100KQ.Gain

with offset is calculated using the equation given 3.5

3.5

So A =—
offset R3+ R4

_ R3[R2+ Rl}
R2
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So by default the offset gain is at one. So if we want to maintain the centre at 1V feed

the reference voltage at 1 V.
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CHAPTER 4

THE WORKING OF MICROCONTROLLER

The microcontroller ATXMEGA 128A1 is used to process the sensor output. The
Atmel AVR XMEGA [7] is a family of low power, high performance, and peripheral rich

8/16 bit microcontrollers based on the AVR enhanced RISC architecture.

I II Target " |
t Torget depts
> "
: he- q? x| Dcshifter
r L\'mngnnuu J:;::‘:.,. |
Close-in
Excitation
A
] |
ADCI/DAC
|
| | | | | |

Fig 4.1 Showing Connections to the Evaluation Board ATXMEGA 128A1U

The entire instrument is developed around the Atmel ATXMEGA-Al Xplained
evaluation kit [7] is a hardware platform to evaluate the Atmel ATXMEGA Al

microcontroller.
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The kit offers the following features

e Atmel ATXMEGA 128A1 microcontroller
e External memory

-8MB SDRAM

e Analog input (to ADC)

-Temperature sensor

-Light sensor

e Analog output (from DAC)

-Mono Speaker via audio amplifier

e Digital 1/0

-Eight mechanical button switches

-Eight LEDs

-Eight spare analog pin

-24 spare digital pins

4.1 ATXMEGA128 Al microcontroller

The Atmel AVR XMEGA [8] a family of low power, high performance and
peripheral rich 8/16 bit microcontroller based on the AVR enhanced RISC architecture.
By executing instructions in a single clock cycle, the AVR XMEGA devices achieve
CPU throughput approaching one million instructions per second allowing the system
designer to optimize power consumption. The operating voltage for this
microcontroller is 0-3.3V.The maximum frequency that can be obtained from the

controller is 32MHz.
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The following are the main features of the ATXMEGA microcontroller.

e 8/16 bit microcontroller

e Non-volatile program and data memory
o 64K-128Kbytes of In —System self programmable flash
o 4K-8K Bytes boot section
o 3K Bytes EEFROM

o 4KB-8KBytes boot section

Peripheral features
o  Four channel DMA controller
o  Eight channel event system
o  Eight 16 bit tuner/counters
e Two sixteen channel, 12-bit 2msps Analog to Digital Converters.
e Two two channel,12-bit MSPS Digital to Analog Converters
e External interrupts on general purpose 1/O pins
e Special microcontroller features
o Power—on reset and programmable brown _out detection
o Internal and external clock option with PLL and prescaler
o Programmable multilevel interrupt controller.
e 78 programmable 1/O pins.
e Operating voltage
o 16-3.6V
e Operating frequency
o 0-12MHz from 1.6V

o 0-32MHz from 2.7V
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In these features some features which is used by this project needs some more

explanation.

4.1.1CPU

All Atmel AVR XMEGA devices use the 8/16 bit AVR CPU [8]. In order to
maximize the performance and parallelism, the AVR CPU uses Harvard architecture.
Instructions in the program memory are executed with single level pipelining. The 32x8
bit general purpose working registers all have single clock cycle access time allowing
single cycle arithmetic logic unit operation between a register and immediate. The data
memory space is divided into 1/O register, SRAM and external RAM .In addition the
EEPROM can also be mapped in the data memory .The Atmel supports inbuilt hardware

multiplier which gives 16 bit result.

4.1.2 Memories

The Atmel AVR architecture has two main memory spaces the program memory
and the data memory. All memory spaces are linear and require no memory bank
switching, The Atmel AVR XMEGA device contain on chip, in system reprogrammable
flash memory for program storage. All CPU instructions are 16 or 32 bits wide, and each

flash location is 16 bits wide.

The flash memory is organized into two main sections, the application section and the
boot loader section. The data memory contains 1/O memory, internal SRAM, optionally

memory mapped EEPROM, and external memory if available.
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4.1.3 T/C -16 Bit Timer /Counter

Atmel XMEGA devices have a set of eight 16 bit Timer/Counter. A tuner/
counter consists of a base counter and a set of compare or capture (CC) channels. The
base counter has direction control and period setting that can be used for timing. The CC
channels can be used together with the base counter to do compare match control, pulse
width wave modulation as well as various input capture operations. A timer can be
clocked from the peripheral clock with optional prescaling. The event system can also be
used for direction control and capture trigger. There are two differences between timer/
counter type 0 and type 1. Timer/CounterO has  four Compare /capture channels, and

timer/counterl has two CC channels.

4.1.4 System Clock and Clock Options

An Atmel AVR XMEGA device incorporates both internal oscillator and external crystal
oscillator. 1t have 32MHz run-time calibrated RC oscillator 2 MHz run-time calibrated
RC oscillator, 32.768 KHz calibrated RC oscillator, 32KHz Ultra Low Power(ULP)
oscillator with 1KHZ output as internal oscillators. Fig 4.2 shows the different clock
system and clock sources of the ATXMEGA128 Al1U. The external clock options are
0.4-16MHz Crystal Oscillator, 32 KHz Crystal Oscillator and External clock. The built-
in phase locked loop (PLL) can be used to generate a high frequency system clock. The
PLL has a user selectable multiplication factor from 1 to 31. In combination with the

prescalers, a wide range of output frequencies can be derived.
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Fig 4 .2 Overview Of Clock System ,Clock Sources and Clock Distribution[8]

4.1.5 1/O Ports

XMEGA microcontrollers have flexible general purpose 1/0 ports. One port consists of
up to eight port pins: pin 0 to 7. Each port pin can be configured as input or output with
configurable driver and pull setting. They also implement synchronous and asynchronous
input sensing with interrupts and events for selectable pin change conditions. Each port
has one data direction (DIR) register and one data output value (OUT) register that are

used for port pin control. The data input value (IN) register is used for reading the port
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pins. In addition, each pin has a pin configuration (PINNCTRL) register for additional pin

configuration. Port pins can generate an event when there is a change on the pin.

IPsynd'rm sensing

Edge
Detect

h J

—» IREQ

Fressssssssssdesssssseas
L -

Synchronous sensing

Edge
Detect

Vain P Event

_
~ o I
- e
e
_—
P——— ___'.__ P
e e e e

H
H
[

Fig 4.3 Input Sensing System Overview [8]

4.1.6 ADC-12 bit Analog to Digital Converter

The ADC [9] offers a high-performance ADC capable of conversion rates of up to 2Msps
with a resolution of 12 bits. Xmega uses a pipelined ADC. The ADC can provide both
signed and unsigned results. ADC measurements can be either started by application
software or an incoming event from another peripheral in the device. It has 4 result

registers with individual input channel control for each ADC.
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AREFA
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Fig 4.4 Overview of ADC [8]

Each ADC has four MUX selection registers with a corresponding result register. This

means that four channels can be sampled within 1.5us. The result is 12bit. So the left,

right adjustment is also possible. The Atmel ADCs offer four modes

Internal : Input sources are connected to internal analog Ssignals
(temperature, band gap etc)

Single-ended: The negative input is connected to ground. The input source
IS connected to positive input.

Differential without gain: The input signal is connected between positive
and negative inputs.

Differential with gain: A selectable gain modifies the input signal level

before ADC conwversion.
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The ADC has two conversion modes

1) Unsigned Single-ended mode and 2) Signed ended Mode

4095 = VrerAv
Av=0,05"Vrzt

ade positive input pin
ExXcursion

0 AV

Fig 4.5 Unsigned single ended mode range

In unsigned mode, the conversion range is from ground to the reference voltage. The
approximate value corresponding to ground is around 200. Fig 4.5 shows the
unsigned mode range for the ADC. This mode offers full resolution (12 bits) and zero

crossing detection. In signed mode the conversion range is from Vies 10 -Viyer,
2) Signed Differential Input

The resolution is 11bit .When the gain stage is used, the input signal is amplified

before it reaches the ADC.

2047

¥ Vretigain

2048 ¥ - Vref Igain

Fig 4.6 Signed Mode Range
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There are mainly four types of voltage references. They are

e INT1V -Internal 1V (Bandgap)
e INTVCC —Internal V¢/1.6
e AREFA -External reference on AREF pin on PORTA

e INTVCC/2 -Internal V./2

4.1.7 DAC-12bit Digital to Analog Converter

The XMEGA Al devices feature two 12-bit, LIMSPS DACS [8] with built_ in offset and
gain calibration. The DAC may use an internal 1.0 voltage as the upper limit for
conversion, but it is also possible to use the supply voltage or any applied voltage in

between. The external reference input is shared with the ADC reference input.

REFSEL

AVCC
Internal 1.00%
AREFA
AREFB

CHODATA |12, o oot
DAC CHO
‘_? DAC Control and ™~ oAG CHI
- —
CHIDATA |12 . A Driver
ADC
Trigger Enable DAC
DAC CTRL

Fig 4.7 Overview of DAC[8]

Fig 4.7 represents the structure of DAC .The DAC can also be configured to do
conversion triggered by the Event System to have regular timing, independent of the
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application software. DMA may be used for transferring data from memory locations

data registers.

4.2 SOFTWARE DEVELOPMENT

The program for microcontroller has been written after the testing of sensor and
other parts of the circuit. The following software are used for writing and feeding

programs in ATXMEGA128 microcontroller.

1. AVR STUDIOS5: AVR studio5 is the development platform. AVR studio is required to

write the C-code and generate HEX code.

2. Win AVR is used to compile the program.

Flowchart for the entire process is shown in Fig 4.11. The ADC’s maximum operating
frequency is determined from the CPU frequency and the maximum frequency for the
ADC is quarter of the CPU frequency. For obtaining a 2MSPS sampling rate from ADC,
the CPU frequency should be greater than 8MHz. In order to avoid the chance of missing
samples in between the CPU executions, the controller frequency is chosen at maximum
frequency of 30MHz. The entire process will start by generating a clock of 30MHz from

the controller. The programming flow is explained as four different sections below.

4.2.1 Excitation Clock Generation

For the excitation of sensor, a trigger pulse should be given to gate of MOSFET
(M1). This pulse should be of 2.5ms pulse width. From the above discussions it can be
noted that the pulse repetition frequency is 1s. The normal operating frequency for
ATXMEGA devices are 2MHz. But to obtain a CPU frequency of 30 MHz (almost

maximum frequency) and to derive a sampling rate of 1MSPS for the ADC, the PLL is
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selected as the system clock and using software the PLL can be configured. It is not
possible to select a non stable or disabled oscillator as the clock source. PLL has a status
flag that can be read from software to check whether the oscillator is ready or not. So by
setting a multiplication factor of 15 for PLL, a clock of 30MHz (2MHz x 15) can be
derived. The controller has two prescalers. By setting prescaler A and B with a factor of
1, the CPU frequency remains at 30MHz. After setting of the system clock, the excitation
pulse to the sensor is produced. The inbuilt timers of the microcontroller have been used
for the generation of pulse. For the generation excitation pulse, one of the TIMERO’s is
used. This is followed by delay routine. The flow of the particular process is shown in

Fig 4.9

(Delay Routine >

A 4

Initialize
TimerO on PCO

A4

Start timer 1
value
I Count Timer 0
External value
Clock
Port sensing
Y
N Execute delay of
360us

Y

Execution backto
main program

Fig 4.8 Flow chart showing the Timer working
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The algorithm is so designed that TIMER O on PORT C (PIN PCO) is used as a
timer. The pin PDO on PORT D is driven by an edge sensing interrupt. The negative edge
on the PORT C (PCO) is sensed by an interrupt as said earlier. This interrupt initiates a
delay routine of 300us on PORT D(PDO0). The purpose of this interrupt sensing method is
to limit the number of samples from the sensor output. From the sensor output, it is
obvious that, the required data will start to appear n almost 300us after the occurrence of
negative edge of pulse on PCO. So the reading from the sensor will start only after 300us
of the negative pulse of the TIMERO on PCO0. This particular value (300 ps) is fixed by
observing the sensor output. Here the timers have PER register and CMPXx register. The
period (T) is controlled by the PER register while the CMPx registers control the duty
cycle of the waveform generator output. These register values are calculated using the
following equation 4.1.

= fem 4.1
N(PER +1)

Where fper represents the peripheral clock frequency, N represents the prescaler and PER

represents the frequency of peripheral.

The external pulse has been counted by TIMERO on PCO for 1 second. Now the
samples are acquired by the ADC. For storing the analog input into the ATXMEGA 128
AlU, the microcontroller should be initialized and configured as per requirement.

TABLE 4.1 represents he initialization parameters of ADC
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Table 4.1 represents the parameter setting of ADC

PARAMETERS OF ADC Values
Sampling Rate 2MHz
Conversion Mode Single ended
Gain Unity

Channel Selection Channel 0

Pin PINO of ADC
Reference Internal Vcc/1.6

The algorithm for storing analog voltage values with the use of ADC is shown in
Fig 4.10. The conversion will not be completed until the interrupt flag in the INTFLAGS
has become high. After successful conversion the digital outputs are stored in respective

registers that is RESH and RESL value.

Start

b

Initialize ADC

Start ADC

Input Voltage

NO

Store mto

RESL and RESH

Fig 4.9 Showing working of an ADC

The detailed algorithm which is used for generating the sound corresponding to

the processed sample value is shown in Fig 4.11. The first step of the program will be the
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intialization for the generation of exciting pulse. The algorithm used for converting
analog voltage into digital form and the procedure for storing data is given in the
flowchart Fig 4.10. The first step is used for accruing offset voltage. The first data
sample that is acquired will be stored as variable offset. This indicates the presence of
offset voltage Vos. This calibration phase repeats for some 5 cycles. And its average value
is found and stored as a final value in the variable offset. After the calibration phase, the
original data samples which correspond to the target is acquired, then find out the largest
and smallest values of the data and offset. Now calculate the difference between largest
and smallest of target data (Viarr ) and offset (Vosr ). Then subtract Vo from Vigrr. The
corresponding value is used to produce the sound. At every triggering pulse the above

process is repeated except the calibration phase to identify the target.

For generating sound the inbuilt speaker of this evaluation board ATXMEGA
128A1 XPLAIN is used. Here the ATXMEGA has two DACs, DAC A and DAC B. The
DAC B is internally connected to the audio amplifier. The audio amplifier should be
enabled first, and the DAC should be inttialized . The difference between Viarr and Vosr
is loaded in DAC register and this value is used to modulate a triangular wave and this

triangular wave controls the in built loudspeaker.
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Fig 4.10 Represents the Entire working Flow of the Circuit
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CHAPTER 5

TEST AND RESULTS

A microcontroller based miniature IPS sensor is developed. To determine whether
the functionality described in Chapter3 and Chapter4 is implemented correctly or not,
several incremental tests are performed. Not all tests produced interesting data, for
example, initial test of the microcontroller for finding the peak of a triangle wave had
given a wrong data. In this discussion the tests used to verify correct operation of the
entire system is included. Here the sampling rate requires to process the sensor output is
1MSPS. This requirement ends in choosing the microcontroller ATXMEGA 128A1. The
hardware for the entire circuit is designed by using the evaluation board ATXMEGA

128A1 XPLAIN from AVR. The evaluation board is shown in figure 5.1

ATxmega128A1 JTAG and PDI USB (COM and PSU)
XMEGA PORT F Power jumper XMEGA PORT D/R

o AT32UC3B1256

g i O
""E 2 » == .| DataFlash footprint

=
8
(111

XMEGA PORT A SDRAM XMEGA PORTC
ATxmega128A1

Figure 5.1 Evaluation Board of ATXMEGA 128A1U[8]
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These evaluation boards provided all supporting circuits to the chip including
power, oscillator connections, headers to make connections to the pins on the
microcontroller etc. The attractive feature of this evaluation board is the inbuilt speaker
which is used for generating sound in this project. The red colored circle represents the
microcontroller, which operates using 3.3V supply. An experimental setup given in Fig

5.2 shows the connections between the sensor and the board.

Fig 5.2 Experimental Setup for the IPS Sensor

The sensor is connected on board as depicted in the Fig 5.2. The trigger is given from
ATXMEGA 128A1 through PORT C. A close-in excitation circuitry will excite the
sensing coils as described above. The waveforms at different parts of the circuits are

represented below.
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5.1 TRIGGER PULSE

The sensor is initiated by giving trigger pulse from microcontroller. As discussed
earlier, with the help of timers, the microcontroller produces the required pulse of width
2.5ms. The generation of this pulse is repeating in every 1s. Fig 5.3 shows the 2.5ms
pulse and Fig 5.4 shows the repetition frequency for the pulse as 1s. The Timer 0 on

PORT C is used for generating excitation pulse to the close-in excitation.

Sample Rate: 2,00 kS/s

Cursors: Cl: 3.29V C2: 0,00V dT: 995,39 ms & Timeout

CHO Meas: RMS: 145.99mV  Freqg: ? Vppr—3220V

e

Fig. 5.3 Trigger Pulse showing the Pulse frequency

39



Sample Rate: 50.00 kS/s

i
Hi

c2

A PULSE

| WIDTH
Cursors: Cl: -673.17 v C2 000V & Timeout

CHO Meas: EM5: 1627V Freq: 101,883 Hz

Fig 5.4 Trigger Pulse showing the pulse Width

5.2 SENSOR

To understand the performance of this instrument system, the developed sensor has been

connected at the position. The Fig 5.5 given below shows the sensor
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SENSOR

PCB TAIL

Fig 5.5 New IPS sensor [6]

5.2.1Current Pulse

The excitation current from the sensing probe is given in Fig 5.6. A short term

excitation current is obtained from the close excitation circuit.

PRINTED CIRCUIT

BOARD HEAD REGION

EXCITATION CURRENT WAVEFORM
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— [X+]
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| 3
a 5
> 1 k
L5
0 | \\.r— :
LEg2 22 %2 62 g2 i 122
Time(ms)

]

—TRIGZER
—CURRENT FULSE

Fig 5.6 Trigger pulse and Excitation Current from Sensor
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5.1.2 Sensor output without target

SENSOR RESPONSE WITHOUT TARGET

0.006
0.004

_ WWMMWW
0.032

D.00EHE—8=
-0.004
{006 NO TARGET
-0.008
.
0.012
0.0

e

e
[a ]
%
e
==

L

VELTAGE V)]

TIME(ms)

Fig. 5.7 Sensor output without target

The effect of the V,s is indicated in Fig 5.7. This output is of -12Mv, which is an
insignificant voltage. This accounts for the effect of geometrical mismatch and parasitic

inductance.

5.2.3 Response for Steel Target

The response for steel with nearest target position of 1mm is shown in Fig 5.8.
Steel is a magnetic material. As the target comes nearer to the sensor the magnetic flux
density will get increase. The red color indicates the sensor output and the yellow line
indicates the trigger pulse that was generated from the microcontroller. The response for
different target positions with same steel material is represented in Fig 5.9. From the
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figure it is clear that the detection depths start from 9mm. A wvoltage of 900 mV is

obtained as output for a distance of 1mm.

CONTROLLER TRIGGER

il
[FLJ A e

[
(]

— DELAY
—— Sensor outy
TRIGGER

VOLTAGHV)
TN

©
g o

TIME(ms)

Fig 5.8 Trigger pulse, Delay pulse, and sensor output to steel

SENSOR RESPONSE FOR STEEL

VOLTAGHV)

Fig 5.9 Sensor response to steel for different distances
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5.2.5 Copper response

The responses for copper with nearest target position of 1mm are shown in Fig 5.10.
Copper is a nonmagnetic type material, as the target comes nearer to the sensor the
magnetic flux density gets reduced. The response for different target positions with same
copper material is represented in Fig 5.11. From the figure it is obvious that the detection

depth starts from 8mm. A voltage of 600 mV is getting for distance of 1mm as output.

SENSOR RESPONSE FOR COPPER

- 08
-
& / ——CURRENT PULSE
< 03 — TARGETAT 1mm
h
R Brestaron

§
o
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e
=
=
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[oa
-2
[-

n

TIMEims

Fig 5.10 Sensor Response to Copper Target
5.3 Dc Shifter

In order to check whether the dc shifter is working fine or not, the sensor output is
connected to the input of dc shifter and the output for a steel target with 3 mm outer
dimension is shown in Fig 5.11. The red colored graph indicates dc shifted waveform. As
indicated in the figure, after a delay time of 500 ps, the output is showing some
progressive excursions. The response of the dc shifter for copper and steel is indicated in

Fig 5.12 and 5.13.
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Fig 5.11 Dc shifted sensor output with delay pulse to steel
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Fig 5.12 Dc Shifter sensor output for different distances to steel
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It is clearly observed from the figure, that the sensor output is de-amplified and added

with a dc voltage of 1 V. The response of dc shifter with different target distances is

indicated in given Fig 5.14.

SENSOR RESPONSE WITH DC SHIFT FOR COPPER

CUURMENT FULSE
woooons TARGET AT MM

f W e TARGETAT MM
., x\\_/,"
:l. B T T T T T T T

] 0.01 o0z 003 004 005 003 007 O0OB
TIMEms}

VOLTAGE(v]
™=

Fig 5.13 DC Shifter sensor output for different distances to copper
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CH1 Meas: RMS: 971.51 mV Freqg: ?¢ Vip-p:  196.36 mV

Fig 5.14 Oscilloscope waveform showing current pulse and dc

shifted sensor output for steel

46



5.4 DAC Output

The sensor output is processed by the microcontroller as described in chapter 4.
The peak value which is found by the microcontroller is loaded into DAC that will
generate a voltage corresponding to the peak value. The response for the metal detector
to different objects will almost gives the same result. The table given below shows the

DAC output for different objects and the objects which is used for checking the response

is shown in fig 5.15

Table 5.1show the DAC output for Different type of Material

SLNO MATERIALS DAC OUTPUT
1 Steel Nut 26V
2 Copper Foll 25V
3 Steel Screw 27V
4 Gold 23V
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Fig 5.15 Objects which is used for sensor measurement

The response change is most likely to occur in a distance of 7mm and 1mm.The Fig 5.16
and Fig 5.17 depicts sensor response for different distances. The object used for checking

is a steel cylinder of OD 13.5 mm.
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Fig 5.16 DAC output for different distances to steel
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DAC OUTPUT FOR COPPER
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Fig 5.17 DAC output for different distances to copper

5.5 SENSOR RESPONSE IN PHANTOM

Metal detector magnetic field incident on the human body is also generating a
small eddy current in the tissues. So the testing of the entire instrument with phantom
material is relevant. A phantom constituting 3 gm of potassium Chloride (KCI) in 500
gm of de-ionised water [11] was prepared to emulate the tissue conductivity . The set
up is shown in Fig 5.18. The readings were recorded for target at 5mm with and without
phantom. It is  given in Fig 5.19. From the graph, it is observed that the sensor is
showing only 8mV change with phantom. The offset voltage with and without phantom
is also depicted in Fig 5.20.The sensor is displaying only a change of 7mV in the offset

voltage. The experimental setup of the sensor with phantom is shown in Fig 5.18
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Fig 5.18 Experimental setup of new IPS Sensor with Phantom

TARGET RESPONSE OF DAC WITH AND WITHOUT PHANTOM

—a— Target without phatom Smm

—B— Target with phatom Smm

Fig 5.19 DAC output for with and without Phantom for a target distance of 5mm
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VOLTAGE((V)

OFFSETVOLTAGE REPONSES

TIME({ms}

——OFFSETV OLTAGE WIHOUT
PHAMNTOM

—— OFFSET VOLTAGE WITH
PHANTORM

Fig 5.20 DAC output offset voltage response with and without Phantom
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE

6.1 CONCLUSION

In this project a microcontroller based portable metal shrapnel detector was
developed. This work is based on a previous work done on an IPS (Inductive Proximity
Sensor). By the use of microcontroller ATXMEGA 128A1 makes the system more
compact and cost effective. The integrated 12-bit ADC acquires data from the sensor and
used this data to modulate a base frequency of a 380 Hz. It requires only a 3.3 V battery
to power the microcontroller. The speed of operation of the microcontroller can be
increased by keeping the CPU frequency to 30MHz. The selection of this high frequency
makes the ADC to run at its maximum sampling rate of 2MSPS. This allows the
acquiring of maximum samples from the sensor output. The algorithm is based on simple
peak detection algorithm, which makes the program simpler. The basic sensor has a new
former design which is capable of eliminating the parasitic inductances. In this project,
by using differential sensing method the detection depth of the sensor is increased. By
keeping sensing coil and dummy coil in specially designed slot, which reduces the offset

voltage produced due to the geometrical mismatch.

The electrical performance of the system has been measured. The system is
checked with different materials like steel, copper and gold. By keeping the steel target,
it’s observed that the sensor is capable of giving a detection depth of 9mm and the target
depth for copper is measured as 8mm.The system is tested for different shaped materials

and the responses from each material is almost same. The instrument is also tested with
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phantom .It is observed that, the change iIn the sensor output with phantom is

insignificant.

6.2 FUTURE SCOPE

The sensor output contains so many frequency components. A moving average
algorithm should be done before processing the sensor output by peak detection

algorithm. It will help to smooth the sensor output. So we can get more noise free output.
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