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Abstnact 

Metal detectors playa pivotal function offacililaling safely and security in any modem 

society finding applications such as the detection ofweapolls such as knives and guns, especially 

at airports, geophysical prospecting, and archaeology. They are also used to detect foreign bodies 

in food during processing, and in the construction industry to dctcct stcel reinforcing bars in 

concrete and pipes and wires buried in walls and noors. 

Detection is made possible by pulses in a search coil inducing electric currents in a 

nearby metal which distorts the originaJ magnetic field causing the current. Sensing this feedback 

or distortion is the key to metal detection. 

This project entailed designing a laboratory model beat-frequency hand-held metal 

detector, characterized by low-cost, fair sensitivity to relatively small objects and very limited 

depth penetration, by employing the technique of paper analysis and design, implementing the 

design on a. breadboard and testing it before finally soldering the finished circuit unto the Vero 

board and encasing it. 

The project encompassed but was no limited to practically applying the knowledge of 

electromagnetic induction and beat-frequency oscillators with components sourced from 

conventional electronics stores taking into cognizance the limitations of access to modem 

laboratory test and measurement equipment. 
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CHAPTER 1 

IN'I'ROl>lJC'I'ION 

1.1 EXPOSITORY INTRODlJCTION 

Electronic systems refine, extend or supplement human facilities and ability to 

observe, perceive, communicate, remember, calculate or reason. 

The metal detector, an application of an inductive sensor, which is an electronic 

proximity sensor, detects metallic objects without touching them, is a device that senses 

the presence of metals. 

The applications of Metal detector technology call1lot be overstated [I], with a 

range of uses that spans from Leisure to Work to Safety. 

The metal detectors in airports, office buildings, schools, government agencies • 

and prisons help ensure that no one is carrying a weapon onto the premises at entry. 

Consumer-oriented metal detectors provide millions of people around the world 

with an' opportunity to discover hidden treasures (along with lots of junk). 

Construction companies find applications ill detecting and locating metal pipes 

and cables to avoid the hazard of electrocution by drilling into the electric cables or into 

the pipes, as is the case while a building is undergoing reconstruction or remodeling. 

It finds applications in the Military in detecting the presence of land mines ('de­

mining') laid by enemy forces. 

In the extractive industries, it is used in Geophysical prospecting. 

In order to ensure food safety, metal detectors are onen used to detect small 



metallic particles that may have contaminated foou prouucts uuring food preparation 

(such as the sawing or cutting offresh meats). 

Metal detectors work with the principle of electromagnetic induction. 

There are three types of metal detectors: Dcat-frequcncy Oscillator, Induction Balance, 

and Pulse induction. 

I. In a beat-frequency oscillator detector, a coil is used as an inductor in an 

oscillator, whose frequency changes when metal causes its inductance to change. 

Another oscillator produces a ,c1osc frcqucncy, and audible beats between them 

signal metal. 

2. In an induction balance detector, there are two coils, usually gibbous with about 

10% overlap, and a sine wave is transmitted with one coil and received with the 

other coil. The coils are adjustcd so that there is no signal in the receive coil when 

there is no metal nearby. 

3. In a Pulse Induction Detector, a pulse is generated (usually by cutting off an 

inductor) and is sent through a coil and the detector listens for echoes. 

1.2 OBJECTIVE OF THE PROJECT 

This project will entail designing a lab model hand-held metal detector to detect 

small metals. The beat-frequency metal locator is characterized by low-cost, good 

sensitivity to relatively small objects, and very limited depth penetration. Fig 1.1 shows 

the generalized block diagram of the wlit, while the comprehensive circuit diagram is in 

Figure 3.5. 
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1.3 METHODOLOGY 

The Methodology employed in this project entailed paper design and analysis first, after 

which bread boarding the designed circuit to allow for placement adjustments and then 

actual soldering unto a Yero board. 

1.4 SCOPE OF WORK 

This project lIses a digitized beat frequency technique, sllch that the changes in the 

oscillator output is converted to a voltage quantity and then compared with the reference 

voltage rather than another oscillator of a close frequency. Ooth voltages are fed in as 

input to a comparator circuit and the output used to trigger an alarm circuit, which 

indicates the presence and absence or the metals. 

A block diagram of the circuit is given below. 

OSCILlA TO RI SEARCH 
COil PEAK DETECTOR! 

CALIBRATOR 

POWER SUPPLY 
9V BATT 

Fig 1.1 Generalized block diagram. 
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1.5 DESIGN SPECI FICATIONS 

Supply voltage: 9VDC from battery. 

Detection range: 3-inches max. 

Detection type: beat frequency (digitized). 

Alarm type: beeping alarm. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 THEORETICAL BACKGROUND 

Metal detectors operate via the principle of induction [I]. Induction is the method 

of coupling two circuits through an alternating magnetic field. 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 coil 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 fr'equency 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 [13]. 

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 coil in the control 

box, the audible beats change in duration and tone [8]. 

Uses include [7] de-mining (the detection of land mines), the detection of 

weapons such as knives and guns, especially at airports, geophysical prospecting, 

archaeology and treasure hunting. Metal detectors are also used to dctcct foreign bodies 

in food, and in the construction industry to uetect steel reinforcing bars in concrete and 
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pipes and wires buried in walls and Ooors. 

2.2 A BRIEF HISTORICAL BACKGROllND ON METAL DETECTORS 

2.2.1 The first detectol"S 

Towards the ~nd of the 19th century, many scientists and engineers used their growing 

knowledge of electrical theory in an attempt to devise a machine that would pinpoint 

metal. The German physicist Ileinrich Wilhehll Dove invented the induction balance 

system, which was incorporated into metal detectors a hundred years later. Early 

machines were clUde, used a lot of battery power, and worked only to a very limited 

degree. Physicist Alexander Graham Bell used such a device to attempt to locate a bullet 

lodged in the chest of Amel ican President James Gad'ield in 1881; the attempt was 

unsuccessful because the metal bed Garfield was lying on confused the detector. 

Common applications of inductive sensors include metal detectors, traffic lights, car ~ 

washes, and a host of automated industrial proccsscs. Because the sensor does not require 

physical contact, it is particularly useful for applicatiolls where access presents challenges 

or where dilt is prevalent. The sensing range is rarely greater than 2 cm, however, and it 

has no directionality. 

2.2.2 Modem developments 

The moder· development of the metal detector began in the 1930s. Gerhard Fisher had 

developed a system of radio direction-finding, which was to be used for accurate 

navigation. The system worked extremely well, but Fisher noticed that there were 

anomalies in areas where the terrain contained Ole-bearing rocks. lIe reasoned that if a 
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radio beam could be distolted by metal, then it should be possible to design a machine 

that would detcct metal, using a search coi I resonating at a radio frequency. In 1937, he 

applied for, and was granted, the first patent [or a metal detector. His designs were soon 

put to the test in a practical way, as they were used as mine detectors during World War 

II. They were heavy, ran on vacuum tubes, and needed separate bauety packs, but they 

worked. After the war, there were plenty of surplus mine detectors on the market; relic 

hunters who used them [or fun and profit bought them up. This helped to form metal 

detecting into a hobby [10]. 

2.3 ~EVIEW OF PREVIOUS WORKS OF OTHERS IN METAL DETECTOR 

TECHNOLOGY 

There [9] are three basic methods employed to exploit the above efTects: 

I. Induction Balance 

2. Pulse Induction 

3. Beat-Frequency Oscillation 

2.3.1 "Induction Balance" (Ill) metal detectors: Induction Balance detectors employ 

two coils. A modulated oscillator drives one. The other is connected to a detector and 

amplifier. The two coils are carefully positioned with respect to one another such that the 

receiver coil picks up vety little of the energy radiated by the transmitter coil when no 

metal or mineral material is nearby. When the coils are brought close to a metal object, 

the field pattern is distorted, greatly increasing the transmitted energy picked up by the 

receiver coil. The modulated signal is detected and can be indicated by amplifying the 
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recovered modulation to speaker level. Chief advantages are good pinpointing ability and 

good depth penetration, and they are not sensitive to small ferrous objects. 

2.3.2 "Pul~.l11d\.t«lion"_d~tt~c-1ors~ these detectors [9] employ coi Is in the search head 

that are set up in much the same manner as the IB detector. However, the transmitter is 

pulsed so that high-energy bursts are transmitted by the search coil. The receiver then 

compares the phase of portion of the received pulse with the transmit signal. When a 

ferrous or magnetic object is brought near the search coils the phase of the received 

signal is advanced with respect to the transmit signal. The opposite occurs when a non­

magnetic conductor is brought near the search coils. Thus, this type of detector can 

effectively 'discriminate' between ferrous and non-ferrous metals as well as exclude 

ground effects - simply by setting the detection circuitry to exclude signals of the 

unwanted phase characteristics. 

2.3.3 "Beat-Frequency Oscillation" detectors: In a Dro system, there are two coils of 

wire. One large coil 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. 
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2.3 DIFFICULTIES LIMITING PERFORMANCE 

SUlprisingly enough the actual inductance doesn't have seem to have much effect 

on sensitivity, the greater the coil diameter the greater the penetration depth but the less 

sensitive the metal detector is to small metal objects. The sensing range is rarely greater 

than 2 cm, however, and it has no directionality. 

Another factor limiting perfom1ance [8] is that when the search coil is moved 

around, the capacitance between it and the ground or other objects changes. This 

changing capacitance 'pulls' the oscillator frequency and can swamp out the small change 

in inductance required. The coil can be designed to be screened from this capacitance 

effect by using a Faraday shield around the coil - a ring of tubing (aluminum foil) around 

the coil but broken at one point so it doesn't make a shorted turn. 
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CHAPTER 3 

DESIGN AND IMPLEM ENTATION 

3.1 PRINCIPLE OF OPERATION 

The metal detector uses the beat frequency technique whereby an inductor is a 

search coil, which forms part o fall LC network circuit. The LC network is part ofa 

Colpitts oscillator stage, which oscillates at a constant frequency. The field strength of 

the coil reduces as a metal enters the field, which consequently tends to dampen the 

oscillations and drift the frequency. The output is fed to a peak detector (which senses the 

d.c level) and comparators with a variable reference for sensitivity adjust. Once a metal 

enters the field, the output of the comparator goes LOW and triggers a monostable stage 

for time T, during which a beeping alarm is triggered. 

3.2 OSCILLATOR STAGE I SEARCH COIL 

The oscillator stage was designed using a Colpitts oscillator where the search coil is the 

inductor, L. Fig 3.1 shows the oscillator circuit. The oscillator stage generates a varying 

output when the metal is in the field. 
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1 'I R4 

Fig J.l Colpitts Oscillator stagc 

For the Colpitts oscillator stage the frequency of oscillationfo, is given by, 

fo = I / (2rr"LC) 

Where: 

J, = 10KHz = 10,000 Hz (within the audible range for humans) 

C] = I OOnF = 100 x 10-9 F = I X 10-7 F 

C2 = 220nF = 220 x 1O-9 F = 2.2 x 10-7 F 

L=? 

therefore, 

C = 6.875 X 10-8 F (or 68.75nF) 

Transposing L and substituting for all the values in}), 
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fo = 1 / (2n:"LC) 

L = 1 / (2n: fo)2 x C 

, 2 8 
L = 1/ [(2 x 3.14 x 1000) x 6.875 x 10' ] 

L = 0.368814519H (or 368.8mH) being inductance (5). 

To get a uniform field, a toroid has to be designed lo represent lhe inductor of inductance 

= 368.8mH. 

Fig 3.2 below shows the search coil (toroid) 

-4.---::-------t~ross sectional area 

'Y--)4---- No tu rn 

Fig .1.2 search wi I (toroid) 

Where the inductance (5) = [(l1oAN2) / Lo] 

Therefore, 5 =: [(l1oAN2) / L] 

The number of turns to give the desired inductance would be calculated. 

Where: f.l<> is permeability'ofvacuum (Hill-I) 

A is cross-sectional area (m2
) 

N is number of turns of windings 

Lo is length ofloop 
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Since fi = 368.8mH 

and ~() = 4n: x 1 0-7l-1m-1 
-: a constant 

For Lo = IScm = O.lSm loop length 

and A = n:r2 

where d = 1cm = 2r 

therefore, r = O.Scm 

Thus r2 = (0.S)2 

A = n: x (0.S)2 

A = [(2217) x 0.2S] = 0.79cm2 

From the equation, 

fi = [(~AN2) / Lo] 

Substituting for all the values, 

0.368814S19 = [«4 n: x 10-7) x 0.79 x N2) / O.IS] 

Therefore, N2 = [(Lo x fi) / (~o x A)] 

Therefore, N = 236 turns. 

Hence winding 236 turns for the inductor will give the required inductance. 

Resistors RJ, R2 and Rt are d.c bias resistors for the transistor T I. 

3.3 COMPARATOR! CALIBRATOR 

The peak detector output is fed to the inverting input of the comparator, where it is 

compared with a reference voltage (akin to a reference oscillator in the analog beat 

frequency type). When metal enters the field, the voltage at the comparator input drops 

below the reference to give a LOW output that triggers a 55S-timer monostable stage. Fig 
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3.3 below shows the comparator stage. 

RIo ~ llli.l 

LED21" 

f,K 
VR2~ 

122K 

fig 3 J Comparator stage. 

VR2 is set at 2.6V (this is because when metal is detected the voltage drops from 

approximately 4V to 1.5V), any voltage below 2.6V in the inverting input will make the 

output of the comparator go low, to trigger the monostable stage since, 

Where Ao = open loop voltage gain. 

And Yin = Vt -Vou! will drop to OV for the slightest negative difference in voltage since 

Ao is often very large (in order of20 000). 

3.4 ALARM STAGE 

The alarm stage is comprised of a one-shot monostable and astable multivibrator. The 
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monostable is triggered when the metal is detected (to enable timing of the alann for a 

specific duration), while the astable generates the beeping tone. 

1 K RIO 
lOOK g 

7 

IC 2 

2 

6 
N E5 5 5 

8 

IC :3 
U E5 5 5 

3 

Fig :3.4 Alarm slage 

4 

t";.'..lEO 1 
R 1 4 S non 

I 

The one-shot monostable stage generates one shot of clock pulse each time the search 

coil detects a metal. The one-shot ,monostable is triggered from the output of a 

comparator, which senses the break beam. The one shot monostable is built around IC2 in 

Fig 3.4. 

Since T = 1.IRC, and the time duration of the mOllostable is 5s. (To allow for continuous 

beeping for time T, after metal has been detected). 

Letting C = I OO~F, 

Gives R= 5/ I.lxlOOflf 

= 9.09K 

= 45.5KQ. 
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= 47 KQ. 

IC3 in fig 3.3 forms the astable oscillator stage. 

For a frequency of I Hz, 

t\ = 1.1 C (R\ + R2) seconds (where t\ = ON time) 

h = 0.693CR2 seconds (where t2 is the OFF time) 

Since F = Iff 

& T=t\+h 

F = II In 2C (R\ + 2R2) seconds 

F = 1.441 (RI + 2R2) C ........... , ..... (I) 

Letting R\ = 10K and C = 47J.lF 

Substituting the values into equation I 

R2= 10.3K 

=IOK (preferred value). 

Therefore R\1=- R12'"""IOK, & C7:- 47J.lF. 

3.5 COMPONENTS LIST 

100nF Capacitor xl 

220nF Capacitor x I 

100J.lF Capacitor x3 

47!1f Capacitor x I 

15kQ Resistor x I 

IN4148 Signal diodes x2 

Variable resistors at 2.2kQ x2 

16 

220n Resistor x2 

4.7kQ Resistor x 1 

2.2kQ Resistor x 1 

Ikn Resistor x4 

10kn Resistor x4 

LM393 OpAmp I.C x 1 

NE555-Timer I.C x3 



3.6 COMPREHENSIVE CIRClJlT DIAGRAM 

2 ' 
,~ 8 

IMUl 

a 

Fig ~.5 Comprehcnsivc circuit diagram 
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CHAPTER FOUR 

TESTS, RESULTS AND DISCUSSION 

4.1 TESTING 

This is where the fantasy of the whole idea meets reality. After having carried out 

all the paper design and analysis, the project was implemented and tested to ensure its 

workability, a~d was constructed to meet desired specifications. The process of testing 

and implementation involved the use of some test and measuring equipment stated below. 

(i) BENCH POWER SUPPLY: This was used to supply voltage to the various stages of 

the circuit during the breadboard test before the power supply in the project was soldered. 

Also during the soldering of the project, the Power Supply was used to power various 

stages before they were finally soldered board as a single unit unto the Yero board. 

(ii) DIGITAL MULTIMETER: The process of implementation of the design on the 

board required the measurement of parameters like, voltage, continuity, current and 

resistance values of the components. 

4.2 IMPLEMENTATION 

The implementation of this project was done on the breadboard. The power 

supply was first derived from a bench power supply (to confirm the workability of the 

circuits before the power supply stage was soldered). 

Stage by stage testing was done according to the block representation on the breadboard, 
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before soldering of circuit commenced on Vem board. The various circuits and stages 

were soldered in tandem to meet desired workability of the project. 

4.3 CONSTRUCTION 

The construction of the project was done in three different stages. 

1. Prototyping by connecting the components on a breadboard. 

2. The soldering of the circuits to the boards 

3. The coupling of the entire project to the plastic casing. 

The soldering of the project was done on a Vero board. The Vero board contains the 

Power Supply, Oscillator/Search Coil, Peak detector/Calibrator and Monostable 

TimerlBeeping Alarm circuits. 

Fig 4.1 below shows the soldering and component arrangement on the Vero boards. 

Fig.4.1 Component layout on the Vera board 

19 



4.4 CASING AND BOXING 

The. second phase of the project construction is the casing of the project. This project was 

coupled to a plastic casing, with special perforations 10 allow a neat connection of wires 

from the buzzer to the internal circuit. 

Fig. 4.2 Isometric vicw of thc finished project. 

4.5 TROUBLESHOOTING 

The problems encountered in this project and how they were solved is listed below. 

1. Ensuring continuity on the Vero board such that no soldered points bridge 

unnecessarily. ,This meant extensive testing and inspection at each instance soldering 

done. 

2. Calculating for the proper amount of Inductance from the number of loops of wire 

wound into the coil in cognizance of the fact that the greater the coil diameter the greater 

the penetration depth but the less sensitive it is to sm~1I objects. 

3, The problem of Microphonics (audible vibration caused by the vibration of some 

mechanical part) was resolved by securely anchoring the coil to prevent its individual 
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· . WIres movmg. 

4.6 OPERATIONAL TESTING 

The working laboratory model was put in close proximity to various objects of differing 

compositions and an audible tone was heard when a metallic material is within range of 

the search coil. 
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CI-IAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 CONCLUSION 

The project, which is the design and construction of a beat-frequency oscillator 

based metal detector, was designed in lieu of factors such as economic application, 

design economy, availability of components and research materials, efficiency, 

portability and also durability considering its simplicity. The performance of the project 

after test met desibtfl specifications. However, it is pertinent to state that the general 

operation of the project and performance is dependent 011 the user who is prone to human 

error such as manhandling the search coil, which [13 J could give rise to "microphonics" 

and excessive drain on the dry cell battelY if the detector is left switched on for prolonged 

periods while not in use. 

In addition, its operation is dependent on how well the soldering is done, and the 

positioning if the components in on the Vero board. If poor quality soldering lead is used 

the circuit might form dty joint early and in that case the project might fail. In addition, if 

logic elements are solder~d directly near components that radiate heat, overheating might 

occur and affect the performance of the entire system. 

The construction was done based on a modular design m sllch that it makes 

component failure and replacement an easy task and affordable for the user should there 

be any circuit failure. 

I have gained exposure to electronic circuit design, and practical electronics in 
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general. The design of the Metal detector involved research in Electromagnetic Induction, 

Oscillating Circuits and Operational Amplifiers. Extensive work was done on the 

Oscillator/Search Coil stage. 

5.2 RECOMMENDATIONS 

I. I am strongly of the opinion that simple projects should be introduced as group work 

from the third year of study to familiarize students with electronics design and soldering 

practices in general. 

2. Concerning the project I recommend that research be carried out as regards to 

detemlining what factors affect the coil sensitivity and an output that depicts audibly the 

relative proximity of the metal. 
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APPENDIX I 

COMPREIIENSIVE CIRCLJIT DIAGRAM 
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USER MANUAL 

INSTRUCTIONS 

I. Switch the Unit on and wait for the initial beep. 

2. With a steady and slow sweeping motion, pass the detector over the 

probed surface at close range to it. 

3. When theta} is within its capture range two audible beeping tones are 

heard. The Unit can then be switched off. 

")RECAUTIONS 

1 This Device radiates an electromagnetic field when in operation and 

as such should not be brought close to other strong magnetic fields 

lch as loud speakers and Cathode Ray tube displays so as not to 

uage their operation. 

Unit should not be held too close to the ear when probing for 

~s because it emits a high pitched tone which can damage human 

j,8 at close range. 

\way from Moisture and extreme heat. 
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