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Chapter 1 ─ Electronic Signals, Devices and Circuits

1.1  Electric Current, Potential Difference, Resistance and Transducer
1.1.1  Electric Current

39

Matter is made up of atoms.  All atoms have positive charges and negative charges (electrons).
The flow of charges is called the electric current and its direction represents the flow of the positive charges. 
Electric current is often represented by the letter I and its unit is ampere (A). 
Smaller current units are mA (1 mA = 0.001 A) and μA (1 μA = 0.000 001 A).

[image: ]

1.1.2  Potential Difference
A power supply provides electric power to generate current in a circuit.
A power supply has an electromotive force (emf) and can generate a potential difference in a circuit.
Current in a circuit flows from high potential to low potential.
Electromotive force and potential difference are collectively referred to as voltage, with the unit volt and symbol V.
1.1.3  Resistance 
Resistance refers to the property of the blockage of the flow of current.  The lower is the resistance, the higher is the current.
Resistance R of a conductor equals the ratio of the potential difference V between the two ends of the conductor to the current I that flows through the conductor.







The unit of resistance is ohm and its symbol is Ω. 
If the resistance of a conductor is 1 Ω, that means a 1 V potential difference will lead to a 1 A current through the conductor.
[image: ]High resistance
Low current
Low resistance
High current

Resistors are circuit elements that have specific resistances.  There are many different kinds of resistors available in the market. 
[image: Resistor]


Axial lead resistors are commonly used resistors whose resistance values are usually represented by the colour bands painted on their surfaces. 
The 1st and 2nd bands represent the 1st and 2nd digits of the resistance value respectively.
The 3rd band represents the multiplier of the first two digits. 
The 4th band represents the tolerance of the resistor provided by the manufacturer, indicating the precision of the resistor.

[image: ]
1.1.4  Power Converter

An electric power converter converts electric energy from one form to another. 
Examples of electric power conversion: from high voltage to low voltage, from alternating current (AC) to direct current (DC), and changing the frequency of an alternating current. 
A transformer is an example of electric power converter that changes the voltage of an AC power source.
The charger of a notebook computer is also a type of electric power converter.  It converts high-voltage AC (mains) to low-voltage DC. 

[image: ]
Figure 1  Electric power conversion information shown on the charger of a notebook computer
1.2  Electronic Components and CircuitsLight bulb
Battery

1.2.1  A Simple Circuit
A simple circuit contains three parts:
1. A source of electric charges or electrical potential difference (such as a battery).
2. A conductive path that allows movement of charges (such as a copper wire).
3. An electrical or electronic component with a specific function (such as a light bulb).
								            Figure 2  A simple circuit
1.2.2    Electrical and Electronic Components
[image: resistor1](a)  Resistor
A resistor provides certain resistance, often used for limiting the amount of current flowing in a circuit.
There are many types of resistors such as fixed resistors. 
[image: ]Some fixed resistors use colour codes to indicate their resistance values.


[image: Potentiometer Photo](b)  Potentiometer
A potentiometer is a three-terminal variable resistor that can be used as a voltage divider. 
[image: ]In audio control devices, the potentiometer is often used to adjust the volume of sound. 


(c)  Thermistor
[image: thermistor_photo]The resistance of a thermistor changes (such as increases) depending on the temperature. 
A thermistor can be used to measure temperature, e.g. in the temperature monitoring system of a central processing unit (CPU).85°C




[image: ](d)  Light dependent resistor
The resistance of a light dependent resistor (LDR) or photoresistor decreases with increasing light intensity.
LDRs are often used in automatic on/off street lamps.




(e)  Capacitor
[image: ]A flash uses a capacitor to store a large amount of electrical energy for converting into light at one instant. 
Apart from power storage, there are many uses for capacitors.
[image: Capacitor_symbol]


(f)  Diode
[image: Diode_Photo]A diode allows a unidirectional flow of current and restricts the current flowing in the opposite direction. 
[image: Diode_Symbol]




(g)  Light Emitting Diode (LED)
[image: LED_Photo]An LED is a special type of diode that lights up when a current passes through it.
[image: LED_Symbol]






(h)  Transistor
[image: Transistor_Symbol][image: Transsitor_Photo]A transistor is a semiconductor electronic component that can be used as an amplifier or an electrically controlled switch.





(i)  Speaker
[image: Speaker_Photo]A speaker converts electric current (signal) into sound.
[image: Speaker_Symbol]




(j)  Buzzer
A buzzer is made of pizeo-electric elements and is driven by a voltage.
[image: Buzzer_Photo][image: buzzer_symbol]







(k)  Microphone
[image: Microphone_Photo]A microphone converts sound into electric current (signal). 
It is a commonly used sound input device in, for example, phones. 
[image: microphone_symbol]




(l)  Fuse
[image: Fuse_Photo]When the current exceeds a specific value, the fuse will melt due to the high heat and the circuit becomes open.
Fuses are commonly used in electrical appliances and electrical systems to protect against overcurrent. 
[image: Fuse_Symbol]


[image: Switch_Photo](m)  Switch
A switch is used to close or open a circuit to control the operation of the circuit, e.g. the switch of a lamp.
[image: Switch_Symbol]



(n)  Relay
A relay is an electrically operated switch for operating a system with a high current with a smaller current. 
[image: Relay_Photo]For example, a 12 V battery circuit connected to a coil can operate a 220 V AC mains circuit.
[image: Relay_Symbol]



(o)  Transformer

A transformer can be used to step up or step down an AC voltage.  A transformer is typically made of two metal windings coupled together with a transformer core. 
The primary winding is referred to as the input side and the secondary winding is the output side.

[image: Transformer_Symbol][image: Transformer_Photo]







1.3  Ohm's Law and Its Applications
1.3.1  Ohm's Law 
Ohm's law: when the resistance R of a conductor is a constant, the potential difference V is directly proportional to the amount of current I that flows through it. 



From the above, we have: 
	




Conductors that follow Ohm's law are called ohmic conductors.  Metals and graphite are typical examples of ohmic conductors. 
Ohm's law is only applicable to simple resistors that have constant resistance.
Operating motors generate back emf, so Ohm's law is not applicable to appliances with a motor.

[image: ]1.3.2  Simple Application Example 




[bookmark: 2.4]1.3.3  Series Circuit

In a series circuit, all electrical components are connected end-to-end, e.g. the three resistors R1, R2 and R3 in the figure.  

In a series circuit, all electrical components (e.g. resistor) have the same current, while the voltage (potential difference) across each component is directly proportional to its resistance.V

  

Series




					Figure 3  Series circuit
The total resistance of the resistors connected in series equals the sum of all the resistances, i.e. RT = R1 + R2 + R3.
Current flowing through each resistor I = V/RT
Potential difference of R1 V1 = IR1
Potential difference of R2 V2 = IR2
Potential difference of R3 V3 = IR3
V = V1 + V2 + V3 


[image: ]


Series



Equivalent to 

Note: 1KΩ = 1,000Ω






Figure 4 Series resistance and equivalent resistance
In general, the more resistors are connected in series, the higher is the total resistance. 



1.3.4  Parallel Circuit

In a parallel circuit, the two ends of each electrical component are connected to the power supply directly, e.g. the three resistors R1, R2 and R3 in the following figure. 
In a parallel circuit, all electrical components (e.g. resistor) have the same potential difference, while the current through each component is inversely proportional to its resistance. 

V



Parallel

					

Figure 5  Parallel resistors

For resistors connected in parallel, the reciprocal of the total resistance equals the sum of the reciprocals of all the resistances: 1/RT = 1/R1 + 1/R2 + 1/R3.
Potential difference of each resistor V = V1 = V2 = V3 
Current flowing through R1 : I1 = V / R1
Current flowing through R2:  I2 = V / R2
Current flowing through R3:  I3 = V / R3
[image: ]Current flowing through the power supply I = I1 + I2 + I3 


Parallel
Equivalent to 








Figure 6  Parallel resistance and equivalent resistance






In general, the more resistors are connected in parallel, the lower is the total resistance. 





1.3.5  Voltage Divider
[image: voltage divider 2]A voltage divider is composed of two or more resistors connected in series, as shown in the figure. 
The current passing through each resistor is the same, while the voltage (potential difference) across each resistor is directly proportional to the resistance.
The higher is the resistance of the resistor, the more of the applied voltage it will capture. 




														
Figure 7  Voltage divider circuit

By changing the ratio of the resistances of the resistors, the ratio of the voltages across the resistors can be changed. 
An example of a voltage divider with three resistors:

[image: voltage divider]
A potentiometer is a commonly used voltage-dividing instrument, which can be controlled manually to change the ratio of the resistances for changing the voltage. 
[image: ]
	Figure 8  Potentiometer circuit 
1.3.6  Electric Power 
Electric power P refers to the electrical energy E provided or consumed per unit time t. 


The electric power P of an electrical component can also be expressed by the voltage V and the current I: 
P = IV
The unit of electric power is the watt and the symbol is W. 
1 W equals 1 J (joule) of electrical energy provided or consumed in 1 s (second), i.e. 1 W = 1 J s1.

For ohmic conductors, since V = IR, the electric power can be expressed as: 
		[image: ]		or		[image: ]
In the following figure, the voltage of the car battery is 12 volts and the current of the light bulb is 1.75 amps. 








12 V car battery


(a) What is the power of the light bulb?

	
(b) Estimate the resistance of the light bulb during operation.

	Applying Ohm's law, the power 

	

1.3.7  Alternating Current (AC) and Direct Current (DC)

The current in direct current flows in a single direction only.  The direction of the flow of the current in alternating current keeps switching continuously. 
Electronic signals can be transmitted by DC or AC.
The voltage of AC can be stepped up or down easily with a transformer but some electronic systems can only be operated with a fixed voltage DC.

[image: P_25_1]

Alternating Current
(AC)
Direct Current
(DC)




	        
 Figure 9  Direct current			Figure 10  Alternating current

Dry cells can provide DC with low and stable voltages. Graph of AC voltage

Time
Time
Fixed voltage
Graph of DC voltage
Period T


Electric power provided to the homes (mains) is AC with a higher voltage and stable frequency.
The AC generated by alternators is generally sinusoidal (in the form of sine wave) and its maximum value is called the peak value. 
The time required for a cycle of AC is known as its period T, which has a unit of second (symbol: s). 
The frequency f can be expressed as: 

[image: ]
The unit for frequency is the hertz (symbol: Hz). 
In addition to the sine waveform, AC can take other types of waveforms such as square, sawtooth and triangle. triangle wave
Sawtooth wave
Square wave

[image: P_27_2]One cycle
One 
cycle
One cycle

[image: ]Hertz
Period (s)


1.4  Digital and Analogue Signals 

A signal is a kind of variable quantity (function) for transmitting the information about a certain phenomenon or property.
An electronic signal is a signal transmitted via an electronic means.  The typical sending and receiving processes are as follows.

[image: ]Electronic processor
Electromagnetic wave
Converter
Receiver
Transmitter
Converter
Electronic signal
Electronic signal
Signal
Signal


Electronic signals can generally be divided into two categories: analogue signals and digital signals.
An analogue signal is a signal that is transmitted using continuously varying values, e.g. a voltage waveform representing a sound. 
The advantage of analogue signals is their ability to store information more completely and precisely.
However, signal loss tends to occur when analogue signals are transmitted through current or electromagnetic wave, so the signal quality will reduce when the signals are restored. 

[image: 585px-Sampled]		[image: 580px-Digital]
	Analogue signal	Digital signal
A digital signal is a signal that is transmitted using discrete values, e.g. using HIGH (1) and LOW (0) logic signals. 
Signal loss also occurs when digital signals are transmitted through current or electromagnetic wave, but the signal quality is less affected when the signals are restored. 
	[image: Imagen_4]Figure 11  Lost digital signals can still be identified correctly



However, if the digital signal used has too little discontinuity, the resulted signal may be significantly different from the real signal. 
With the advancement of technology, the digital signals today are very accurate and have become the mainstream of electronic signals.
  

Examples of Analogue Signals

Analogue signals are mostly used in traditional electronic devices, e.g. loudspeakers of stereo systems and light dimmer controllers.
For the loudspeakers of stereo systems, when the volume is turned up, the sound increases slowly and constantly.

[image: ]Time
Volume

Examples of Digital Signals

Modern electronic products such as computers and mobile phones depend on digital signals.
A good example of digital signal is Morse code, which comprises a series of dot (), dash () and pause signals. 
Morse code can be sent by telegraph, with ON representing dot () and dash (), and OFF representing pause. 

[image: ]Time


1.5  Logic Circuits

Nowadays, many new technology products such as mobile phones use microprocessors, memory and digital technologies. 
Even though microprocessors are powerful, their logic circuits are mainly composed of basic logic gates. 
1.5.1  Logic Gates
Logic gates are the components for basic logic operations, such as NOT gate, OR gate and AND gate.
Logic gates only process binary signals, such as high or low voltage, and conducting or not conducting.
These binary signals can be represented by two logic values: 1 (true) or 0 (false).
A logic gate changes the logic value based on basic logic, for example, a NOT gate changes the input logic value from 1 to 0 and vice versa. 
The simple circuit in following diagram shows the operation of the AND gate, in which two switches are connected in series. 
To light the lamp (condition A) (output being 1), both switches must be closed together (inputs being 1). 
[image: AND_Sw]If any switch is opened (input being 0), the circuit will be opened and the lamp will not light up (output being 0).

[image: AND_Sw]





The simple circuit in following diagram shows the operation of the OR gate, in which two switches are connected in parallel. 
[image: OR_sw][image: OR_sw]If any switch or both switches are closed (condition A) (inputs being 1), the lamp will light up (output being 1).
Only if both switches are opened (condition B) (inputs being 0) will the lamp not light up (output being 0).






Multiple logic gates can be combined to form a logic circuit to handle logic operations that are more complex.
1.5.2  Truth Tables

The relationship between the input signals and output signal of a logic gate can be represented by a truth table.
A truth table can have one or more input signals.  All combinations of the input signals will be listed on the left systematically.  The corresponding output signals after logic processing are listed on the right. 



	Input signal A
	Output signal F

	1
	0

	0
	1


Example of truth table (NOT gate)
1.5.3  Symbols and Truth tables of Logic Gates 
(a)  NOT Gate
[image: ]
A NOT gate is also known as an inverter.
The output signals are the exact opposite of the input signals.



[image: ]
(b)  AND Gate 
An AND gate has two input signals A and B. 
Only when all the inputs are HIGH (1), the output will be HIGH (1).
If any input is LOW (0), the output will be LOW.




[image: ](c)  OR Gate
An OR gate has two input signals A and B. 
If any input is HIGH (1), the output will be HIGH (1).
Only if both inputs are LOW (0) will the output be LOW (0).




[image: ]
(d)  NAND Gate
The truth table of a NAND gate is the opposite of that of an AND gate.






A NAND gate can be formed by connecting an AND gate and a NOT gate (an inverter) in series. 
		Equivalent logic gate circuit
	[image: ]

[image: ](e)  NOR Gate
The truth table of a NOR gate is the opposite of that of an OR gate.
A NOR gate can be formed by connecting an OR gate and a NOT gate (an inverter) in series.
[image: ]		Equivalent logic gate circuit






[bookmark: XOR_gate](f)  XOR Gate 
An XOR gate is special kind of OR gate.
Only if one of the inputs is HIGH (1) will the output be HIGH (1). 





1.5.4  Boolean Expressions

Complex logic circuits consist of multiple logic gates.  Boolean expressions can be used to show their relations clearly.
Suppose that A and B are the inputs, and F is the output, the Boolean expression of each logic gate is shown below.


NOT gate:				(the horizontal line above represents the NOT relation)

Buffer gate:	

AND gate:		(the '·' symbol is often omitted)

OR gate:					

NAND gate:	 

NOR gate:	

XOR gate:	

Boolean expressions can be simplified with the use of Boolean algebra rules.

Common Boolean algebra rules:




















Example 1: Simplify F = B (A + C) + C   
Solution:    F = AB + BC + C
        	      F = AB + C (1 + B)
       	      F = AB + C

Example 2: Simplify F = (A + B) BC + A   
Solution:     F = ABC + BC + A                                       
	        F = A (1 + BC) + BC
	        F = A + BC



Example 3: Simplify 
Solution:   	 







Chapter 2 ─ Analogue and Digital Electronics 


2.1  System Electronics
Control systems can be used to direct, command or regularise all kinds of processes, tools and machines. 
Control systems can be divided into two main categories: open-loop systems and closed-loop system.
Open-loop Systems
The following shows a schematic diagram of an open-loop control system. 

Output
Process
Input

Open-loop control system
When the input signal instructs the control element to react, the output result will be obtained.
Example: a simple toaster.
Closed-loop Systems
The following shows a schematic diagram of a closed-loop control system.
[image: ]
Closed-loop control system

The output signal will be sent to the input again through the feedback path to affect the new output.
Proper feedback can control the operation and increase the accuracy of the output. 
An example of closed-loop control system: a drilling machine with speed control that can maintain the drilling speed under heavy loads.
A sensor device is used to detect the speed of the drill.
If the drilling speed is different from the pre-set one, the control unit will adjust the power of the motor to increase or decrease the speed of the drill. 










[image: ]Speed sensor
Drill bit
Control unit
Power source

Various factors related to the control system should be considered when designing a circuit:

1. The input method
2. The output method
3. The processing method and the process
4. Is there any feedback?
5. If there is feedback, how to set the standard and what is the testing method?


2.2  Operational Amplifiers
Operational amplifiers (also known as op-amps) are used to amplify weak electric currents in circuits.  They are commonly used in the circuits of electrical appliances such as radios.
The following is the circuit symbol of an op-amp. 
[image: ]V+: non-inverting input  
V–: inverting input  
Vout: output
VS+: positive power supply
VS–: negative power supply

e.g. The model 741 op-amp (uses a Dual Inline Package (DIP-8) component)
	       [image: 800px-Ua741_opamp]	[image: Op-amps 741]
The following figure shows the connections of the model 741 op-amp.  Note the position of the notch at the top.Notch

[image: ]Offset null
Inverting input
–V
Non-inverting input
Output
Offset null
+V
Not connected

Characteristics of an ideal op-amp:

1.	Infinite voltage gain
2.	Infinite input impedance
3.	Zero output impedance

4.	Infinite bandwidth
5.	Zero input offset voltage
6.	A control network that sets the amount of feedback (e.g. resistors)

Example: the light sensor detecting device of an alarm circuit, in which the op-amp amplifies the signal to trigger the relay.Relay

[image: P_48]Diode
Op-amp

To alarm

Sensitivity adjustment



Transistor
Light dependent resistor


Internal resistor
Resistors


Infrared


By connecting the inverting input (V–) and output (Vout) of an op-amp, it becomes the commonly used closed-loop amplifier. 
The following figure shows the basic circuit operation of a closed-loop amplifier, in which R2 is the feedback resistance and R1 is the input resistance.
(a)	Connect to ground (0 V) between battery packs B1 and B2 to give a 0 V voltage at the connection terminal when variable resistor VR1 is set at the middle position. 
[image: opamp1]
(b)  When the resistance of variable resistor VR1 increases, the voltage at the connection terminal will increase. 
[image: opamp2]
(c)	When the resistance of variable resistor VR1 decreases, the voltage at the connection terminal will decrease (to negative values).
[image: opamp3]
2.2.1  Inverting Amplifier 

Closed-loop amplifiers can be divided into two types: inverting amplifiers and non-inverting amplifiers. 
The following figure shows the basic circuit of an inverting amplifier, in which Rf is the feedback resistance and Ri is the input resistance. 

[image: http://www.chem.uoa.gr/applets/AppletOpAmps/Images/Fig2.gif]




[image: ]

Closed-loop gain 


The closed-loop gain of an inverting amplifier equals the ratio of the feedback resistance (Rf) to the input resistance (Ri). 
As long as the closed-loop gain is much smaller than the open-loop gain, this transfer function can accurately describe the output signal.
Considering the arbitrary current directions, the transfer function is derived as follows.



The non-inverting input (+) is connected to ground directly, then Vs = V- = 0 V, therefore:


Since there is no current flowing to any input, which is the infinite input impedance defined before, therefore: 
i1 = i2
As a result, the transfer function of the inverting amplifier is: 



Then , where A is the gain.
2.2.2  Non-inverting Amplifier 

A non-inverting op-amp has the input signal connected to its non-inverting input, thus its input source is considered to be an infinite impedance. 
There is no input offset voltage because VE is equal to zero.
The voltage divider rule is used with VOUT being the input to the voltage divider and VIN being the output of the voltage divider. 
Since no current can flow into either op-amp lead, the use of the voltage divider rule is allowed. 




[image: ]

                                                                                      



When VOUT = 1, the circuit becomes a unity gain buffer.  
RG is usually deleted to achieve the same result. 
Some op-amps are self-destructive when RF is left out of the circuit, so RF is used in many buffer designs.
When RF is included in a buffer circuit, its function is to protect the inverting input from an overvoltage. 
RF can never be left out of the circuit of a current feedback amplifier design because RF determines the stability of the current feedback amplifier.

2.2.3  Negative Feedback

As shown in the following figure, if we connect the output of an op-amp to its inverting input (–) and apply a voltage signal to the non-inverting input (+), we will find that the output voltage of the op-amp closely follows the input voltage.
[image: ]
As Vin increases, Vout will increase in accordance with the differential gain. 
As Vout increases, the output voltage is fed back to the inverting input, thereby decreasing the voltage differential between inputs, resulting in a decrease of the output.
Negative feedback is the key to having a self-stabilising system, allowing the op-amp to work in a linear mode.
Negative feedback is useful for precisely setting the gains, rates and other significant parameters.
In an op-amp circuit with no feedback, the output voltage will saturate and becomes a comparator.
[bookmark: Equilibrium][bookmark: Negative_feedback][bookmark: Feedback,_negative]
2.2.4  Positive Feedback 
[bookmark: Bistable]
If the use of positive feedback causes a feedback amplifier to have a closed-loop gain greater than 1, the amplifier will become an oscillator that provides a varying output signal. 
It is a sinusoidal oscillator if the output signal is sinusoidal. 
If the output voltage rises quickly to a certain voltage level and later drops quickly to another voltage level, it is generally a pulse or square wave oscillator.
If the gain is smaller than 1, the oscillations will die out after a few cycles.  
If the gain is greater than 1, the oscillator will drive itself into saturation and cut off clipping, which is limited by the supply voltage. 
If Vf is the feedback voltage, Av is the voltage gain and αf is the feedback attenuation, the results are as follows.
[bookmark: Hysteresis]





Saturation 

2.3  Latch Circuits

A flip-flop (also called latch) is a data storage system used to store information in a logic system. 
One flip-flop can store one bit of information.
There are several types of basic flip-flops, including Set-Reset (SR) flip-flops and D-type flip-flops.
The following figure shows the operation modes and symbol of a SR flip-flop.

	Operation of a SR flip-flopSymbol of a SR flip-flop


	S
	R
	Comment

	0
	0
	Restricted combination

	0
	1
	Q = 0

	1
	0
	Q = 1

	1
	1
	Hold state




A SR flip-flop circuit can be built with two NAND gates (or two NOR gates) as shown in the following figure. 
A flip-flop circuit formed by NAND gates is called a NAND gate flip-flop.
1



2
SET






RESET
Q















For a NAND gate flip-flop, there are two types of input: SET and RESET, and the outputs are Q and .
A NOR gate flip-flop has the same configuration but using NOR gates instead of NAND gates.
There are four types of input combination for the operation of a NAND gate flip-flop:
1. SET = 0, RESET = 0
This condition tries to set and clear the flip-flop at the same time, and it produces Q =  = 1.  
If both inputs return to 1 at the same time, the resulting state is unpredictable.  Thus, this input condition should not be used.
2. 
SET = 0, RESET = 1
This will always cause the output to go to the Q = 1 state, which will remain even after SET returns to 1. 
This is called 'setting' the flip-flop.
3. SET = 1, RESET = 0
This will always produce the Q = 0 state, where the output will remain even after RESET returns to 1. 
This is called 'clearing' or 'resetting' the flip-flop.
4. SET = 1, RESET = 1
This condition is the normal resting state and it has no effect on the output state. 
The Q and  outputs will remain in whatever state they were in prior to this input condition.


The following figure shows the operation modes and symbol of a D-type flip-flop.Symbol of a D-type flip-flop

	Truth table of a D-type flip-flop

	E/C
	D
	Qnext
	Comment

	0
	X
	Qprev
	No change

	1
	0
	0
	Reset

	1
	1
	1
	Set



A D-type flip-flop can be built with a NAND gate flip-flop, a NOT gate and two NAND gates, as shown in the following figure. SET
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One of the inputs of NAND gate 1 and one of the inputs of NAND gate 2 of the D-type flip-flop are connected to become a common input which is known as the 'enable' input (E).
Input E does not restrict outputs Q and , but only happens during its transition.
The operation of a D-type flip-flop:
1. When input E = 1
The input D will produce a 0 at either the SET or RESET input of the NAND gate flip-flop to cause Q to reach the same level as D. 
If D changes while E = 1, Q will follow the changes in the exact same way. 
In other words, while E = 1, the output Q will be exactly the same as D (as if the flip-flop is transparent). 
2. When input E = 0
The input D is inhibited from affecting the NAND gate flip-flop because the outputs of both steering gates will be held as 1. 
Thus outputs Q and  will stay at whatever level they were just before E became 0. 
In other words, even if D changes, the outputs are latched to stay at their current level and cannot change while input E = 0.


2.4  Memory and Counters
2.4.1  Memory
Memory is a very important part of digital systems for storing programs and data.  
There are two basic types of memory: read-only memory (ROM) and random access memory (RAM)
(a) ROM

For ROM, data is pre-recorded for reading only and cannot be removed. 
ROM is non-volatile memory and it retains its contents whether the computer is on or off. 

Most digital devices contain ROM to store critical information such as the program that boots the computer. 
For example, printers often store fonts they use in ROM.

[image: eprom photo][image: ram photo]





  
ROM		                                       RAM
(b)	RAM

Data can be written to any position of RAM (needless to be in order) which can be read, removed and re-written. 
However, RAM loses its data when there is no power supply. 
RAM is usually used as the primary storage of computers to hold active information such as data and programs. 
Common forms of RAM are: SRAM (Static RAM) and DRAM (Dynamic RAM).


[image: sd-card | Free SVG](c)	Flash memory
Flash memory is mainly used in memory cards.
Flash memory is non-volatile memory that data can be electrically written and erased.
Memory cards can be used in devices such as notebook computers and digital cameras.
	


2.4.2  Counter 

In logic circuits, a counter is a device for storing the number of occurrences of a particular incident.
The most common type is a sequential digital logic circuit with clock signal lines and multiple outputs. 
The output values are usually expressed in binary numbers. 
Every pulse that applies to the clock input will cause the count of the counter to increase or decrease.
A counter circuit is usually formed by connecting multiple flip-flops in series. 
Counters are widely used in digital circuits, which are now often made into integrated circuit chips.
A ripple counter, also known as asynchronous counter, is a simple counter and its symbol is shown below.
A ripple counter uses a D-type flip-flop that stores a single digit, counting from 0 to 1.
If this output is connected to a D-type flip-flop again as the clock signal, a two-digit counter is produced. 
The symbol of a JK flip-flop is shown in the following figure, which can be used to form a decimal counter (e.g. 4017)
.				
[image: ]
A JK flip-flop has two inputs.  Its output value is determined by the following equation. 
[image: ]
The operation modes of a JK flip-flop is listed below. 
	Characteristic table	
	Excitation table

	J
	K
	Comment
	Qnext
	Q
	Qnext
	Comment
	J
	K

	0
	0
	Hold state
	Q
	0
	0
	No change
	0
	X

	0
	1
	Reset
	0
	0
	1
	Set
	1
	X

	1
	0
	Set
	1
	1
	0
	Reset
	X
	1

	1
	1
	Toggle
	
	1
	1
	No change
	X
	0






When both inputs J and K are 1 (together with a clock pulse command), the JK flip-flop will 'toggle' its output state.  
[image: ]Signal B
Signal A



Each succeeding bit toggles when the bit before it transitions from 1 to 0. 
The Q outputs of each flip-flop will serve as the respective binary bits of the final, four-bit count.
If we use flip-flops with negative-edge triggering, we can simply connect the clock input of each flip-flop to the Q output of the flip-flop before it, so that when the bit before it changes from a 1 to a 0, the 'falling edge' of that signal will 'clock' the next flip-flop to toggle the next bit.
Suppose that a counter connects four JK flip-flops in such a way that they are always in the 'toggle' mode. 


+ve trigger       –ve trigger 





This circuit will yield the following output waveforms, when 'clocked' by a repetitive source of pulses from an oscillator:
[image: ]Clock

The following shows the circuit diagram of a counter (4017) with 10 outputs (Q0 to Q9).
[image: traffic schematic]
The counter will operate only when it is triggered by clock signals.
Each output becomes HIGH in turn as the clock pulses are received.


Chapter 3 ─ Integrated Circuits, Microcontrollers and Interfacing

3.1  Types of Integrated Circuit
3.1.1  Invention of Integrated Circuits

Before the invention of integrated circuit (IC), electronic components and products were relatively bigger. 
Engineers have been working to reduce the size of electronic circuits to make the products more portable. 
In 1958, engineers successfully put the whole circuit (such as transistors and wires) into a small silicon chip to become the IC.
Now, we can use a computer to put a circuit diagram into an IC as shown below.


[image: ]












[image: ]Computers can be used to show the design and layout of the metal, oxide or semiconductor layers of the IC in a planar format.













After IC testing, the chip and the die of the IC will be attached to an IC packaging and connected to it [image: ]by soldering with very fine aluminium (or gold) wires. 









An IC is a complete circuit fabricated in one chip
[image: ]







ICs in different types of packages
3.1.2  Different Types of Integrated Circuit
ICs can generally be categorised according to the following criteria: 

(a) 	Function
(b)	Complexity (number of components) 
(c)	Packaging
(d)	Signal processed
(1) 
(2) Categorising ICs by Function

Circuits with different functions can be fabricated into ICs: 
· Logic gates
AND gate (e.g. 7408 is a Quad 2-input AND gate)
OR gate (e.g. 7432 is a Quad 2-input OR gate)
NAND gate (e.g. 7400 is a Quad 2-input NAND gate)
(See Chapter 1 for details of logic gates.)
· Operational amplifiers (Op-amps)
For example, 741 is a family of general purpose op-amp ICs. 
(see Chapter 2 for details of op-amp.)
· 
Timers
Timers are circuits for keeping track of time.  The 555 is one of the timer ICs.
The 555 timer IC allows users to keep track of time in different modes: 
· Monostable mode: the 555 functions as a 'one-shot', which is a pulse that exists once for a short period of time.
· Free running mode: the 555 operates as an oscillator, which periodically expresses timing instances.
· Bistable mode: the 555 operates in either one of its two stable states.
· 
Analogue Switches
This type of ICs behaves like a relay but is implemented using a transistor rather than moving parts (e.g. 4016 is a quad bilateral switch). 
Compared to a relay, it allows a much smaller current to pass through and does not provide electrical isolation of a relay.
(See Chapter 1 for details)
· Memory 
This type of ICs is used to store data, e.g. RAM and ROM.
(See Section 2.4 for details) 
· Microcontrollers 
This type of ICs contains miniaturised computers in them, e.g. 8051, PIC and ARM.
(Section 3.3 will discuss this in further) details.) 







(2)	Categorising ICs by Complexity
The number of electronic components per chip can be used as a unit of measure and an indicator for categorising ICs. 
The following table summarises the various levels of integration. 
Categorisation of ICs by complexity
	Type
	Stand for
	Number of electronic components per chip
	Examples

	SSI
	Small-scale integration
	 100
	Logic gates

	MSI
	Medium-scale integration
	100 to 3,000
	Counters

	LSI
	Large-scale integration
	3,000 to 100,000
	Analogue-to-digital converters, digital-to-analogue converters

	VLSI
	Very large-scale integration
	100,000 to 1,000,000
	Microcontrollers

	ULSI
	Ultra large-scale integration 
	> 1 million
	Pentium, Pentium Dual Core


Table: Categorisation of ICs by complexity

(3)  Categorising ICs by Packaging Types

The package prevents the die from damages caused by external force or moisture.  It also prevents the chip from erosion by various sources of chemicals.
Two common types of IC packages are through-hole package and surface mount package.
(a) 
(b) Through-hole packages
[image: ]






Examples of through-hole packages

Pins on a through-hole package can be inserted into holes drilled on a printed circuit board (PCB) and then soldered to pads on the opposite side of the PCB. 
Inserting into holes and soldering to pads provide stronger mechanical bonds.
However, the additional drilling translates into higher production cost and less routing area for signal traces.
(c) 
(d) Surface mount packages
[image: ]





Examples of surface mount packages

Surface mount packages can produce PCBs with much higher circuit densities because 
1. they are usually smaller than their through-hole counterparts;
2. they can be directly attached to pads on the surfaces of PCBs and hence save space (and effort) to drill holes on PCBs; and
3. it is not required to drill holes on PCBs and surface mount packages can be mounted on both sides of the PCBs.
Today, ICs with surface mount packages are used in the majority of electronic products.


(4)  Categorising ICs by the Signals They Processed 

ICs can be categorised as either analogue (linear) or digital according to the types of signal they are designed to process.
(a) Analogue IC
In an analogue IC, the continuously variable output is a linear function of the input signal level. 
Op-amps and sensors are two common analogue ICs. (See Chapter 2 for details.)
(b)	Digital IC
Typically, there are only two states in a digital IC: LOW (0) or HIGH (1). 
Logic gates, flip-flops, memory and microcontrollers are common digital ICs. (See Chapter 2 for details.)


3.2  Programmable Systems 

Programmable systems can be built by programmable logic devices (PLDs).
A PLD is an electronic component for building programmable digital ICs.
Unlike normal ICs which have fixed built-in circuits, the functions of PLDs are defined after they are manufactured, while some can even be changed again. 
3.2.1  Programmable Logic Devices 
(a)  Programmable Array Logic (PAL)
PAL devices are early PLDs. 
PAL has different models, and different numbers of input and output ports, e.g. 20-pin PAL has 10 input ports and 8 output ports. 
PAL can only be programmed once. 


[image: MMI_PAL_16R6]	[image: 729px-Programmable_Logic_Device]Simplified PLD circuit

PAL can be divided into two parts: programmable logic plane and output logic.
(b)  Generic Array Logic (GAL)

GAL devices are PLDs developed based on the PAL.
GAL can be programmed and erased repeatedly, making it especially suitable for use in the prototyping stage. 
In addition, GAL can be programmed and re-programmed with a PAL burner, although there are now online burners already.
PAL and GAL are suitable for small circuits that consist of a few hundreds of logic gates.

(c)  Complex Programmable Logic Device (CPLD)
CPLDs are suitable for large circuits. 
[image: 800px-Altera_MAX_7128_2500_gate_CPLD]
CPLD with 2,500 connection ports

One CPLD is equivalent to containing a few PALs.  Connection between them can also be programmed and burned. 
CPLDs are suitable for large circuits with thousands or even hundreds of thousands of logic gates.
CPLDs may have as many as hundreds of pins and may require special methods for programming and burning. 


(d)  Field Programmable Gate Array (FPGA)

FPGAs use Gate Array technology.
FPGAs use Grid-type logic gates, whose configuration can be programmed after manufacturing.
FPGAs can also be re-programmed and updated after soldering, and are similar to large-scale CPLDs to some extent.


[image: 800px-Altera_Flex_EPF10K20_20000_cell_FPGA]
FPGA with 20,000 cells (logic lattices) for configuration
(e)  Microcontroller

In a microcontroller, except for some circuits with fixed functions, other circuits can be re-programmed to change their functions. 
Details of microcontrollers will be discussed in the next section (Section 3.3).


3.2.2  Programming Languages for PLDs

PLDs mostly use computer software known as logic compilers for programming.
To compile the source codes, they need to be written in a specific hardware description language (HDL). 
Examples of HDLs are ABEL, AHDL, Confluence, CUPL, HDCaml, JHDL, Lava, Lola, MyHDL, PALASM and RHDL.



3.3  Microcontroller Basics 
3.3.1  Use of a Microcontroller
A microcontroller or microchip integrates components such as CPU, memory, input port, output port and timer/counter on a single IC chip.  Microcontrollers are commonly used in various electronic products. 
[image: C1]
Examples of electronic products used in daily life that incorporate microcontrollers


Compared with a microprocessor (used in personal computers), a microcontroller stresses its self-sufficiency (no external hardware connection) and cost-effectiveness. 
Example: the control of a motor can be achieved by adding a drive circuit to a microcontroller chip, in which no computer control is required.
The advantages of microcontrollers are that they are small and can easily be fit into internal structures.  However, their memory sizes are small, their input and output ports are simple, and their functions are more limited.


[image: ][image: PIC18F8720]
Microcontroller with 80 pins                                          8051 microcontroller


3.3.2  Similarities between a Microcontroller System and a Personal Computer
The following figure shows the basic structure of a common computer. 
[image: ]
A microcontroller is a computer-on-a-chip.  It has the basic structure of a common computer, including: 
(a) 
(b) Central Processing Unit (CPU)
Consists of two parts, Control Unit and Arithmetic / Logic Unit (ALU).
The control unit executes programs stored in the primary memory and executes the lists of instructions in the programs in a sequential manner.
The ALU performs arithmetic and logical operations required in the execution of a program.
(b)  Primary memory
High speed semiconductor memory used to store programs and data.
Two major types: ROM (read-only memory) and RAM (random access memory).
ROM is used only for permanent programs and unchanging data storage.
RAM is used to store programs and data that change during the execution of the programs.
(c)  Secondary Memory (e.g. hard disk)   
Can be used to store a large amount of programs and data.
The desired data must be copied to the primary memory before the CPU can access and process the data
(d)	Input/Output (I/O) Unit 
Contains the interface circuits needed for the I/O devices to properly communicate with the computer and its peripherals.
Examples of input devices are keyboard, image scanner and mouse.
Examples of output devices are printer, plotter and monitor.





3.3.3  Data Transmission in a Computer System

Data is passed between the various units of a computer via a communication subsystem called a bus.
Computer buses are divided into three types of signals:
(a)	Data Bus
A set of wires along which data is transferred between units. 
Signals are bidirectional since data can flow into or out of the CPU.

(b)  Address Bus
A set of wires along which the binary codes (the addresses) that identify the memory locations to be used are sent.
Addresses can only be issued by the CPU, so the signal is unidirectional.
(c)	Control Bus
A set of wires for transferring commands from the CPU and returns status signals from the devices. Each type of device has its own particular set of signals.


	

Essential parts of a microcontroller




3.3.4  Programming a Microcontroller

(a)  Instruction and Program
A computer program is a set of instructions instructing each step a computer (or digital device) should make.
A program is usually written in a particular programming language for running on a specific computer system. 
A microcontroller requires some special instructions to operate and these instructions are not easy to understand and write.
Some microcontrollers can use compilers to transform programs written in high-level computer languages into suitable instructions. 
For example, compilers for a variety of languages are available for the 8051 microcontroller, such as C, C++, BASIC and Pascal.
(Refer to relevant user manuals about the details of the instructions and language compilers for individual microcontrollers.)
Before writing a program, one should consider clearly the related processes, algorithms and flow, which can be aided by the use of flowcharts and pseudocode. 
(b)  Flowchart
[image: 29a]A flowchart uses a series of graphs to clearly show the processes, algorithms and flow of a task.


















(c)  Pseudocode

Pseudocode is a way to describe algorithms using more easily understandable statements.
The purpose is to describe the structure of the flow of the entire algorithm in a language closer to the natural language. 
It may not be a programming language that actually exists but the syntax and format used will be similar for later conversion.
It may use a combination of syntax and reserved words from different programming languages and even the natural language.  See below for an example.

	Pseudocode
	PBASIC

	Loop
	Check if the pin is LOW or HIGH
	If the pin is HIGH
	Do something
	End if
End 	loop
	DO
	IF (IN x = 1) THEN
	Do something
	ENDIF
LOOP



3.3.5  Simple Interfacing
The following are some examples of the application of simple interface circuits by microcontrollers.
Example 1: Turning an LED on and off (digital output) 
The following diagram shows a digital output circuit, in which the microcontroller uses an output pin to turn the LED on and off.
220
From the microcontroller output pin








Depending on the need of the application situation, we can attach a suitable message to determine the ON/OFF state of the LED. 
For example, in a traffic light system, we can attach the message of STOP to the ON state of the red light.  
The message of GO is attached to the ON state of the green light so that the traffic light system can let pedestrians know when they should stop and when they can go.


Example 2: Sensing whether a switch is open or closed

The microcontroller needs three connections: a connection to power on one side of the switch, a connection to the microcontroller on the other side of the switch and a connection to ground. 
From the following figure, if the switch is open, the input of the microcontroller is 0 V (ground).
If the switch is closed, the input of the microcontroller is +5V (i.e. logic value HIGH or 1).

To the microcontroller input pin

10k
+5V













Example 3: Interfacing a speaker

A speaker needs a current larger than a typical microcontroller can supply.
A transistor can be used to amplify the current signal from the microcontroller, making it large enough to operate the speaker. 
(See Chapter 1 for details.)


	
	8
1k
+5V
From the microcontroller output pin


	

	
	Interfacing a speaker to a microcontroller 


Example 4: Interfacing a relay

Some devices (e.g. light bulbs and electric door locks) that run on AC (e.g. mains) cannot be operated by microcontrollers directly.
We can connect a transistor and a relay to the microcontroller system to solve the above problem.
1k
+7 to 15V DC
From the microcontroller output pin

To the AC device













	Interfacing a relay to a microcontroller





When the microcontroller outputs a small current, the current will flow through the transistor and then into ground.
The current will operate the transistor, causing a large current (7 to 15 V) to flow from the power supply, through the relay and the transistor, to ground. 
When a current that is large enough flows through the relay, the relay will be closed and cause the AC device to operate normally.
(See Chapter 1 for details of relay.)

Chapter 4 ─ Evolution of Electronics in Modern Society


4.1  Miniaturisation of Electronic Products

The trend of miniaturisation of electronic products has started for a long time, as in mobile phones, computers, camcorders, etc. 
The trend of miniaturisation is expected to continue in the foreseeable future.
The advancement in the IC design technology and innovations in the packaging technology are both critical to the miniaturisation of electronic products.
4.1.1  Advancement in the IC Design Technology
Moore’s Law: the number of transistors on an IC doubles every 18 to 24 months.
The following graph shows the numbers of components put into a die in various years.

[image: ]
Growth of IC complexity
As more and more transistors are put on one single IC, three phenomena may result:
(a) miniaturisation of electronic products; 
(b) IC with the same functionality but more power; and
(c) IC integrating more functionality.



4.1.2  Advancement in Manufacturing Technology

Innovations in packaging technology also contribute to the miniaturisation of electronic products, including the surface mount packaging technology.
The following figure illustrates the miniaturisation process of chips.

 


Chip-on-chip (COC) – similar to COB, a second smaller die is glued to the first die, also with pads facing outwards.  Fine wires are bonded between pads of each die and pads on the PCB.

Chip-on-Board (COB) – mounts an unpackaged die to a circuit board with pads facing away from the board.  Fine wires are bonded between die pads and PCB pads.

Flip Chip – glues or solders an IC die to a circuit board facing downwards.  Pads on the die contact pads on the PCB directly.  No area is required around the die for bonded wires.

3-D Chip Scale Packaging – IC dies are mounted to the PCB using flip chip.  The PCB is folded into a 3-D module.














微型化過程



Miniaturisation process
4.1.3  Miniaturised Electronic Products 
Many new treatment and health aids are now under development that take advantage of miniaturised electronic devices.  The following are two examples.
(a) 
(b) Artificial vision
A small semiconductor chip implanted at the back of the eye can function as an artificial retina. 
When light hits the chip, electrical stimuli are generated and sent to the optic nerve, restoring some degree of vision.
(c) 
Hearing aids
New miniaturised hearing aids are divided into two parts, one installed at the back of the ear and the other inside the ear.
The part installed at the back of the ear picks up sound and transmits to the part inside the ear through a wired connection.
The part inside the ear delivers electrical stimulation directly to the auditory nerve in the cochlea (inner ear) in response to external sounds, restoring some degree of hearing.


4.2  Impact of Converging Technologies
4.2.1  What Is Convergence?
Convergence is combining two or more previously separate areas of business to create something new and of greater value.
4.2.2  Different Types of Convergence
Convergence can be categorised according to the product properties, including media, connectivity and device. 
(1)  Media Convergence

Different types of information are expressed through different media (e.g. text and images) and are handled by different devices (e.g. paper and canvases). 
As technology advances, various types of information (e.g. music) are converted from analogue to digital (e.g. binary codes in 0 and 1).
The following figure shows the histories of products that move from the analogue domain to the digital domain.

Coaxial cable
Analogue broadcast TV
Analogue mobile phone

Analogue video
Cassette camera
CableTV
Digital TV
Digital mobile phone
Digital video camera
8mm video camera
Touch tone telephone

Rotary telephone

Fibre optic cable
Twisted pair cable
Vinyl record
Magnetic tape
Audio CD
MP3
Analogue mobile phone

Digital TV
CableTV

Digitisation is regarded as the root of convergence, which allows all forms of information (text, music, pictures, movies, etc.) to be transmitted and accessed by the same devices, technologies and networks.

(2)  Connectivity Convergence
   (i)	 Growth in Connectivity
	In the telecommunication world, the growth of various technologies is similar to the manner of the Moore's Law, e.g. the network speed.
[image: ]
Growth in connectivity
(ii)	The Connected World 

Networks have become faster and more prevalent.  People in almost every part of the world are using networks (wired or wireless). 
Mobile networks now cover almost every corner in the big cities.  In developed countries, 60 percent of all homes are connected to the Internet. 
As networks become increasingly pervasive, products are now designed with built-in connectivity capability (for accessing networked games to online music stores). 
Electronic devices (e.g. health monitors) converged with connectivity capability (broadband or wireless) deliver more value to the customers than their standalone counterparts do.


(3)  Device Convergence

When a device becomes more powerful, it is easier to integrate more functionality to the device, e.g. mobile phones.
Device convergence causes companies from different markets to compete with each other, e.g. mobile phones, digital cameras and music players. 
Customers can choose from single-function specialist devices and multi-purpose general devices. 


ENCRYPTION 
DIGITISATION
IP TELEPHONY
 




4.3  Impact of Emerging Technologies

4.3.1  Emerging Technologies
Emerging technologies refer to the technologies under development that have enormous potential to change the status quo and the future.  The following are some examples.
(a)	Radio-Frequency Identification (RFID) 
The RFID technology is the use of radio signals to identify objects automatically.
An RFID reader can read the electronic devices (tags) on objects within a few metres or out of sight.
There are two main types of tags: active tags and passive tags.
An active tag uses the IC to store and process information, which is received and transmitted as radio frequency signals through the antenna.
A passive tag does not have a chip and can be printed directly onto an object at a low cost, which can be read by a RFID reader.
The RFID technology has a wide range of applications.  The following are some examples.
Inventory tracking and management, and supply chain management
Asset tracking by librarians, ticket agents or health-care professionals
Control access to buildings and networks
Contactless payment
(b) Near Field Communication (NFC)
NFC is a wireless two-way communication technology based on RFID. 
It enables devices within a distance of about 10 cm to exchange information quickly. 
In addition to NFC devices, it also allows communication with devices based on RFID infrastructures and contactless smart infrastructures (e.g. smart cards).
Furthermore, it is able to work on devices not powered by a battery (e.g. smart posters).
NFC is primarily aimed for mobile phones.  Applications include mobile ticketing, mobile payment and electronic keys.
(c)	Smart Dust
Smart dust is a micro-electronic device, which includes a sensor (e.g. for detecting temperature), a microcontroller and a wireless communication device.
The light smart dust can be spread into the air to collect and send out the required data (e.g. locations and temperatures). 
There are many applications of smart dust, including:
used in somatosensory games, e.g. wearing on the fingers to play a piano virtually where the sound of the piano will be played accordingly;
dispersed over a wide area for immediately spreading disaster warnings such as flooding and earthquakes;
used to track specified targets, e.g. to track an enemy vehicle in the military dimension and to track a patient with dementia in the medical dimension; and 
used to show environmental information, e.g. widely spread in an office to detect the temperatures and brightness at different locations. 
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