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Gathering and Communicating Information 

28. Direct Sensing 

 (a) Candidates should be able to show an understanding that an electronic sensor consists of a 
sensing device and a circuit that provides an output voltage. 

Electronic sensors have many different applications in modern-day life.  Frequently we take these 
sensors for granted.  For example, the small red indicator lamp fitted to an electrical appliance that 
glows when the mains supply has been switched on.  Other sensor circuits are more sophisticated and 
could, for example indicate a temperature or a light intensity level.   

An electronic sensor consists of a sensing device and, usually, some form of electrical circuit connected 
to it.  The sensing device could be for example, a light-dependent resistor (LDR) so that light intensity 
may be monitored (see 28(b)) or a strain gauge so that the strain experienced by a sample of material 
may be measured (see 28(e)).  The sensing device changes one of its physical properties (e.g. 
resistance) with a change in whatever is to be monitored. 

In order that the information gathered by the sensing device may be communicated, the change in its 
physical property must be processed so that an output device will indicate this change.  This output 
device could be, for example, a simple indicator lamp or a digital meter.  The output device will respond 
to a change in voltage.  Consequently, the sensing device is connected to the output device via an 
electrical circuit (a processing unit) that will provide a voltage as its output.  This is illustrated in Fig. 1.1. 

 
Fig. 1.1 

 (b) Candidates should be able to show an understanding of the change in resistance with light intensity 
of a light-dependent resistor. 

A light-dependent resistor (LDR) may be made by sandwiching a film of cadmium sulphide between two 
metal electrodes.  Typically, in moonlight, its resistance is about 1 MΩ and in sunlight, 100 Ω.  The 
symbol for an LDR is shown in Fig. 1.2. 

 
Fig. 1.2 

The resistance of an LDR is constant at constant light intensity. 

An LDR is sensitive to changes in light intensity.  Note that the change in resistance with change in light 
intensity is not linear. 

 (c) Candidates should be able to sketch the temperature characteristic of a negative temperature 
coefficient thermistor. 

The resistance of most substances does change slightly with a change in temperature.  However, a 
thermistor is a device that is manufactured in various shapes and sizes using the oxides of different 
metals so that there is a significant change in resistance with temperature. The symbol for a thermistor 
is shown in Fig. 1.3. 

 
Fig. 1.3 
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Negative temperature coefficient thermistors have a resistance that becomes less as the temperature of 
the thermistor rises.  The change in resistance R with temperature θ  for a typical thermistor is illustrated 
in Fig. 1.4. 

 
Fig. 1.4 

It can be seen that there is a comparatively large change in resistance with temperature but this change 
is non-linear. 

 (d) Candidates should be able to show an understanding of the action of a piezo-electric transducer 
and its application in a simple microphone.  

A transducer is any device that converts energy from one form to another. 

Piezo-electric crystals such as quartz have a complex ionic structure.  When the crystal is unstressed, 
the centres of charge of the positive and the negative ions bound in the lattice of the piezo-electric 
crystal coincide. If, however, pressure is applied to the crystal, the crystal will distort and the centres of 
charge for the positive and negative ions will no longer coincide.   A voltage will be generated across the 
crystal.  The effect is known as the piezo-electric effect (see also the section on 29(i)). 

Electrical connections can be made to the crystal if opposite sides of the crystal are coated with a metal.  
The magnitude of the voltage generated depends on the magnitude of the pressure applied to the 
crystal.  The polarity of the voltage is depends on whether the crystal is compressed or expanded 
(increase or decrease in the applied pressure). 

A sound wave consists of a series of compressions and rarefactions.  If the wave is incident on a piezo-
electric crystal, a varying voltage across the crystal will be produced.  This voltage can be amplified.  
The crystal and its amplifier act as a simple microphone. 

 (e) Candidates should be able to describe the structure of a metal wire strain gauge. 

 (f) Candidates should be able to relate extension of a strain gauge to change in resistance of the 
gauge. 
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A strain gauge is made by sealing a length of very fine wire in a small rectangle of thin plastic, as shown 
in Fig. 1.5. 

 
Fig. 1.5 

When the plastic is stretched (the plastic experiences a strain), the wire will also be stretched.  This 
causes the wire’s length to increase and its cross-sectional area to decrease slightly.  Both these 
changes cause the resistance of the wire to increase. Strain gauges are usually glued very securely to 
the material that is under test. 

The resistance R of a wire of length L and of uniform cross-sectional area A is given by the expression 

R = ρL /A, 

where ρ is the resistivity of the material of the wire. 

Assuming that, when the wire extends by a small amount ∆L, the change in the cross-sectional area is 
negligible, the new resistance will be given by 

(R + ∆R) = ρ(L +∆L) /A, 

where ∆R is the change in the resistance. 

Subtracting these two expressions, 

∆R = ρ∆L /A 

or, 

∆R ∝ ∆L. 

Thus the strain which is proportional to the extension ∆L is also proportional to the change in resistance 
∆R.  Note that the cross-sectional area A is assumed to be constant. 

 (g) Candidates should be able to show an understanding that the output from sensing devices can be 
registered as a voltage. 

In 1(a), it was stated that a sensing device is usually connected to an electrical circuit.  This circuit is 
designed to provide a voltage that will control an output device (see 1(n)(o) and (p)).  

Where a sensing device gives rise to a change in resistance, this change in resistance can be 
converted into a voltage change using a potential divider, as shown in Fig. 1.6. 

 
Fig. 1.6 
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The cell of e.m.f. E and negligible internal resistance is connected in series with a fixed resistor of 
resistance F and the sensing device of resistance R.  The output voltage V is given by 

V = 
RF

R
+

 × E . 

The magnitude of the output voltage V at any particular value of resistance R of the sensing device is 
dependent on the relative values of R and F.  A change in R will give rise to a change in V.  If the 
resistance R decreases, then the output V will also decrease.  However, connecting the output across 
the fixed resistor would mean that V increases when R decreases. 

 (h) Candidates should be able to recall the main properties of the ideal operational amplifier (op-amp). 

In some applications, the change in output voltage from the potential divider (see the section on 28(g)) 
may be small.  Any small change can be amplified using an electrical circuit incorporating an operational 
amplifier (op-amp).   

An operational amplifier is an integrated circuit of about twenty transistors together with resistors and 
capacitors, all formed on a small slice of silicon.  The slice is sealed in a package from which emerge 
connections to the external circuit.  Some of these connections and the op-amp symbol are shown in 
Fig. 1.7. 

 
Fig. 1.7 

When connected to appropriate power supplies, an op-amp produces an output voltage Vout that is 
proportional to the difference between the voltage V + at the non-inverting input and the voltage V – at 
the inverting input. 

Vout = A0 (V + – V –), 

where A0 is the open-loop gain of the op-amp. 

The ideal operational amplifier (op-amp) has the following properties: 

• infinite input impedance (i.e. no current enters or leaves either of the inputs); 
• infinite open-loop gain (i.e. if there is only a very slight difference between the input voltages, the 

output will be saturated - the output will have the same value as the supply voltage); 
• zero output impedance (i.e. the whole of the output voltage is provided across the output load); 
• infinite bandwidth (i.e. all frequencies are amplified by the same factor); 
• infinite slew rate (i.e. there is no delay between changes in the input and consequent changes in 

the output). 

Real operational amplifiers do deviate from the ideal.  In practice, the input impedance is usually 
between 106 Ω and 1012 Ω and the output impedance is about 102 Ω.  The open-loop gain is usually 
about 105 for constant voltages.  The slew rate (about 10 V µs-1) and bandwidth are not infinite. 

 (i) Candidates should be able to deduce, from the properties of an ideal operational amplifier, the use 
of an operational amplifier as a comparator. 

When an operational amplifier is used in a circuit, it is usually connected to a dual, or split, power 
supply.  Such a supply can be thought to be made up of two sets of batteries, as shown in Fig. 1.8. 
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Fig. 1.8 

The common link between the two sets of batteries is termed the zero-volt, or earth, line.  This forms the 
reference line from which all input and output voltages are measured.  Connecting the supplies in this 
way enables the output voltage to be either positive or negative. 

Fig. 1.8 shows an input V – connected to the inverting input and an input V + connected to the non-
inverting input.  The output voltage Vout of the op-amp is given by 

Vout = A0 (V + – V –), 

where A0 is the open-loop gain (typically 105 for d.c. voltages). 

Consider the examples below. 

Example 1: +ve supply line  = +9.0 V 
   –ve supply line  = –9.0 V 
   V +  = 1.4 V 
   V –  = 1.3 V 

Substituting into the above equation, 

Vout = 105 × (1.4 – 1.3) = 10 000 V 

Obviously, this answer is not possible because, from energy considerations, the output voltage can 
never exceed its power supply voltage.  The output voltage will be 9.0 V.  The amplifier is said to be 
saturated. 

 Example 2: +ve supply line = +6.0 V 
   –ve supply line = –6.0 V 
   V + = 3.652 V 
   V –  = 3.654 V 

Substituting, 

Vout = 105 × (3.652 – 3.654) = –200 V 

Again, the amplifier will be saturated and the output will be –6.0 V. 

The examples show that, unless the two inputs are almost identical, the amplifier is saturated.  
Furthermore, the polarity of the output depends on which input is the larger.   

If V – > V +, the output is negative. 

The circuit incorporating the op-amp compares the two inputs and is known as a comparator. 

A comparator for use with an LDR is shown in Fig. 1.9. 
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Fig. 1.9 

It is usual to connect a potential divider to each of the two inputs.  One potential divider provides a fixed 
voltage at one input while the other potential divider provides a voltage dependent on light intensity. 

In Fig. 1.9, the resistors of resistance R will give rise to a constant voltage of ½VS at the inverting input.  
The LDR, of resistance RLDR is connected in series with a fixed resistor of resistance F. 

If RLDR > F (that is, the LDR is in darkness), then V + > V – and the output is positive. 

If RLDR < F (that is, the LDR is in daylight), then V + < V – and the output is negative. 

It can be seen that by suitable choice of the resistance F, the comparator gives an output, either positive 
or negative, that is dependent on light intensity.  The light intensity at which the circuit switches polarity 
can be varied if the resistor of resistance F is replaced with a variable resistor. 

The LDR could be replaced by other sensors to provide alternative sensing devices.  For example, use 
of a thermistor could provide a frost-warning device. 

 (j) Candidates should be able to show an understanding of the effects of negative feedback on the 
gain of an operational amplifier. 

The process of taking some, or all, of the output of the amplifier and adding it to the input is known as 
feedback.  The basic arrangement is illustrated in Fig. 1.10. 

 
Fig. 1.10 

A fraction β of the output voltage of the amplifier is fed back and added to the input voltage. 

The amplifier itself amplifies by an amount A0 whatever voltage is present at its input. 

The output voltage Vout is given by 

   Vout = A0 × (input to amplifier) 

    = A0 × (Vin + βVout). 

Re-arranging, Vout (1 – A0β) = A0 × Vin. 

The overall voltage gain of the amplifier with feedback is then given by 
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If the fraction β is negative, then the denominator must be greater than unity.  This produces an 
amplifying system with an overall gain that is smaller than the open-loop gain A0 of the op-amp itself.  
This can be achieved by feeding back part of the output to the inverting input, as illustrated in Fig. 1.11. 

 
Fig. 1.11 

Although negative feedback may seem to make the process of amplification rather fruitless, there are 
some important reasons for using negative feedback.  The reduction in amplification is a small price to 
pay for the benefits.  These benefits include 

• an increase in the range of frequencies over which the gain is constant (increased bandwidth), 
• less distortion, 
• greater operating stability. 

 (k) Candidates should be able to recall the circuit diagrams for both the inverting and the non-inverting 
amplifier for single signal input. 

 (l) Candidates should be able to show an understanding of the virtual earth approximation and derive 
an expression for the gain of inverting amplifiers. 

 (m) Candidates should be able to recall and use expressions for the voltage gain of inverting and of 
non-inverting amplifiers. 

In order to simplify the analysis of the circuits, the power supplies to the op-amps have not been shown.  
It is assumed that the op-amps are not saturated. 

 The inverting amplifier 

The circuit for an inverting amplifier is shown in Fig. 1.12. 

 
Fig. 1.12 

An input signal Vin is applied to the input resistor Rin.  Negative feedback is applied by means of the 
resistor Rf.  The resistors Rin and Rf act as a potential divider between the input and the output of the op-
amp. 

In order that the amplifier is not saturated, the two input voltages must be almost the same.  The non-
inverting input (+) is connected directly to the zero-volt line (the earth) and so it is at exactly 0 V.  Thus, 
the inverting input (–) must be virtually at zero volts (or earth) and for this reason, the point P is known 
as a virtual earth. 

The input impedance of the op-amp itself is very large and so there is no current in either the non-
inverting or the inverting inputs.  This means that the current from, or to, the signal source must go to, or 
from, the output, as shown in Fig. 1.13. 
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Fig. 1.13 

Because the inverting input is at zero volts, a positive input gives rise to a negative output and vice 
versa.  This is why the arrangement is given the name inverting amplifier. 

Referring to Fig. 1.12, since the input resistance of the op-amp is infinite, 

current in Rin = current in Rf 

and 
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where Rin and Rf are the resistances of Rin and Rf respectively. 

The potential at P is zero (virtual earth) and so 
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The overall voltage gain of the amplifier circuit is given by 
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 The non-inverting amplifier 

The circuit for a non-inverting amplifier incorporating an op-amp is shown in Fig. 1.14. 

 
Fig. 1.14 

The input signal Vin is applied directly to the non-inverting input.  Negative feedback is provided by 
means of the potential divider consisting of resistors R1 and Rf. 

The voltage gain of the amplifier circuit is given by  
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where R1 and Rf are the resistances of R1 and Rf respectively. 

The non-inverting amplifier produces an output voltage that is in phase with the input voltage. 
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 (n) Candidates should be able to show an understanding of the use of relays in electronic circuits. 

Circuits incorporating op-amps produce an output voltage.  This output voltage can be used to operate 
warning lamps, digital meters, motors etc.  However, the output of an op-amp cannot exceed a current 
of more than about 25 mA.  Otherwise, the op-amp would be destroyed.  In fact, op-amps generally 
contain an output resistor so that, should the output be ‘shorted’, the op-amp will not be damaged.  In 
order that electronic circuits may be used to switch on and off appliances that require large currents to 
operate them, a relay may be used. 

A relay is an electromagnetic switch that uses a small current to switch on or off a larger current.  The 
small current energises an electromagnet that operates contacts, switching on or off the larger current.  
The symbol for a relay is shown in Fig. 1.15. 

 
Fig. 1.15 

The connection of a relay to the output of an op-amp circuit is shown in Fig. 1.16. 

 
Fig. 1.16 

The diode D1 conducts only when the output is positive with respect to earth and thus the relay coil is 
energised only when the output is positive.  When the current in the relay coil is switched off, a back 
e.m.f. is generated in the coil that could damage the op-amp.  A diode D2 is connected across the coil to 
protect the op-amp from this back e.m.f. 

 (o) Candidates should be able to show an understanding of the use of light-emitting diodes (LEDs) as 
devices to indicate the state of the output of electronic circuits. 

A light-emitting diode (LED) is a diode that emits light only when it is forward biased.  The symbol for an 
LED is shown in Fig. 1.17. 

 
Fig. 1.17 

LEDs are available that emit different colours of light, including red, green, yellow and amber.  They are 
commonly used as ‘indicators’ because they have a low power consumption.  Furthermore, since LEDs 
are solid-state devices, they are much more robust than filament lamps. 
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A resistor is frequently connected in series with an LED so that, when the LED is forward biased (the 
diode is conducting), the current is not so large as to damage the LED.  A typical maximum forward 
current for an LED is 20 mA.  Furthermore, the LED will be damaged if the reverse bias voltage exceeds 
about 5V. 

Fig. 1.18 is a circuit using two diodes to indicate whether the output from an op-amp is positive or 
negative with respect to earth. 

 
Fig. 1.18 

When the output is positive with respect to earth, diode D1 will conduct and emit light.  Diode D2 will not 
conduct because it is reverse biased.  If the polarity of the output changes, then D2 will conduct and emit 
light and D1 will not emit light.  The state of the output can be seen by which diode is emitting light.  The 
diodes can be chosen so that they emit light of different colours. 

 (p) Candidates should be able to show an understanding of the need for calibration where digital or 
analogue meters are used as output devices. 

An LED may be used to indicate whether an output is positive or negative.  If the output is from a 
comparator, then LEDs can give information as to, for example, whether a temperature is above or 
below a set value.  However, the LED does not give a value of the temperature reading. 

Many sensors, for example, a thermistor or an LDR, are non-linear.  It was seen in 28(g) that the sensor 
could be connected into a potential divider circuit so that the output of the potential divider varied with 
some property, for example temperature or light intensity.  This variable voltage could be measured 
using an analogue or a digital voltmeter. 

The reading on the voltmeter would vary with the property being monitored.  However, the reading on 
the voltmeter would not vary linearly with change in the property.  In order that the property can be 
measured, a calibration curve is required. 

The reading on the voltmeter is recorded for known values of the property X.  A graph is then plotted 
showing the variation with the property X of the voltmeter reading.  The value of the property X can then 
be read from the graph for any particular reading on the voltmeter. 
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