The transistor
A transistor is, like the diode, a semi-conductor. An “npn transistor” consists of three layers of semi-conducting material an n-type / p-type/ n-type and thus has 2 junctions. These transistors are called npn transistors. There are a myriad of different types of transistor.

An NPN transistor is a device that may be best thought of as a voltage controlled resistor. It has three terminals called the base, collector and emitter. When there is no voltage and hence no current on the base, the collector and emitter circuit have a very high resistance and hence do not conduct. When there is a sufficiently large voltage on the base, typically in excess of 0.7 V, this causes the collector-emitter circuit to conduct. That is the resistance of the collector-emitter circuit falls drastically. In this way the transistor’s ability to conduct is controlled by the voltage applied to the base.

A useful analogy is a tap. A small effort to turn the tap handle can yield a large flow of water, provided the pressure of the water before the tap is large.
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The transistor has properties very similar to a diode except that the RCE is controlled by the voltage Vbase. The graph which most appropriately describes the behaviour of a transistor is the one shown below. The input voltage is Vbase. The output voltage is the voltage VCE. Because a transistor is run in series with a second resistor the same voltage divider concept that is used throughout the course is effective in understanding the action of a transisitor.

In essence the transistor is
1) a voltage controlled ON of OFF switch or

2) between a specified range of input voltages, an amplifier.

A typical Vouput vs Vinput for a transistor is like the graph shown below. This graph is sometimes referred to as a transfer curve and arises when a transistor is in, yes you guessed it, a potential divider circuit.


[image: image2.wmf] 

V

out

 

V

in

 

6.0 V

 

@

1 V

 

The slope allows the 

device to act as a 

voltage amplifier. In 

this case an 

INVERTING amplifier 

because of the negative 

gradient whose 

steepness exceeds one.

 

@

1.2 V

 

quiescent point of amplifier

 

(1.1, 3.0) in this case

 


A circuit like the one in the diagram below is sufficient to allow the measurement of a transfer curve.
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For this circuit the input voltage can vary from 0 to the supply voltage and the output can also vary from approximately 0 to approximately the supply voltage.

In this course, the transfer curves for transistors maybe redrawn to look like the curves below. For a given input voltage there is an output voltage. If the input voltage varies sinusoidally then the output voltage will vary sinusoidally as well. However the output amplitude will be much greater than the input amplitude and thus the system acts as a voltage amplifer of the input signal.
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The first graph is a transfer curve for for an INVERTING AMPLIFIER whose gain is -10. 

The second graph is a transfer curve for a NON-INVERTING AMPLIFIER whose gain is +20.

The voltage gain of an amplifier is equal to the gradient of the transfer curve.
The voltage gain is also equal to  
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The circuit below is a typical single transistor amplifier circuit. Note the transistor is connected in series with resistors and they form a potential divider circuit.

There is also a potential divider circuit on the input side of the transistor which plays an important role that we will look at first.
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For a transistor to act as an amplifier the input signal needs to be biased so that the transistor is at the quiescent point when the signal input is 0 V.

In the above circuit, a 6.0V supply across the input voltage divider circuit consisting of 5 kΩ and 2000 Ω would create an input voltage of 6 × 2000/7000 = 1.71 V. This would be too high for the quiescent point on the transfer curve above.
The word “biased” means to add a DC voltage to a signal.
Question: How could we modify the above circuit to obtain a quiescent point of 1.1 V?

Answer: Lower the 2000 Ω resistor to a new value such that Voutput = 1.1 V instead of 1.71 V.

Question How do I calculate this?

Answer: Using the potential divider equation

With Voutput = 1.1 V, Vsupply = 6.0 V and RU = 5000 Ω.

1.1 = 
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1.1 × (5000 + RL) = 6RL
5500 + 1.1RL = 6RL

4.9RL = 5500 and thus RL = 1122 Ω

Question: What are the capacitors used for on the input and output side of the amplifier?

Answer : Capacitors have the ability to block DC voltage and transmit AC voltage. That is, using mathematical symbols f(t) + c passed through a capacitor gives an output of f(t)
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Thus an input signal of the form 0.1sin20t + 4 (amplitude = 0.1 V, period = 2π/20 = 0.314 second and 4 volt DC level when passed through a capacitor would output 0.1sin20t.

Having set the input potential divider to have an output of 1.1 volts the input signal can be added to this to give the input voltage to the base of the transistor as 0.1sin20t + 1.1 V. The input signal would now vary between 1.0 and 1.2 V and thus in accordance with the transfer curve the output voltage would vary between 6.0 and approximately 0.0 V [typically this is 0.7 V]. The output has a peak to peak value of about 6.0 [typically 5.3 V] and the input had a peak to peak value of 0.20 and thus the voltage amplification is roughly 5.3 ÷ 0.2 = 26.

The output capacitor is there to remove the 3.0 V DC level produced by the system running at the quiescent point of input = 1.1 V and output = 3.0 V

Clipping distortion due to incorrect biasing or too large an input signal
Like all devices, amplifiers have limitations and a correct operating state. Consider an idealised transfer curve for an amplifier shown below. The supply voltage is 10 V, quiescent point is (1.5, 5.0) and the gain is +10. The amplifier is a non-inverting amplifier. For the system to act correctly as an amplifier with gain +10, input voltages must lie between 1.0 and 2.0 V. You would set the input side voltage divider to give a 1.5 V bias to the input signal.
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You would make sure that the amplitude of the signal was less than 0.50 V. Thus the input signal would always lie between 1 and 2 volts centred on 1.5 V. The output voltage would be centred on 5 V and varying between 0 and 10 V.

Any input voltage below 1 volt would always yield a 0 V output and any input voltage above 2 V would always yield a 10 V output. Under these circumstances the output voltage is no longer a linear function of the input voltage and hence distortion results. This type of amplitude distortion is known as clipping. You hear it when you turn your audio amplifier up to high or if the input signal has too large an amplitude. The sound is scratchy are sharp. Basically the shape of the output signal is sinusoidal for a sinusoidal input but the top and the bottom, the crests and the troughs of the signal are flattened off.

The circuit below was used to demonstrate a non-clipped and clipped output.

A 10 Hz sinusoidal signal is added to a input voltage of 12 × 1750/21750 = 0.96 V. In the first diagram the amplitude of the 10 Hz signal is 0.1 V and no clipping is evident on the output voltage. In the second diagram the amplitude of the input voltage is increased to about 0.90 V and this causes the output voltage to be clipped both top and bottom.


[image: image10.emf] 



[image: image11.emf] 



[image: image12.emf] 


In the first diagram a sinusoidal input of amplitude 0.10 V gives a sinusoidal output voltage of amplitude 4.5 V. In the second diagram the input voltage amplitude has been increased to 0.90 V and the output voltage is now clipped at the top and the bottom of the signal.

If the quiescent point is moved up then the top of the output signal can be clipped with the bottom okay and vica-versa for a non-inverting amplifier.

We can also talk about the current gain in an amplifier circuit. The current gain is defined as the collector-emitter current divided by the base current.

Current gain = 
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This number is typically 100 or so, that is the collector current is about 100 times the base current. An important outcome resulting from this is that the output voltage from an amplifier circuit is given by the expression:
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 for a amplifier circuit consisting of a transistor in series with a collector resistor, as is often the case.

For example, if we consider the circuit below and state that the current gain is 100 then a 20 µA current on the base will yield a 2.0 mA current in the collector resistor and through the transitor. 
A 0.20 mA current through a 390 Ω resistor requires voltage drop of 0.78 V and hence the output voltage would be 8 – 0.78 = 7.12 V.
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Phototransistors – light activated switches
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The phototransistor only has two terminals – the collector and emitter. The base as an electrical terminal is absent in a phototransistor, but the input of light on an active surface is used to generate a base current which in turn controls the conductivity of the collector-emitter circuit. The device is a light intensity controlled resistor similar to the LDR except with transistor switching action. The output current of the device ICE is proportional to the input light intensity making the phototransistor ideal as an optical-electrical transducer.

Below is a circuit, again a voltage divider circuit with a phototransistor.
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In the circuit above, with no light available the resistance of the collector-emitter would be very high and hence Voutput would be low. When light is absorbed by the phototransistor, there would be a base current and this would cause the transistor to conduct, that is lower the resistance and hence the output voltage of the divider would drop. You could swap the phototransistor and the resistor to obtain the opposite result.

Current amplification – using a phototransistor 

Consider the circuit below.
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Vsupply = 9.0 V, R = 10 kΩ and the base current to the phototransistor is 1.5 µA due to light striking the device and the output voltage is Voutput = 4.0 V.

Question: Determine the current gain of the phototransistor.

The current gain is defined as the collector-emitter current divided by the base current.

Current gain = 
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We know that IB = 1.5 µA.

The current ICE = the current through the resistor = 
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 since there is a 4.0 V drop across the 10 kΩ resistor. ICE = 
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= 0.4 mA = 400 µA.

Thus the current gain is 
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In practice the current gain of an ordinary npn transistor is about 100. That is the current in the collector emitter circuit is typically 100 or so times bigger than the current in the base. This typical number depends on the resistance Rc used.
By Murray Anderson
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