









Section 5:
The Bipolar Transistor and Signal Amplification




The Bipolor Transistor:

The NPN and PNP transistors that we’ve worked with so far are of the bipolar type.  Other types of transistor are field effect transistors, which break down into subtypes such as JFETs MOSFETs and IGFETs.  All of these can be found on Wikipedia.  The JFET is used in the electret microphone to give it its current regulating properties.

The following model is reasonable for the internal operation of an NPN bipolar transistor:
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In the model, the base is connected to the emitter with a diode.  Between the collector and the emitter, there is a current-controlled current source.  The current flowing into the collector is larger than the current flowing in the base by a factor of β, which is a value that is specific to the transistor, but is typically between 60 and 200.  The fact that β is large gives the transistor its potential for amplification; a small current flowing in the base is capable of controlling a larger current flowing in the collector.

The model isn’t perfectly accurate in a few respects.  First, the transistor can only consume power, and cannot produce it.  This means that the current source cannot be a power source, it must be a power sink, and so the model is only valid when the collector voltage is higher than the emitter voltage (if the reverse were true, then the current source would be sourcing power).

Second, the collector current is not entirely independent of the collector-emitter voltage, as is suggested by the diagram.  In fact, the current increases slightly with increased collector-emitter voltage.  This could be accounted for by placing a resistor in parallel with the current source, but this would complicate the model, and isn’t done in this section.

The characteristics of the base-emitter junction are the same as that of the diode looked at in Section 3.  The voltage across the diode increases in a roughly logarithmic manner with current.  This means that for a large enough base current, the base-emitter voltage is roughly constant, and this also means that in any range, a small percent change in the base current will have a small effect on the base-emitter voltage.  For these reasons it’s often useful to replace the diode with a constant voltage source:


[image: ]
The above model is easy to work with in calculations, but it’s important to know where it deviates from reality.  All of the deviations discussed earlier relating to the current controlled current source still apply.  The voltage source at the base has similar caveats; it cannot source power, it can only sink it, so the base voltage must be higher than the emitter voltage.  Also, it is not a perfect constant voltage source, but in fact the voltage changes with the base current.

For relatively large values of iB, vBE will be around 0.7 V.  It will be less for small currents.

To do:
· Consider the following circuit:
[image: ]
This circuit is meant to represent a generic emitter follower circuit, where vin is a (possibly time-variant) voltage source, and RL is a resistive load.  Replace the transistor with the last model, and analyze the voltages and currents in the circuit.  In particular, find the voltage across the load, and determine the ratio between the current delivered to the load and the current supplied by the source vin. (Hint: your answers will be in terms of circuit parameters like RL, vin, β, etc.)  Assume that vin is less than the supply voltage Vss.
· Replace the single transistor with a Darlington pair.  How does this affect circuit properties such as the load voltage and the input current? 

Common Emitter Amplifier:

So far, we’ve looked at the transistor used as an emitter follower.  In the emitter follower, the input voltage is duplicated (minus the base-emitter voltage) at the output, the benefit is that the output current can be much greater than the input current.  But because the voltage isn’t multiplied, the emitter follower demonstrates no gain.

In order to have gain, a different configuration is necessary.  A circuit of the following form is the solution:
[image: ]

In order to understand this circuit, it is useful to ignore the vout label, and imagine that Rc is replaced by a short circuit.  If we make these changes, then the circuit becomes a simple emitter follower, with the load resistance replaced with RE:
[image: ]
From study of the emitter follower, we know that the emitter voltage vE is equal to the input voltage less the base-emitter voltage drop, or vE = vIN – vBE.  Because the resistance at the emitter is known, the emitter current can be computed by Ohm’s law: .  We also know that in the emitter follower, only a tiny fraction of the current that comes out the emitter comes from the base.  Because the rest comes from the collector, we can make the approximation that the collector current is equal to the emitter current, or iC ≈ iE.

Now we add the collector resistor RC back to the circuit.  Provided certain constraints on the input voltage of the circuit, none of the previous computations change, and the voltage drop across the collector resistor can be computed from Ohm’s law: vRC = iC × RC.  Now the voltage VOUT can be computed; VOUT is equal to the source voltage VSS minus the voltage across the resistor RC.

To do:
· Use the above reasoning to come up with an expression for vOUT in terms of vIN.  The expression will involve other circuit parameters as well.
· Confirm that the expression that you came up with is linear in vIN.  Find the slope (this should be in terms of circuit parameters).

The slope should be the ratio .  The negative sign indicates that the amplifier is inverting, the magnitude of this ratio is the gain.  So from this we know if, for example, an emitter resistor were chosen that was three times larger than the collector resistor, the output signal would be three times larger than the input signal, and inverted as well.

This last analysis only applies if the input voltage meets certain conditions.  First, if the input voltage is too small to forward bias the transistor (i.e., vIN is less than vBE) then no base current will flow, no collector current will flow, and so the output voltage will be equal to the supply voltage.  Thus, one constraint is that the output cannot be larger than the supply voltage, which is equivalent to saying that the input voltage cannot be smaller than vBE.

The second condition is that if the input voltage is too high, then at a certain point the collector current cannot be β times the base current unless the voltage rises from the collector to the emitter.  Because this is impossible, the minimum output voltage is found by setting the collector-emitter voltage across the transistor to zero, and doing a voltage divider calculation with RC and RE.  This imposes a maximum on the input voltage; the higher the gain, the lower the maximum.



To do:
· Build the following common emitter amplifier circuit driven by an audio signal generator:
[image: ]
Use the amplifier resistors RC = 22kΩ and RE = 10kΩ, and choose bias resistors R1 = 4.7kΩ and R2 = 1.0kΩ.
· Connect an oscilloscope to vOUT, and observe the waveform there.  Vary the amplitude of the audio signal generator, and observe what happens to the output waveform. (Hint: as the input signal gets large, you should see distortion at the output)
· Based on the choices of RC and RE, by what factor should you expect the output waveform to be larger than the input waveform?  Use the oscilloscope to measure the waveform at the transistor base and compare this to the output waveform to confirm your prediction.
· If the audio signal generator had no output resistance, what would you expect the average voltage at the transistor base to be? (Hint: This involves R1 and R2 as a voltage divider)  Now use a DC voltmeter to measure the voltage at the transistor base.  Use this reading to estimate the output resistance of the audio signal generator.
· If the bias transistor values are changed, the DC levels at the transistor base will be changed, and the signal will oscillate about a different point.  What would you expect to happen if R1 were increased?  What if R2 were increased?  Try increasing R1 to 10kΩ and observe the output and the amplitude of the audio generator is varied.  Now replace the old R1 and increase R2 to 2.2kΩ, and observe what happens at the output as the input amplitude is increased.
· Alter the RC and RE resistors to increase the gain to 10.  Measure the output with the oscilloscope and see if your circuit works (Hint: you’ll probably have to alter the bias resistors R1 and R2 as well).


The Differential Amplifier and the Emitter Coupled Pair:

A differential amplifier is an amplifier with two inputs.  The output of the amplifier depends on the difference between the voltages at the inputs.  Amplification is achieved when a small change in the difference between the two inputs results in a large change in the voltage at the output.  The 741 op amp IC is an example of a differential amplifier.

A minimal differential amplifier can be made with bipolar transistors using the concepts we’ve studied so far.  The key is a pair of transistors with the emitters connected; a pair like this is called an emitter coupled pair.  A basic emitter coupled pair circuit is illustrated here:

[image: ]
The features to notice are that the two transistors are connected at the emitter, and they share an emitter resistor.  The configuration is similar to that of an emitter follower, and under most conditions, only one transistor will be providing current to the resistor at a time; the transistor with a base at the higher potential.  This is the key to the differential amplifier action; the transistor providing current switches rapidly from one to another, so that small changes in the difference between the potentials at the inputs cause large changes in current.

A resistor can be added to one of the collectors to create a voltage output:
[image: ]
As vIN2 moves above vIN1 in voltage, the transistor on the right takes over delivering current to the resistor RE, and voltage drops across RC.  On the other hand, vIN2 moving below vIN1 causes the transistor on the right to “take over” the job of delivering current to RE, and so the current through RC drops to zero, and the voltage at the output moves up to supply voltage.  This tendency for the output voltage to change rapidly depending on the difference of the input voltages creates the differential amplifier action.

To do:
· Design and build a differential amplifier test circuit that demonstrates the differential amplifier action as shown above, possibly using voltmeters and potentiometers.
· Design and build a differential amplifier circuit that is connected to a microphone or audio signal generator (choose one) at one input and a potentiometer at the other output, and can amplify the audio signal, displaying the output on an oscilloscope.  (Hint: you may have to use emitter coupled pairs in place of transistors in the practical design)
image6.png
co g

Vss Vss
R, =R
T =%yt
Ry X
L





image7.png
Vs

vz

T &

=R





image8.png
Vs

RC

vz

T &





image1.png
iy




image2.png




image3.png
Vi
SS





image4.png




image5.png
input voltage applisd

here \

e

emitter resistor in place
of resistive load




