Laboratory Exercise 4 –Transistors

Transistors are so ubiquitous in scientific instrumentation that we sometimes think that this was always the case. Actually they are a relatively recent innovation. You will see transistors in their “raw” form in this lab and in some instruments, but there will be a lot more of them that you don’t see explicitly. The ICs (integrated circuit chips) that we use in this lab each have several to many transistors inside. Transistors are used in practically everything these days from cars to toasters to scientific instruments and computers. Sometimes millions of transistors are packed onto tiny chips of silicon smaller than a postage stamp. It’s an amazing phenomenon. 
We will only spend about one lab period looking at simple transistor circuits that are common in scientific applications. This experience may leave you feeling cold, like you don’t really understand how transistors work, or how you would go about designing circuits using them. That’s o.k. though; this lab is about being able to make use of electronics, not about learning circuit design. Typically, electronics engineers spend many weeks to whole quarters/semesters learning all of the ins and outs of designing transistor circuits. Transistors are actually families of intricate devices that all have some desirable and some undesirable characteristics that tend to be individual device specific. There are innumerable ways to arrange transistors and the associated passive components to produce different combinations of good and bad behavior. We’ll try to identify the important characteristics that are common to most transistors and look at a few transistor circuits that are often used in the lab and in instruments. Then we’ll focus in the next couple of labs on the operational amplifier (or op amp) that allows us to really do a lot of good work without knowing as much about the specific devices or how they work. 

Common uses of discrete transistor circuits in chemistry

Transistor as amplifier – current amplification (usually for high currents)
Transistor as switch – high speed, high current, high voltage switches

Diode analogy

Diodes are semiconductor devices with a single p-n junction. Bipolar transistors have one more layer that sandwiches one of the other two. This forms the NPN or the PNP combinations, both of which are used, depending on the application. In the lecture, you will learn that bipolar transistors are only one type of transistor. The other common types are junction field effect transistors (JFETs) and metal oxide semiconductor - field effect transistors (MOS-FETs). These names indicate the differences in construction between the types and the characteristics that you should expect from each. To a reasonable level of approximation (since we are glossing over lots of details anyway) you can treat all three types similarly in circuit design. As we will see, the different types of transistors have different (but similar) circuit symbols and different names for their three contact points, or electrodes. 
The middle of the sandwich, called the base in bipolar transistors, forms two semiconductor junctions, one with the emitter electrode, and one with the collector. The transistor thus looks like two diodes joined back to back. 
Concept Question 1 – What voltage drop do you expect across a forward biased transistor junction?

“Circuit” Exercise 1 – Again, we’ll start with an easy one. Take one of the 2N3904 transistors and use the diode test function of the DMM to verify that each side of the transistor involves a diode-like junction. Measure the diode voltage from base to emitter (and vice versa) and from base to collector. For the 2N3904 (and most transistors) the base is the contact in the middle. 
Is the transistor symmetric?  (Is the voltage drop across each half of the semiconductor “sandwich” the same?)  
If not, which side shows the bigger drop?

That’s it for the similarities between diodes and transistors. As we shall see, the differences are much greater.

Amplification

A key strength of transistors in scientific applications is that they can produce amplification, adding power to a signal from an external source. This makes them our first active circuit element. Amplifiers may either increase voltage or current (P = I V) or both and they may act on both the time varying (AC) and time invariant (DC) part of the signal or we may choose to amplify only one of the frequency components. Transistors (and all other amplifiers, including the widely used op amps) do not violate the first law of thermodynamics (whew!) They do not create power from thin air; they regulate the output from some other (external) power source to create a “copy” of the input signal that carries more power. This is always done at the cost of total power, and the margin is provided by the external power supply, with the waste power showing up as heat. A nice analogy provided in the text is a valve on a pipe running from some source to the output. By opening or closing the valve, we can control the big powerful stream. We just have to figure out how to let the signal control the valve. In bipolar transistors, current opens the valve; while in field effect transistors (JFETs and MOSFETs) voltage may open or squeeze off the channel. This idea of a variable resistance to the main flow is the origin of the word transistor which literally means variable resistor.

Linked Element Impedances 

In order to put together circuit elements (or circuit “blocks” containing multiple elements) to form larger and more complex circuits, while maintaining the assumption of independent behavior of each part, the impedance into the second element in series has to be greater than the impedance out of the first. This is most obviously true if the objects are in parallel and are both ground referenced, but it is a general feature of modular circuit design. It is a very important concept, so if it isn’t clear to you at this point in the class, you should flag down the instructor and ask for clarification. Otherwise the next few labs that we will do will be more of a mystery than they really should be. In simple resistor networks, this meant that a big resistor had to be used to measure a small one, like the big input resistance of the DMM used to avoid loading the circuit being tested. Wouldn’t it be great if circuit elements could have big input impedance (termed Zin) but small output impedance (Zout)?  Then we could assume that each part of the circuit does its required job, independent of what the others are doing. That’s another way of looking at what a transistor, or any other amplifier, really does. The input impedance is one of the most important operational differences between bipolar transistors and the other types, which have large (JFET ~ 1 - 10 MΩ) or very large (MOS-FET > 100 MΩ) input impedances. 
Concept Question 1 – What voltage amplification (gain) is produced when a 0.5 Vpp sine wave is fed to a transistor circuit and the output is observed to be a 3.6 Vpp sine wave?

What current amplification is produced if a 0.5 Vpp sine wave is fed to a transistor circuit and the output of the circuit is still 0.5 Vpp but the input resistance to the circuit is 100 K( and the output is only 100 (?

What is the power amplification when a 0.5 Vpp sine wave is fed to a transistor circuit with an input resistance of 100 K( and an output impedance of 100 ( where the output is a 3.6 Vpp sine wave?  
[image: image1.png]23904

Scope




Circuit Exercise 1 – (Living a little dangerously here, we are going to put together an amplification circuit and then figure out how to analyze its behavior. Hopefully we’ll have talked about transistors in class by the time you start this).  We’re going to build a circuit called the common-emitter amplifier using a bipolar transistor. It is designed to amplify AC signals. We will feed it with the function generator (FG) set on low amplitude because the gain of the circuit should make the output larger. We will be observing the output with the oscilloscope as shown; but as usual, you should also monitor the input at the function generator with the other scope probe, so you can see the effect that the circuit has. This is the most complex circuit we have built so far, so be careful about all the connections. Transistors can be finicky and won’t behave correctly if they are “hooked up” wrong. Build the circuit below on the breadboard and monitor the input (at the FG) and the output with the scope. Don’t worry if you can’t find the exact components listed here, just try to get close. Use a sine wave input with a frequency in the kHz range and amplitude of about 1 Vpp. If the output is clipping (flat top peaks) try turning the function generator amplitude down.

How big is the AC voltage (Vpp) gain?

Is the output signal symmetric about ground?  (If not, the DC offset is called the quiescent voltage, and the current that flows is likewise called the quiescent current).
Is there a phase shift between the input and output waveforms and if so, how big is it?

Now we’ll go to work analyzing this circuit. We’ll use both the simple and very simple views of the transistor from Hayes and Horowitz. In the simple view, we use the current amplification property of the transistor, termed beta, so IC = ( IB, where IC and IB are the currents flowing in the collector and base of the transistor, respectively. The maximum value of beta is nearly constant for a given type of transistor, but varies from transistor to transistor. In the very simple view, we don’t even worry about beta (although we acknowledge it’s there) and we just make the following approximations: 1) VBE = 0.6 V, where VBE is the voltage drop from base to emitter, and 2) IC = IE, where IC and IE are the currents flowing in the collector and emitter, respectively. Since the junction in the NPN transistor between the base and emitter is a diode junction, we don’t find it surprising that the voltage drop is about 0.6 V for any reasonable amount of current flowing through this junction. The second assumption makes sense at least, in terms of our model that the real current out comes from the collector and goes out the emitter. If beta is 100 (a typical value) then the second assumption is only in error by 1%, right?
In the simple view our AC coupled common emitter amplifier takes the time varying current signal that comes into the base and turns it into a much bigger (but similar) time varying current flowing into the collector. Since that amplified time varying current is flowing through the resistor between the +15 V supply and the collector, this corresponds to a known (through Ohm’s law) voltage drop, which allows the voltage at the output to be calculated at any time. Clearly, the voltage amplification observed is related to the gain of the transistor, beta, and the choice of the resistor above the collector (RC). Not so obviously, the voltage gain also depends on the choice of the resistor between the emitter and ground (RE), which the very simple view does a better job of describing. 
In the very simple view we start with the time varying voltage at the base, centered at about 1.5 V (do you see why?) This voltage is transmitted through to the emitter, less the 0.6 V of the diode drop, so a nearly equivalent time varying voltage is present at the emitter. The emitter has to be lower in voltage than the base by at least the 0.6 V, or this circuit won’t work. That’s the purpose of the voltage divider that holds the base at a positive voltage. This system has to be “stiff” enough to hold the base up above ground, but not so stiff that it impedes the signal (an AC voltage “wiggle” at the base).  Since the current out of the emitter has to be equal to the current into the collector (assumption 2 above) that current has to be coming from the +15 V power source through Rc into the collector, through the transistor and out the emitter, and finally through the emitter resistor to ground. When the voltage at the base goes up or down, the voltage at the emitter follows it, causing the current out of the emitter to vary in time. This same variation is observed in the current flowing into the collector (IC = IE) which flows through the collector resistor, and thus the voltage at the output moves around depending on the voltage drop imposed by (15 V – IC RC). This also explains why the signal “flips over” or inverts with respect to the input. 
Practical Considerations
1. An important point that comes out of either version of the analysis is that the voltage gain is proportional to the value of the collector resistor. (That’s true because the bipolar transistor operates on current and if you make a small current flow through a big resistor that is a big voltage difference).  The bad thing about this arrangement is that the output impedance of the transistor amplifier is also equal to RC. So we are left with the standard dilemma, we need low output impedance to construct circuit elements (in this case amplifiers) that are independent of the details of the circuit downstream, but this leads to smaller gain in the amplifier.

2. It is probably apparent that the emitter resistor is costing us gain too. If this resistor weren’t there, what would the current be out the emitter? (Oops, no resistance = infinite current?  No, the base to emitter junction actually possesses a small resistance, referred to as re, so the current isn’t infinite). Unfortunately, this would put the quiescent voltage very near the lower voltage rail (ground) of the amplifier, and it would only work as a one sided amp. 
3. There are other subtleties involved in designing these circuits, so “winging” it doesn’t usually work out very well. If you want to use a transistor circuit, at least base it on something that is known to work.

The Follower

The next circuit we are going to look at is the voltage follower (there will be an op amp analog down the road a bit too). At first, its function may be something of a mystery, since it doesn’t seem to do anything to the signal. But this is a very useful circuit in real-life applications where the devices around it do not possess ideal impedance characteristics (i.e., Zout = 0, Zin = ( ). And recall that we already justified that you can get power gain without voltage gain if you change the apparent impedance characteristics of the signal source. The idea here is to take a signal from a source with a higher than desired output impedance and create a copy of the signal that comes from a low impedance output.

Concept Question 2 – What voltage amplification (gain) would be produced by the ideal follower?

What phase shift would the ideal follower produce in the output signal, relative to the input?
Circuit Exercise 2 – We’re going to build a circuit called the emitter follower. This one operates from a single power supply, and hence is called a single-supply follower. We know that we aren’t allowed to let the output be very near one of the rails (power supply voltage or ground) so the output is going to be floated as it was in the amplifier above. In that sense, the output may not be an exact copy of the input. There will be other aspects of this circuit that are non-ideal, but the quiescent voltage would be pretty easy to fix, using a negative power supply instead of ground on the emitter. Since we are mostly interested in the AC part of the signal, the DC offset is not really a problem. Put together the circuit shown below, and drive the input with a small sine wave from the function generator (~1 Vpp, 1 kHz). Again trigger the scope off the input signal and monitor both the input and output signals on the scope. Because of the big DC offset voltage on the output, it might help to look at this trace in the AC coupled mode.
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Does the follower do a good job of reproducing the input signal?  Note any problems that you see.

Try increasing the output of the function generator. Do you start to see clipping?  If so, is the clipping symmetric?  (That is, does it show up on the top and bottom of the signal at the same amplitude?  An ideal amplifier or follower shows symmetric clipping, if any). 

Try walking through the analysis of this circuit using the simplest view from above. (Use your owns words to describe the circuit analysis.)
What’s wrong with throwing away the input coupling capacitor and following a DC signal this way?  (Hint: what happens to the biasing scheme for the base?) 

Other Basic Transistor Circuits

In the interest of time, we won’t build the other two most common basic transistor circuits, the Current Source and the Switch. The diagrams for these two circuits are given below and we can at least think about how they work. 
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The Current Source – The base current is fixed. The simple view says the collector current IC has to be beta times the base current, so the collector current, which is flowing through the top circuit, is also fixed at IC = ( IB . Whatever resistance is present (within limits) from the potentiometer, the current through the ammeter is fixed. Note that what we usually use is a constant voltage source but this is a constant current source.
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The Switch – Here we are using the transistor as a current (and hence voltage) controlled switch. When the mechanical switch is thrown and the base current flows, the transistor tries to flow beta times as much current through the bulb. But the current that can flow is limited by the fact that the collector to emitter voltage (VCE) has dropped because of the low resistance to ground. The transistor is in saturation. To improve the amount of current flow through the bulb, we would need to increase the base current, thus holding off saturation longer, giving a bigger VCE and a bigger IC. 
Circuit Exercise 3 – We’ll need the electrical switch circuit above to turn on a relay later in the term, so we’ll build this part now for the experience. It will be pretty easy to get this to work with one of the switchable outputs on the trainer board. The reason we use the transistor is to boost the current of a very low current source, a digital output from the PMD. Put together the circuit above (we may not have a 2N4400, so ask me what to substitute) using the small light bulb and one of the SPST switch outputs on the trainer board as both the switch and the 5 V supply. Once this is working (bulb lights up when switch is closed) get me and I will show you how to get a 5 V control signal from the PMD. Later in the term, you will use the PMD for digital inputs and outputs and you will learn more about how they work. For now, we’ll just imagine we want to use the computer to turn something (the light bulb) on. 

Was the bulb as bright with the digital switch as it was with the SPST switch? 

If not, how could you make it brighter? (Hint: the simple view says the current into the base is magnified by beta ~ 100 into the collector.)
If you did see a difference, try switching the resistor to see the difference.

Look up the 2N4400 on the web and say which type of transistor it is. If you ended up using a different model number, verify that it is the same type.
Towards Operational Amplifiers – The Differential Amplifier

The next circuit we will talk about is the differential amplifier. The circuit we used to build is nearly the same as the input of an op amp, and next we will start using circuits involving op amps. This circuit was both illustrative of important principles and powerful in its own right, but it was really hard to build and test to verify its behavior. As you will see next week, it's a lot easier to do the same thing with one op amp.

There is a key idea that will be important in figuring out how the differential amplifier circuit works and what it does for us. A differential amplifier implies that we will be measuring the difference between two electrical signals, and hopefully we will be able to ignore the signals that they have in common. This feature of differential amplifiers is called common-mode rejection and the measure of this ability is the common-mode rejection ratio, or CMRR. In your scientific career you will encounter a large number of situations where it is desirable to measure the difference between two signals. 
Concept Question 3 – What property would you like to measure in a dual-beam UV-Vis spectrometer?

Thermocouples are notoriously difficult to use because the output is mV level and they are very susceptible to external noise. If you use two thermocouples, one of which is kept in an ice water bath and one of which is used for the measurement, and you feed the two outputs to a differential amplifier, what is the output?  

What part of the total “signal” (voltage) can be subtracted out in each of the above examples?

Real World Example

The applications of amplifiers are pretty obvious – they turn small, hard to measure signals into bigger, easier to measure signals. Try to focus on one of the shortcomings of one of the circuits we have seen today and discuss how this could limit your application of the circuit in a real measurement situation.
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