Experiment 10: Digital Logic, Transistor Switches and the 555 Timer 


�


Purpose:  In this experiment we address the concepts of digital electronics, which is discussed rather well in Chapter 7 of Gingrich.  Before looking at some of the basic building blocks of digital circuitry, we will first consider some of the advantages of this branch of electronics.  Then we consider how transistors can be used as switches.  The transistor switch and some digital devices (comparators, flip-flop, and inverter)are the building blocks of the 555 timer chip, so we will end by addressing its internal operation.





Equipment Required: 





HP 34401A Digital Multimeter 


HP 33120A 15 MHz Function / Arbitrary Waveform Generator


HP E3631A Power Supply 


HP 54603B 2 Channel 60 MHz Oscilloscope


Protoboard 


Some Resistors 


Logic Chips: 7402, 7404, 7410, 7414, 74107, 74393


Phototransistor


Relay








Background


Please skim Chapter 7 of Gingrich before proceeding.  The key issues to look over in each section are:


Section 7.1 Number Systems: Decimal vs. Binary.  Do not worry about Octal or Hex


Section 7.2 Boolean Algebra: Be sure that you understand the three basic boolean algebraic operations – AND, OR and NOT.  You will not have to do a lot of this algebra in this course. 


Section 7.3 Logic Gates: You should be able to recognize the symbols for the basic input-output gates along with their corresponding algebraic expressions and truth tables.  (Truth tables are important.)


Section 7.4 Combinational Logic: It is possible to perform many different logical functions by combining the basic gates seen in section 7.3.  The classic example is the exclusive-OR gate, which follows the logic of the three-way switches we use to control room lights from two different locations.  Timing diagrams, another very useful concept, are also discussed.  


The remainder of the chapter can be read as needed.





Also, have the Mims pamphlet on Digital Logic Circuits handy.  The key pages and concepts are:


Boolean algebra and binary counting on page 7


Logic gates and their truth tables on pages 8 and 9


TTL Logic Family on pages 10-27 (these are the devices we will generally use in this course because they are inexpensive and robust).  Information on the CMOS family is found after page 27.


LED drivers on page 14 (we will use diodes as output indicators) for TTL chips














Part A Comparators and Schmitt Triggers


�


In the circuit above, you will see that we have no feedback for the op amp so this configuration will not obey the rules for op-amps we addressed in a previous experiment.  Since the intrinsic gain of the op-amp is very large, any positive voltage across the inputs will cause the output to go as positive as it can and any negative voltage across the inputs will cause the output to go as negative as it can.  The range of outputs is limited by VCC.  Thus, the output should go to about +VCC whenever the input is positive and to -VCC whenever the input is negative.  This is an example of a comparator.  The voltage at the positive (+) terminal is compared to the voltage at the negative (-) terminal.  When V+ > V- then Vout = VCC and when V+ < V- then Vout = -VCC.  Simulate (transient analysis with a time step of 1us from zero to 3ms) the circuit above to demonstrate that this indeed does happen.  You can choose just about any amplitude voltage and see this effect. Once you see the output switch between voltages near (VCC, print one plot of your output per group, showing the source voltage V1 and the load voltage (pin 6 of the op-amp).





If all we could ever do was to check the sign of a voltage, this kind of logical operation would be of limited usefulness.  Also, you should be able to see that a simple comparator circuit is very noise sensitive.  If the input signal is approximately zero volts but has a lot of noise on it, the output will keep switching between +VCC and -VCC following the noise.  It would be more useful to have a comparator-type circuit that switches output state when the input exceeds some finite threshold rather than just zero.  A Schmitt Trigger configuration makes this possible.  In the circuit below, the output will switch when the input exceeds  BVCC or is less than -BVCC where B = R3/(R3+R4).  Show that this is the case.  Hint: the voltage V+ at the positive input is related to the output voltage Vout by the voltage divider action of resistors R3 and R4.  


�


Now simulate this circuit (same transient analysis as above) and show that it indeed changes its output state as it should.  Print one plot per group, again showing the source voltage V1 and the output voltage (pin 6). Be sure that your input level is large enough to make the circuit switch states, but not too large so that it is difficult to observe where the switching occurs.





A Schmitt Trigger can be further generalized as is shown below.  Simulate this circuit (same transient analysis as above), print one plot per group and discuss what it does.  Be sure that you use a large enough amplitude for V1 so that the output switches between saturated states, but again not so large that it is difficult to see where the switching occurs.


�


Thus far, we have considered a fairly general model of a Schmitt Trigger.  The particular device we will use in our experiments is an SN7414 or equivalent.  A model for the 7414 is included with  PSpice program.  Simulate (same transient analysis) the circuit below in which we have included two voltage sources to crudely show what happens when noise is added to a signal.  For V1, use an offset of 1.5V, an amplitude of 1.5V and a frequency of 1k.  For V2, use no offset, an amplitude of  0.2V and a frequency of 100k.  Again produce only one plot per group.  You might want to expand the time scale around one of the transition points to verify that the output changes state only once.  Check to be sure that the device performs as it should by looking up the characteristics of the SN7414 on the Texas Instruments website.  There is a link to the page for this device in the Helpful Info section of the course webpage.  You should find links to information on all the logic devices we will be using.  The pages that will come up contain general information.  The actual device datasheet is a pdf file.  


�


What are the typical switching thresholds for this device and does the PSpice simulation work as expected? (Look at the recommended operating conditions in the datatsheet.)   Also, you will notice in the diagram above that there are no power connections to this device.  Why is it not necessary to include them for the simulation?





In preparation for the next part of this experiment, please read Chapter 7 of Gingrich.  You should skim through the entire chapter and read carefully through section 7.4.4.





Part B Basic Logic Gates





Binary logic has two values, called TRUE and FALSE or LOGIC 1 and LOGIC 0 or ON and OFF or HIGH and LOW.  The corresponding binary number can have two possible values, 1 and 0.  In TTL digital electronic circuits, the corresponding definition in terms of voltages is about 5 volts for LOGIC 1 and about 0 volts for LOGIC 0.  About 5 volts usually means any voltage between 3 and 5 volts while about 0 volts means any voltage in the range 0 to 2 volts.  The two output levels of the Schmitt Trigger you just simulated are examples of practical values for LOGIC 1 and LOGIC 0.  (Aside:  the output levels from TTL devices will be in the ranges indicated.  These are the only output levels one should see with logical devices.  This is one characteristic that differentiates them from analog devices.  They also switch very fast from one state to the other.  Switching speeds are usually much faster than for analog devices, especially cheap devices like the 741 op amp.)  





We will now consider three basic logical elements:  a two input NOR gate, a three input NAND gate and an INVERTER.  A circuit containing all three devices is shown below.


�


Links to the specifications for each of these devices can be found in the Helpful Info section of the course website.  We will both simulate these devices and see how they work on a protoboard.  First the simulation.  We will use three digital clocks, which output a sequence of pulses at the two TTL levels.  To differentiate between the three clocks, we will set them up to work with different pulse lengths.  Use the default settings for the first clock (no delay, on time = 0.5us, off time = 0.5us).  For the second clock double the on and off times to 1us.  For the third clock, double them again to 2us.  Simulate 8us of signals with a step size of 0.01us.  For PROBE, display the three clock signals each time, but display only the output voltage level for one gate at a time.  Otherwise, the signals are difficult to tell apart.  Produce a hardcopy of the plot for only the output of the three input NAND gate.  These plots are examples of timing diagrams, which are discussed in section 7.4.4 of Gingrich.  For each gate, generate the truth table for the device, based on the outputs and inputs you observe in the timing diagrams.  Do your results agree with the truth tables in Gingrich on page 136 and/or in the datasheets for the devices?





Wire the circuits on a protoboard as shown on the figure above.  You will have to check the datasheets (using the links in Helpful Info) to determine the pinouts for these chips.  Be sure you provide the necessary power to the chips.  We used the digital clocks for the simulation, since they make the output plots more useful.  For the experiment, we will use the function generator and DC sources.  Set up the function generator as follows.   (This procedure should always be used when the function generator is the source.)  Connect the function generator to channel 1of the scope so you can see what your input is actually like.  Adjust it so that it is producing 1kHz square waves with an amplitude of 5volts and a duty cycle of 20%.  By having the function generator ON (5volts) for 20% of the time and OFF (0volts) for 80% of the time, you will be better able to identify when the inputs are ON and OFF.  Be sure that the function generator switches between 0volts and 5volts, not equally around 0volts.  Remember to rely on the scope to set up the function generator, not the panel readings.  Use the function generator as the top source (which is connected to all three devices).   The second and third source voltages will be set by connecting them to either ground (0volts) for logic ZERO or to VCC = +5volts for logic ONE.  Test each device in turn by connecting its output to channel 2 of the scope.   Generate the truth table for each device.  The data you collect can just be put in the truth table rather than saving lots of scope traces.  However, for the record, you should print out one of the scope traces and indicate on it how you determined the information in your truth table. 





Part C Application of a Schmitt Trigger





As we saw in Part A, the purpose of the SCHMITT TRIGGER is to convert an analog voltage into a binary digital voltage.  When the input voltage of the SN7414 exceeds a threshold of 1.7volts, the device output switches to LOGIC 0;  the input voltage must drop below 0.9volt for the output to switch back to LOGIC 1.  (This device exhibits hysteresis.)  The difference in thresholds is very important in preventing false triggering on noise.  The device is also inverting, but the SCHMITT TRIGGER does not behave in the same manner as the INVERTER.  


�


Set up the circuit shown on the protoboard.  Remember that the 50ohm resistor is the internal resistance of the function generator.  Set the function generator for sine wave output with a frequency of 1kHz and an amplitude of  5volts.  Be sure you have both the input and output connected to the scope.  Print out the scope trace.  On the plot, indicate the features of the signals that demonstrate hysteresis.





Modify the SCHMITT TRIGGER circuit as shown below.  What is different about the SCHMITT TRIGGER output and the INVERTER output?  In this case, the experiment gets more interesting if you have more noise on your signal.  Thus, a little bit of sloppy wiring won’t hurt here.  Again, use HP Benchlink to show what the input and output signals look like.  For reference purposes, the output of a PSpice simulation of this circuit is shown on the next page, using two sources to show noise effects.  The PSpice simulation has some problems analyzing this sort of circuit since it mixes analog and digital devices and some digital devices (inverters, for example) have ranges of operating voltages where they are typically confused.  Can you see what the problem is?  Even though it has a problem, this simulation does shoe qualitatively what the difference is between an inverter and a Schmitt trigger.


�


�





Part D Flip Flops





It is possible using basic logic gates to build a circuit that remembers its present condition.  It is also possible to build counting circuits.  The basic counting unit is the flip flop.  Please read through sections 7.9 and 7.10 of Gingrich with particular emphasis on the JK FLIP FLOP, which we will be using here.  You should also look over the datasheets for JK FLIP FLOPS listed in Helpful Info.





JK FLIP FLOPS, like other FLIP FLOPS have four inputs, two outputs and the usual two power connections (VCC and ground).  The outputs are labeled �EMBED Unknown��� and�EMBED Unknown���  (also called Qbar and NQ), which are complements of one another.  Thus, when Q is LOW, Qbar is HIGH, etc.  The input CLR (or CLRbar), when LOW will reset the outputs to a known state.  Since this device has memory, it is very important to be able to first initialize it to a known state.  Otherwise, we will not know what it is doing.  The CLK is the digital clock.  Each time the clock pulse goes HIGH (5V) the values at the inputs J and K are read.  These are the logical inputs to the device.  On the falling edge of the clock pulse, the FLIP FLOP will change state based on the values of these inputs and its present output state.  Please check the datasheet for the SN74107 FLIP FLOP to see what the truth table for this device should be. 





We will use PSpice to produce the timing diagram for the SN74107 FLIP FLOP.  Use the digital clock for all of the input signals.  Set up the clocks as follows:  Clock 1 ONTIME = OFFTIME = 1us, Clock 2 ONTIME = OFFTIME = 0.5us, Clock 3 ONTIME = OFFTIME = 2us, Clock 4 ONTIME = 12us OFFTIME = 4us.  Do not input values for the time delay of these digital clocks.  Run the transient simulation for 16us with a step of 0.01us.  Place voltage markers near the pins on the FLIP FLOP.  Then the output seen with PROBE will be labeled with the pin names so you can easily see the function of the signal.  Print out this plot and use the information it contains to confirm that the truth table in the datasheet is correct.  For relatively slow operation, the simulation you have done will do a good job of matching the performance of a real device.  However, one should input the delays to be more realistic.  If you do use the delay times, you will have to be careful so that the clocks turn on and off at slightly different times.  For example: 0.1(s, 0.01(s, 0.2(s, 0.005(s works.


�


Set up the 74107 JK FLIP FLOP on the protoboard.  Use the function generator for the clock.  Set it for a square wave frequency of 1kHz.  Use the offset feature to shift the square wave up such that it cycles between 0V and 5V.  Be sure that you use the ‘scope to check the operation of the function generator.  Use the ground (0V) and +5V connections on your protoboard to supply the required logic levels for the J, K, and CLR.  First set the CLR to zero to be sure that the FLIP FLOP begins in a known state.  Then set it to +5V to check out the four possible combinations of J and K.  Observe the output Q on channel 2 of your scope and the clock on channel 1.  Construct the experimental truth table for this device.





Part E A Counter





JK FLIP FLOPS can be connected in a counter configuration.  It is not necessary for us to configure several FLIP FLOPS into a counter, since this is already done in many kinds of chips.  The SN74393, for example, has two sets of four JK FLIP FLOPS connected as binary counters.  If you have forgotten how binary counting works, look at Table 7.1 in Gingrich to see how to count from 1 to 16. 


�


There are two counters in this chip (that is why it is called a dual counter).  To simulate it using PSpice, it is easiest to use two separate counters as shown below, even though they are actually in the same chip.  For this simulation, Clock 1 is a normal clock with ONTIME = OFFTIME = 0.5us.  Clock 2 is set up so that it first clears the counters and then lets them count.  To do this, the ONTIME is set very long and the OFFTIME is set very short.  The start value and operating values are also reversed from the usual specification.  You do not need to be too concerned about the details of this, since you will not be doing the actual simulation.  However, you might be asked how to do this at some later date.  By connecting the two counters together as shown, the sequence of numbers 2QD, 2QC, 2QB, 2QA, 1QD, 1QC, 1QB, 1QA are the binary number.  Since the counter is set up to count clock pulses, it will count up from 0 to the number of pulses sequentially.  Shown on the next page is the PROBE output for this circuit.  Using this output, verify that the counters are actually counting.  What is the highest number it counts to in the time shown?  Express this number both as a binary number and a decimal number.  How many pulses will the clock have to cycle through before the counter hits its maximum value?





�





�


For the hardware implementation of this counter, you will not be given a circuit diagram, just general instructions.  Use the function generator in place of the first digital clock.  Set its frequency to something very slow like 1Hz.  You will need to look at the datasheet to see the pinouts for this device.  Remember that both counters are in the same chip.  First connect the CLR to +5V to reset the counters.  Connecting it to zero after that will start the count.  (Actually it works just as well to leave CLR connected to ground and cycle the DC power supply off and on to reset the counter.)  To observe the counting, connect an LED to each of the 8 outputs.  Place them in order on your board so that you can read the binary number.  Be sure that you put a current limiting resistor in series with the LEDs.  You can use the resistor to connect from the chip to the LED array.  You can experiment with the resistor value.  Smaller resistors will make the LEDs brighter, but the chip might get too hot.  We know that about 1k ohm is safe from past experience, so you might want to start there or around 500 ohms.  Sketch the circuit diagram that works well for you.   Make sure that you show a TA that your circuit is counting correctly.





Results and Discussion





What are the switching threshholds for the 7414?





What are the actual voltage values you observed as HIGH and LOW states in the hardware realization of the circuit with 3 devices in it?





What is the difference between a Schmitt Trigger output and an inverter output?





Write out the truth table for the 74107.





For the counter circuit configuration just studied, what is the highest number it counts to in the time shown on the plot?  Express as both a binary and decimal number.  How many pulses will the clock have to cycle through before the counter hits its maximum value?





Sketch the circuit diagram for the hardware realization of the clock.


 


Part F Transistor Switches





There is quite a bit of discussion in Gingrich about the transistor.  We do not need to consider most of this discussion because the operational amplifier is a better device for us to build circuits with.   However, you should at least take a quick look at figures like 5.6 which show the transistor in a common-emitter configuration.  This is one configuration that we can consider as a switch.  





Using PSpice, set up the circuit shown below.  For analysis, set up a DC SWEEP from 0.2 to 9 volts (step = 0.005V).  The transistor Q1 is acting as a switch in the loop with resistor R2 and voltage V2.  The voltage V1 and resistor R1 are used to turn the switch ON or OFF.  Do not print your plot for this case.





�


Draw a simplified circuit diagram that includes just V2, R2 and a simple switch to represent the transistor.  When the switch is open (OFF), how much voltage will be across it?  When the switch is closed (ON), how much voltage will be across it?





The transistor switch will not work exactly like an ideal, simple switch.  However, it can be a good approximation to such a switch AND, more importantly, will switch states by applying a voltage rather than by mechanically flipping something.   (It works something like a relay.)  From your PROBE plot of the voltages in the transistor circuit, determine the range of voltages V1 for which the switch will be OFF and the range of voltages V1 for which the switch will be ON.





Now we will consider this switch in a configuration that you ordinarily might not think about, but does a good job of switching the voltage across a load.  Add the resistor R3 shown below to your circuit.





�


The transistor switch, when open, allows the maximum voltage to occur across R3.  When the switch is closed, the voltage across R3 goes near zero.  Run your simulation again and print your output this time.  Again determine the range of voltages V1 for which the switch is ON and OFF.  What is a typical voltage across R3 when the switch is OFF?  What is a typical voltage across R3 when the switch is ON?  Why do you think that these values make sense?





Now we want to take a look at the range of V1 for which the switch is neither ON nor OFF.  Replot your PROBE result for V1 from 0.5V to 1V.  Now, rather than plotting voltages, plot the collector, base and emitter currents for Q1, each normalized by the current through resistor R1.  (Actually, plot the negative of the emitter current so that all three current ratios are positive.)  Just for reference purposes, label the collector C, emitter E, and base B on the two circuit diagrams above.  You should be able to identify a small range of voltages V1 for which the magnitude of the collector and emitter currents are more that 170 times the base current.  Use the cursors to find this range.  Print out the plot with the cursors and indicate on the plot where this ratio is 170 or better.  This is the range of V1 for which the transistor circuit acts like a very good amplifier.  Here it has a current gain of much more than 100.  The gain is not a simple constant, nor is it as large as we can obtain with an op-amp.  





By looking at the operation of a simple transistor circuit, we have seen that there is a set of input voltages for which is looks like a switch that is OFF, an amplifier, and a switch that is ON.  





Part G Optically Triggered Relay





To see how practical transistor switches can be, we will build a circuit from the Radio Shack Opto-Electronics Mini-Notebook.  What is shown below is a light activated switch.  You can also switch the locations of Q1 and R1 to make a dark activated switch.  Adjust the pot until you can make the relay switch.  Describe what you did to change the light detected by the phototransistor.





�





Part H Back to the 555 Timer





The PSpice circuit on the next page is the one we simulated previously.  Now that we have seen how a transistor switch works, we will look inside the 555 Timer chip to see what makes it work.  You should look at one of the datasheets or application notes from a manufacturer to see what is inside this chip.  For example, check out the Motorola website:  http://mot-sps.com/sps/General/chips-nav.html  which has a half page description of timing circuits.





In the site listed above, or other sites linked in the Helpful Info section of the course webpage, you will see that this chip contains three resistors, two comparators, an RS flip-flop, an inverter and at least one transistor switch.  The two figures that follow show these key components, with some variations.  Different timing chips are built a little differently.  The first diagram is from the Colorado site, the second from Rensselaer’s Academy site.





Simulate the 555 circuit again and produce a new PROBE plot like those for the astable multivibrator (problem 1) in Quiz 3.  Choose your resistor values so that there are clear differences between the voltages at pins 2, 3, 5, 6, and 7.  You do not really need 5, but it shows when the device is working correctly.  Also, 2 and 6 are the same in this multivibrator circuit.





�


We have seen that the state of the 555 changes when 2 and 6 go above (2/3)VCC or below (1/3)VCC.  The logical devices (flip-flop, inverter, and switch) change state at these voltages.  Remember that for logical devices, switches are ON or OFF and inputs and outputs are HIGH or LOW.  Determine the states of these devices during the time that the voltage at 2 and 6 is increasing  and when it is decreasing.  Consider only





�


the steady state time period, not the initial startup time.   If you wish, you can look at the 555 tutorial at http://www.academy.rpi.edu/html/555%20timer.html or a simulation from NC State at http://www3.ncsu.edu/ECE480/480_555.htm for inspiration.  Both of these links are found in the Timer Helpful Info section. The academy simulation has an additional switch in it, so that the initial turn on time period starts from zero volts.  Most timer circuits will look the same during steady state.  After working out the states of the logical devices and looking at one of the simulations, explain in your own words how the 555 timer works.





�








Results and Discussion





For the transistor switch with the 1k( load resistor, what is the range of source voltage Vs for which it acts like a switch that is OFF, a switch that is ON or as an amplifier?





What did you do to make the relay switch? 





Explain, in your own words, how the 555 timer works.





Find a circuit in which a logic gate, like the ones we studied in the previous experiment, is used to turn on and/or off a transistor switch.  Draw the circuit diagram and explain what the circuit can be used for.


 





�
Experiment 10


Please list the names of all group members. A TA or instructor will initial a participation box each class day you attend and participate in this experiment.  When you have completed all of the experimental and simulation activities, have a TA or instructor initial under completed.  They should also look over what you have done to be sure that your results are useful.  If you are unable to attend class for any reason, you can make up the work during an open shop time. The maximum participation grade is 5 points.





Student Name�
Participation�
Participation�
Participation�
Completed�
Date�
Pts�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�



Please answer any questions asked above under the Report and Conclusions sections.  Also, attach any plots requested.  On each plot, describe what is being displayed and why the results make sense. Include a hand-drawn or computer drawn circuit diagram for any PSpice output or plots of measurements indicating where and how the measurements were made.  Summarize the key points of this experiment.  Discuss any problems you encountered or mistakes you made and how you addressed them.









































Names:





1. ____________________________





2. ____________________________





3. ____________________________





4. ____________________________








Grade: ___________ (Out of 25)
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