Laboratory Exercise 9 –Logic Applications

We mentioned earlier that the ones and zeroes we have been dealing with thus far in the Digital part of this class can be used to code for a variety of things, depending on our application. In the laser interlock example from the last exercise, 0 and 1 meant “off” and “on” as responses from the sensors. We’ll go back to this way of thinking when we deal with digital control circuitry in the next Exercise. For the counter that we built at the end of the last Exercise, the 1’s and 0’s were used to count in binary from 0 to 7 (decimal equivalent). Each information “slot” that can be one or zero is referred to as a bit. The slots that hold the information can be many things: two you’ve seen so far are the output of a single logic device or the state of an output in a given time bin, as in the counter. Others that you know of include the state of magnetization of a ceramic coating on a piece of polymer tape or the “color” of a spot on a CD. 
If you’ve done much computer programming, you probably know that each eight bit binary number (or byte) can be used to code for a character, including both capital and lowercase letters from A – Z, via the ASCII system. Use two bytes and you can get all of the “special characters” too. In this Experiment, we’ll think a bit about how binary numbers can be manipulated: first how you can do math, and second how the binary versions can be encoded and decoded to represent decimal numbers. Decoding to decimal is important when you need to interface with human users who think in base 10. If we’re not careful here, we’ll start actually talking about how computers work (a subject no chemist really wants to know about) so we’ll move back toward real life instrumental concerns in the next Exercise.

Adding Binary: Full Adder

If we are going to treat sets of bits (i.e., digital voltage outputs from multiple logic devices) as numbers, we have to decide how the collections of bits translate into binary numbers. We will adopt the convention that they are arranged from least significant bit (LSB) to most significant bit (MSB) as we read from right to left, just like we do with binary {724 > 427 or 1101 > 1011}. Then having defined our numbers, it makes sense that we might want to do math on those numbers. We will restrict ourselves to the simple operations of addition and multiplication. We know that division and subtraction are just special cases.

Concept Question 1 – If we add the two one bit numbers (0 and 1) together, what are the answers (in binary) for the four possible combinations?  

Can all of the answers be represented by one bit numbers?  

You just reminded yourself of an important point about addition: the sum may have more digits than the numbers you added (5 + 5 = 10); but at worst, it’s only one extra digit. Unfortunately logic gates have only one output (a one bit answer) so we’ll have to plan ahead for the possibility of an overflow in our circuit design. Remember when you first learned to add numbers by stacking them vertically and adding up each column? If the numbers in a column added to ten or more, you would generate a carry, which was applied to the sum in the next column. We use the same “trick” here. To add two binary numbers, we just add together the corresponding pairs of bits (from LSB to MSB) and generate a carry (if needed) to apply to the next calculation (which then involves adding three bits together). The adder circuit below includes a carry in, which might be needed for each calculation in the addition except the first. (Note: most of this is just jargon, but it is sometimes useful as scientists to go back and think carefully about some of the stuff we take for granted – like basic math - in a different way).
Circuit Exercise 1 – Breadboard the full adder as shown below using an appropriate combination of the gates we have in the lab. Hint: we have all of the common types of gates in stock – you don’t have to build this out of NANDs. This will be easier to test if you connect the [image: image1.wmf]Full Adder Truth Table
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outputs to the LEDs and the inputs to the switches as you did last lab.

Complete the truth table below.
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Is the behavior of your circuit consistent with digital addition?

What would a two-bit (pun somewhat intended) adder look like?  You don’t have to diagram it, unless you want, you can just describe how it is different. 
Is there a timing/flow issue involved with the two-bit adder (do some things have to happen before other things)?

The circuit above was meant to be instructive. Once again, we would never build these things, because we can buy them. For example, the 74LS83 chip has two four-bit full adders on one chip. (You can imagine what the inside looks like). 
Multiplication - something new?

Multiplication is actually simpler than addition in binary. Sort of – it’s simpler now that we know how addition works. We won’t build the circuits, but the argument goes like this: Remember when you first learned multiplication and you would write the two numbers over one another and a line below?  You would multiply the least significant digits first, then the least significant digit of one with the next least of the other, and so on according to the chart below. Finally, you add up the columns of products to get the set of digits (P0 through P5) in the answer.
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Complex multiplication is really just multiplying sets of two digits and adding a bunch of combinations together (which we can do already). So how do we multiply two one bit numbers?  

Concept Question 2 – What is 0 times 0?

What is 1 times 0?  What is 0 times 1?  What is 0 times anything?

What is 1 times 1?

What gate’s logic did we just describe?

So to build a multiplier you would need which two types of logic circuits? (And a little ingenuity to set it up…)
Decoding and Encoding Binary

As we’ve seen above, when you are doing math in electronics it makes sense to use binary numbers. Binary math is easy!  That’s what circuits (including computers) “think” in, and we can do math in binary with a few simple components. However when we communicate with the user of the circuit (a person), we are sometimes forced to work in decimal numbers to accommodate people and the way they think. One obvious example is the LCD display on the DMM. Some output devices (including the 7-segment display we will use below) do an intermediate decoding of binary to binary coded decimal BCD and finally output the decimal number for the user. We will see that BCD is wasteful in terms of information storage, but convenient in terms of circuit design. Four digital lines (bits) will always encode for each decimal digit, regardless of how big the binary number we are converting is.
Concept Question 3 - What is the binary representation of the decimal numbers 255 and 256?

How many bits were necessary to encode for the two numbers (i.e., how many 1’s and 0’s?)

How many bits would be necessary to encode for decimal 255 and 256 in BCD?

Give the three binary numbers that are BCD for decimal 255. 
Decade Counter
The 74LS90 chip is a decade counter: it counts to ten. Like most counters, it can also be set to start at a given number and count up or down from there, but we won’t use those features. There are also octal and hexadecimal counters available – we’ll talk about those number bases later. The 7490 contains four flip-flops arranged so that three of them together divide by five, while the fourth divides by two. In combination, the counter divides by ten. The outputs provide a signal in Binary Coded Decimal, BCD. This will provide us with our test signals for decoding to decimal for a user display. First we’ll attempt to decode the signals using our brains and the oscilloscope.
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Connect the 5 V power supply to pin 5 and ground to pin 10 of a 74LS90. The breadboard’s TTL clock, set for 1 kHz, is connected to pin 14. The output from the divide-by-two flip flop is QA and it is connected to CKB. Outputs QB, QC, and QD provide division by 2, 4, and 5, respectively. All four of the reset inputs, R0l, R02, R91, and R92 (pins 2, 3, 6, and 7) are connected to ground. (NC on a chip means no connection, there isn’t anything there on the inside.) The four wave forms can be observed most easily if the external trigger of the scope is connected to the QD output and the trigger is set for a negative slope at about 2 V. You may have to experiment a bit to get an interpretable display for some of the waveforms. Leave the counter on the breadboard when you’re done, because you’ll use it below. 
Record the waveforms of the four outputs relative to the clock input below. The Word drawing toolbar can be useful for this part. You can right-mouse-click on the top toolbar of the old versions of Word and select Drawing, if it isn’t visible. Or in Word 2007 and newer you can select “Shapes” on the edit tab and select “New Drawing Canvas” to get the drawing tools.
Clock input
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Measure the frequencies of each of the five signals

Clock
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QC 
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Frequency:

Explain the results of the frequency measurements.

Explain the difference between counting in binary and in BCD.

BCD Decoder and Seven Segment Display Driver 

The 7447 chip will do the two jobs of decoding the BCD to decimal and of lighting up the appropriate parts of a 7-segment display to display the decimal number. 
Creating a decimal display from the outputs of the counter requires a decoder and the 7447 is such a device, designed to drive a 7-segment LED display. Make the connections indicated below. Note that the pin identifications are not in order for convenience (?) and simplicity. Drive the counter with the TTL clock at a frequency of about 1 Hz and observe the 7-segment display. Leave the counter on the breadboard when you’re done, you’ll use it again below. 
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Does your circuit count as you would expect?

If you doubled the circuit above, using two of each type of chip, and were clever about how things got set up, how high could you count?

Multiplexing (Mux) and DeMux

We need to look at one last “trick” for digital circuits before we move back toward control applications. It is probably clear from the stuff above that to represent big numbers using binary; you need quite a few data lines. This turns out to be impractical even on the small scale. Sending data around inside a computer (designed to handle lots of big numbers) would require zillions of wires. The alternative that is used is to send the data sequentially (serial) down a single wire, encoded in time (referred to as multiplexing) and have a system that is smart enough to know how to pull the time dependent information back out (demultiplexing or just demux). This is what the telephone company did with land lines - all the transmissions went through the same wires, you just got to hear information that came in tiny slices of time dedicated to you. The same approach is used in computers. 
The decision of how many wires to use comes down to how far the data has to go. The further the transmission has to go, the more chance of noise causing errors or things getting out of sync. To send data to your printer or your monitor (that are near your computer) we can use parallel cables that have many wires. This makes the data transmission faster. But if the signal has to go across the room to the printer; or across the country on the web, you have to use serial transfers where just one wire is used and only one data bit goes at a time. The speed of transmission is expressed as the number of bits we can send or receive per second, the baud rate. The new standard USB 2.0 is really fast, so parallel is less necessary than it used to be. 
Both the parallel and serial transmissions require that data be shipped in blocks, separated in time. This means that data from more than one logical device has to be transmitted via a single wire in a well defined sequence. Knowing when to “talk” and when to “listen” is controlled by decoders and counters. For instance, a common clock could feed two different counters in different parts of the circuit, and the counters could control which device gets to talk, in which order. But, because logic gates are at the heart of more advanced logic devices and because transistors are at the heart of the logical gates, putting logic signals into a common line turns out to be a bit of a challenge. (When a transistor output wants to be “on” it is hard for another transistor that is connected to it to be “off” and vice versa.) 
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One solution is to use a special family of TTL chips that have an “open collector output” transistor at the output stage of the gates. These chips don’t mind being “talked” over by other devices in most cases. A better way is to use a multiple input OR gate to join the signals, however multiplexing sometimes uses tens of lines and ten input OR gates aren’t very common. The best solution is to use a device called a tristate buffer. These gates have 3 output states (hence tristate) which are “on”, “off”, and “I don’t care”. There are two inputs on a tristate buffer, as shown above, and one output. The first input is a logic input, which the output follows, if and only if the enable line (the other input on the side) is high. If the enable line is low, the output can be either high or low as other devices like. The gate simply doesn’t care - it is like it is internally disconnected.

Tristate Buffers (a Bus)

Breadboard the circuit shown below and hook up each output of the counter (the 7490) to a different input to the “bus.”  This is a computer term for a common line (or lines) which is used to communicate between many devices using multiplexing. The pinout for the tristate buffer (4007) is on the board: note that there are plenty of buffers on this single chip to build the circuit and don’t forget power and ground. Connect the enable lines to the logic switches. Look at the shared output on the scope as you use the switches to enable the various tristates. 


As you enable each of the buffers, do you see the corresponding divided version of the clock waveform?

Can you see any indication that the waveforms that are not enabled are making it on the bus?

Can you see how this circuit could be made into a “variable divide-by” circuit pretty easily?

Real World Example

Look up “field programmable gate array” and explain briefly how this device could be used to create a very fast mortgage rate calculator (take principal, divide by number of payments, calculate interest at each point in time, etc.)
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