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Module ET1

 Introduction to Analogue and Digital Systems.
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Topic 1.3.3 – Counters 


Learning Objectives:

At the end of this topic you will be able to;

· connect a series of D-type flip-flops or counters to produce a frequency divider circuit.
· design 4-bit up and down counters based on D-type flip-flops;

· design 4-bit modulo-n counters and binary coded decimal (BCD) counters.

· draw timing diagrams for these counters;

· describe the use of decoders and seven segment displays;

· convert between binary, decimal, and BCD number systems;

· design systems that use a counter and combinational logic to produce a sequence of events.
Counters.
One of the most useful functions that can be produced in electronic systems is that of an electronic counter. This can be used to count items as they pass down a production line into boxes, and send out a signal to the main system when the box is full, or the appropriate number of items have passed. Speed and accuracy are very important, and the electronic counters available today are many thousands of times faster and more accurate than a human ever could be.
As has been the case in many of our previous topics we will develop a counter from basic building blocks that we are now familiar with, and end up with a new functional unit called a counter.

However, before looking at the design of counters, we must spend a little bit of time talking about different counting systems, because we are used to dealing with the decimal, or base-10 counting system, i.e. numbers 0, 1, 2, 3, 4, 5, 6, 7, 8, & 9, and when we add 1 to 9 we have to add an extra column to the number to get 10, i.e. 1 group of 10’s, plus 0 units. 

If we take a larger number e.g. 1356 then this can be interpreted as 1 group of 1000, 3 groups of 100, 5 groups of 10 and 6 units. Talking about familiar numbers in this way will probably take you back to your primary days, but there is a very important reason for this because you will now have to learn to count all over again if you want to talk the language of electronic systems, because they can’t count in our number system, they work in a base 2 or binary counting system.

In a binary system only two digits are allowed 0 & 1. This corresponds to a circuit being on or off, and is still the language of computers today at the fundamental component level. High power software enables our counting system and numbers to be displayed, but inside the machine everything is moved around in this binary language. So let us compare the two systems:

Decimal System:

	Multiplier
	x100000
	x10000
	x1000
	x100
	x10
	x1

	Digits
	2
	3
	1
	4
	6
	7

	
	Most Significant

Bit (MSB)
	
	
	
	
	Least Significant

Bit (LSB)


In the decimal system (base 10), you should be able to see that each part of the number increases in multiples of ten. The least significant part is that which has the lowest value in this case 7 units, and the most significant part is the value of the highest multiple, in this case 200000.

Binary System:

	Multiplier
	x32
	x16
	x8
	x4
	x2
	x1

	Digits
	1
	0
	1
	1
	0
	1

	
	Most Significant

Bit (MSB)
	
	
	
	
	Least Significant

Bit (LSB)


In the binary system (base-2), you should be able to spot that the change to the multiplier is that each part of the number now increases in multiples of two. The least significant part is that which has the lowest value in this case 1 unit, and the most significant part is the value of the highest multiple, in this case 32.
There is now some potential for confusion if we write down a number such as 10110 because unless you are told, it is possible that this could be a decimal number or a binary number and so we have a convention that is used when different numbering systems are being used which is as follows:

All decimal numbers will be given a suffix 10 e.g. 1011010.

All binary numbers will be given a suffix 2 e.g. 101102.

This should then avoid all confusion between the two numbering systems.

Conversion from Decimal – Binary and Binary – Decimal.

Decimal – Binary.
There are a couple of ways to convert decimal numbers into binary, the first is to keep dividing the original number by 2 as shown below:

Example : Convert 123 into binary:
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Then the required binary number is taken from the remainder values written down at the end of each division as shown below.


[image: image1]
Binary number = 1 1 1 1 1 0 1
Therefore 12310 = 11111012
The second method is the successive subtraction of the powers of 2, which sounds very grand but in reality is just about subtracting the largest multiple of 2 away from the number to convert, and then continuing to subtract the next highest multiple until you reach 0. For example:

Convert 20110 into binary.
	256
	128
	64
	32
	16
	8
	4
	2
	1

	
	
	
	
	
	
	
	
	


Starting with the highest multiple of 256 – the number to be converted is less than this so we cannot subtract 256 from it so we enter a 0 in this column.

	256
	128
	64
	32
	16
	8
	4
	2
	1

	0
	
	
	
	
	
	
	
	


The next multiplier is 128 which we can subtract, so we put a 1 in this column.

	256
	128
	64
	32
	16
	8
	4
	2
	1

	0
	1
	
	
	
	
	
	
	


We now have 201-128 = 73 left, our next multiple is 64 which we can again subtract so we place a 1 in this column.

	256
	128
	64
	32
	16
	8
	4
	2
	1

	0
	1
	1
	
	
	
	
	
	


We now have 73-64 = 9 left, so we cannot subtract 32, or 16, but we can subtract 8, so the table now looks like:

	256
	128
	64
	32
	16
	8
	4
	2
	1

	0
	1
	1
	0
	0
	1
	
	
	


We are left with 9 – 8 = 1, and so it is not possible to subtract 4 or 2 but we need to subtract the last 1, so the full table becomes:

	256
	128
	64
	32
	16
	8
	4
	2
	1

	0
	1
	1
	0
	0
	1
	0
	0
	1


Therefore 20110 = 0110010012
Binary to Decimal conversion.

This is the reverse of the process we have just performed, for the binary number we are converting we must add together all of the multipliers where there is a corresponding 1 in the binary.

For example : Convert 10011001 into decimal.

You start with a simple grid as we used before, in this case only 8 cells are needed.

	128
	64
	32
	16
	8
	4
	2
	1

	
	
	
	
	
	
	
	


Fill in the binary number.

	128
	64
	32
	16
	8
	4
	2
	1

	1
	0
	0
	1
	1
	0
	0
	1


Add together all multipliers where binary number is a 1 i.e. 128+16+8+1 = 151, therefore 100110012 = 15110
Now for some examples for you to do:
Exercise 1.

1. Convert the following decimal numbers into binary numbers.
i. 77

ii. 103

iii. 181

iv. 87

v. 231

2. Convert the following binary numbers into decimal numbers.

i. 01011001

ii. 11010111

iii. 00110101

iv. 01010100

v. 10110111

The following table shows the decimal and binary equivalents for the numbers 0-15.
	Decimal
	Binary

	0
	0000

	1
	0001

	2
	0010

	3
	0011

	4
	0100

	5
	0101

	6
	0110

	7
	0111

	8
	1000

	9
	1001

	10
	1010

	11
	1011

	12
	1100

	13
	1101

	14
	1110

	15
	1111


Whilst the conversion is quite straightforward to do, it would be of great advantage for this particular section and the examination if you could remember the first 15 numbers in the binary system. This is because for the examination the counting systems you will come across will have a maximum of 4 bits. Even if a bigger counter is needed for project work, the principles developed here can be applied to much larger counting systems in a similar way.
The basic starting block for a counter is the edge-triggered D-type flip-flop we have just been working with in topic 1.3.2. The most basic of counters will be a 1-bit counter. The connections needed to make a 1-bit counter are as follows:
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You will notice that the only connection that has been made is to link 
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 to D. A clock input has to be provided and could come from a sensor on a production line indicating that an object has passed and the output is taken from Q. (More work on sensors will be done in ET2, for now we will just use a simple on-off-on-off signal as before for the clock.) 

We will now consider the timing diagrams for this particular arrangement.

We will assume that initially, Q and Clock are at Logic 0, meaning that 
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, and therefore D will be at logic 1. The timing sequence will be as follows :
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Remember: changes only occur on the rising edge of the clock pulse, and it is the value of D at the instant the clock changes from Logic 0 to Logic 1 that is transferred to Q. 

So at the first rising edge (1), the logic level at D is a Logic 1, since it is connected to 
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. This changes the output Q to a Logic 1. As a consequence 
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 (and hence D) change to Logic 0.
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The output Q does not change back to Logic 0 when D changes to a Logic 0, because of the transition gate in the D-type. Only for a few nanoseconds is it possible for the output to be changed. The outputs remain like this until the next rising edge of the clock (2).

At the next rising edge (2), there is now a Logic 0 present on the D input which is passed through to the output Q, which causes 
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 (and D) to change to Logic 1 as shown below. 
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At the next rising edge (3), there is now a Logic 1 present on the D input which is passed through to the output Q, which causes 
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 (and D) to change to Logic 0 as shown below. 
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At the next rising edge (4), there is now a Logic 0 present on the D input which is passed through to the output Q, which causes 
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 (and D) to change to Logic 1 as shown below. 
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This continues in the same way for all other clock cycles.
Another observation that can be made from the timing diagram is that the output from Q has exactly half the frequency of the clock pulse, so this circuit could also be used as a simple frequency divider. 

As a counter, this system is fairly pointless, since it can only count to 1, before returning to zero and back to 1 again. What we need is something that can count a little further than 1 to be of some practical use. We can improve the situation slightly by adding a second 1-bit counter to the first as shown below:
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The circuit link between the two 1-bit counters is to link the clock input of the second counter to the 
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 output of the first. The timing diagram for this system is shown opposite.
Initial conditions are assumed to be QA and QB at Logic 0, Clock In = Logic 0, 
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 = DA = 1, 
[image: image11.wmf]B

Q

 = DB = 1.
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At the first rising edge of Clock In (1) – QA becomes Logic 1, since DA = Logic 1, 
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 becomes 0, No change to QB, as the clock input to flip-flop B has gone from Logic 1 to Logic 0, which does not trigger a transfer of DB to QB. Conditions will therefore be as follows.
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At the second rising edge of Clock In (2) – QA becomes Logic 0, since DA = Logic 0, 
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 becomes 1, QB becomes Logic 1 as the clock input to flip-flop B has gone from Logic 0 to Logic 1, which triggers a transfer of DB to QB. Conditions will therefore be as follows.
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At the third rising edge of Clock In (3) – QA becomes Logic 1, since DA = Logic 1, 
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 becomes 0, QB remains Logic 1 as the clock input to flip-flop B has gone from Logic 1 to Logic 0, which does not trigger a transfer of DB to QB. Conditions will therefore be as follows.
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At the fourth rising edge of Clock In (4) – QA becomes Logic 0, since DA = Logic 0, 
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 becomes 1, QB changes to Logic 0 as the clock input to flip-flop B has gone from Logic 0 to Logic 1, which triggers a transfer of DB to QB. Conditions will therefore be as follows.
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At the fifth rising edge of Clock In (5) – QA becomes Logic 1, since DA = Logic 1, 
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becomes 0, QB remains at Logic 0 as the clock input to flip-flop B has gone from Logic 1 to Logic 0, which does not trigger a transfer of DB to QB. Conditions will therefore be as follows.
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At the sixth rising edge of Clock In (6) – QA becomes Logic 0, since DA = Logic 0, 
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 becomes 1, QB changes to Logic 1 as the clock input to flip-flop B has gone from Logic 0 to Logic 1, which triggers a transfer of DB to QB. Conditions will therefore be as follows.
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Now that the pattern of changes has been identified it is simply a case of repeating the patterns as follows.

[image: image52.wmf]A

Q


In the example we have just looked at, there were a lot of graphs drawn but there was really no need to draw them all. If you study the final graphs opposite once again, you should notice some key facts that will simplify the drawing of these types of graphs in future.

i. The Dx input graphs are identical to 
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graphs and therefore are duplicated, so one of them could be removed easily.

ii. The output of QA, responds to the rising edge of the clock pulse, but the clock of Flip-Flop B is linked to the 
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output, or put another way QB responds to the falling edge of QA (As this is equivalent to saying the rising edge of 
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)
iii. The output at QB is half the frequency of QA, or a quarter of the frequency of the clock, so the counter is a very good frequency divider.

iv. If the findings of (ii.) are taken on board then the solution can be as simple as the following.
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So we have now made a 2-bit counter, with A as the least significant bit, because it changes the most frequently, and B the most significant bit. Looking at the timing diagrams above you should be able to see the sequence A=0 B=0, A=1 B=0, A=0 B=1, A=1 B=1, A=0 B=0 etc simulating a count of 0, 1, 2, 3, 0 etc, the most we can achieve with two binary numbers.

The ideas we have used to extend the 1-bit counter to two bits can be used again to build a three bit counter as shown below:
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Exercise 2: Use the information gained from the 2-bit counter to complete the timing diagram below, for the three bit counter shown above.
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You are now in a position to design an n-bit counter where ‘n’ is any number since all you have to do is to continue to add extra D-type flip-flops to the previous stage to increase the number of bits the counter uses, and hence the larger the number it can count to.

So far we have only considered counters that count-up, i.e. increase in value. What if we wanted to count down instead? How would we make a count down counter? Well this is actually quite easy, let us take a look at a count up and count down sequence for a three bit counter.

	Count-Up
	Count-Down

	Decimal
	Binary
	Binary
	Decimal

	0
	000
	111
	7

	1
	001
	110
	6

	2
	010
	101
	5

	3
	011
	100
	4

	4
	100
	011
	3

	5
	101
	010
	2

	6
	110
	001
	1

	7
	111
	000
	0


Hopefully, you will notice that the two binary columns in the table above are the exact opposites of each other, and therefore to create a count down counter all that is needed is to invert the output from a count up counter. Indeed it is even easier than this since the inverse of Q already exists as 
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, and it is therefore trivial to construct a count down counter, we simple take the output from 
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 instead of Q, as shown below.
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In the circuits we have looked at so far, no use has been made of the Set and Reset, inputs to the D-type flip-flops. In many cases these are not used, and are sometimes even left off the circuit symbol, but there are a number of situations where they may be required to ensure the successful operation of a particular system. For example when packing quantities of five items into a box, neither a 2-bit counter (which counts up to 3 and resets) or the 3-bit counter (which count up to 7 and resets) are suitable for this application. 

So how do we manage it? The 2-bit counter is clearly of no use since it does not reach the number we are looking for, we need the counter to reset when the count reaches 5. This is where the reset pin becomes useful. Irrespective of the clock a logic 1 signal on the reset pin will reset the D-type flip flops to their reset state, i.e. Q=0, 
[image: image23.wmf]Q

=1. We need this to happen when the counter reaches 5, i.e. 101 in binary. This corresponds to QA = 1, QB = 0 and QC = 1. As this is the first time in the count sequence when  QA and QC = 1 together we can ignore QB and just use a simple 2-input AND gate to produce the logic level 1 for the reset pin as shown below.

[image: image57.wmf]B

Q


Note that the reset will take place immediately as soon as QA and QC = 1 forcing the whole system to reset.

This changes the timing diagram a little, and you have to be careful in an examination situation as it is very easy sometimes to quickly produce the output of one of these counters and forget about the reset conditions.
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So the sequence is 000, 001, 010, 011, 100, 000, 001,010, 011, 100, 000 etc.
In a similar way the Set input could be used to preset the counter with a particular number before counting down to zero, a possible example of where you might want to use this would be to make an electronic dice. If a count-up counter was used the number sequence displayed would be 000, 001, 010, 011, 100, 101 and then reset as we would have reached the sixth number in our sequence. However these correspond to the numbers 0, 1, 2, 3, 4 & 5 in decimal and not what we need for a dice that should count 1, 2, 3, 4, 5, 6.

If we could make a count down counter that started at 6, counted down to 1 and reset back to 6 when it reaches 0 then we would produce the number sequence 6, 5, 4, 3, 2, 1, 6, 5, 4, 3, etc

We can use the Set inputs to achieve this. The number we want to be loaded into the counter at the start is 110 (i.e. the equivalent of 6 in decimal) – Flip-Flop A needs to be Reset and Flip-Flops B & C need to be Set. We need this to happen when the output of the counter reaches 000, (or when all Q outputs reach 111). 
The full circuit is shown below.
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It is left to you to work out that if the set and reset inputs are active low, then the AND gate would need to be replaced with a NAND gate.
Although these applications are rare, it is something you might like to remember as it can sometimes help with difficult counting sequences in project work.
We have now finished our work on D-type Counters, so here are a couple of exercise questions to see how you have understood the work so far.

Exercise 3:
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1. 
Add the necessary connections to make a 4-bit up-counter, and complete the timing diagram below for the outputs QA, QB, QC, and QD. All outputs are initially at Logic 0, and the D-types are rising-edge triggered.
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2. 
Three D-type flip-flops are shown below, add the necessary connections to make a 3-bit down-counter, and complete the timing diagram below for the outputs QA, QB, and QC. All outputs are initially at Logic 0, and the D-types are rising-edge triggered.
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3. 
Three rising-edge triggered D-type flip-flops are shown below. Complete the timing diagram below for the outputs QA, QB, and QC. All outputs are initially at Logic 0. {Note: Reset is active low!}
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Counter i.c’s.
In our previous work we have seen how to construct count-up, and count-down counters of any size using a series of D-type flip-flops, and we have seen how we can reset these counters at a particular number, if we did not want to use the full range available.

It will come as no surprise to you now that the electronics industry has produced the type of counter we have been working with using D-type flip-flops into one device, called a counter i.c., and these are normally available as 4-bit or 8-bit versions.   

Therefore if only a 1 or 2 bit counter is needed, it will probably be easier to build this from D-type flip-flops, for 3 bits or more, counter i.c’s will be more suitable, as fewer connections will need to be made. You might like to think back to the 4 bit D-type counter on page 25. 
The circuit symbol for a counter i.c. is as follows:
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Things to notice are:

i. a single clock input.

ii. outputs A, B, C, D, where A is always the least significant bit.
iii. a Cout terminal which would be used to provide the clock pulse to another counter should more bits be needed.
iv. a reset terminal which is active low. i.e. a logic 0 is needed to cause the counter to reset.
If we think carefully about all of the counters we have built so far, they have all been counting in binary, a 3-bit counter goes from 000 to 111 (0-7), and a 4-bit counter from 0000 to 1111 (0-15).
In many applications where a count is needed, and therefore a counter i.c. is required, there is often a need to actually view the count as it takes place,  and whilst computers are quite happy counting away in binary, for humans it is sometimes difficult to instantly translate a series of 1010110102 into a number like 31610 at an glance.

So to improve the readability of a counter output for humans several things are required:

i. a counter that follows a decimal count sequence. i.e. 0-9

ii. a display device that is easy to read.

Let us take a look at this first issue, a counter that follows a decimal count system. Look at the following counting sequences.
	Decimal
	Binary
	BCD

	0
	0000
	0000

	1
	0001
	0001

	2
	0010
	0010

	3
	0011
	0011

	4
	0100
	0100

	5
	0101
	0101

	6
	0110
	0110

	7
	0111
	0111

	8
	1000
	1000

	9
	1001
	1001

	10
	1010
	1  0000

	11
	1011
	1  0001

	12
	1100
	1  0010

	13
	1101
	1   0011

	14
	1110
	1   0100

	15
	1111
	1   0101


The extra column added to this table is a modified version of the binary count, called Binary Coded Decimal (or BCD for short). In this system the maximum count in binary is restricted to 1001, i.e. 9 in decimal, before resetting to zero, carrying a 1 over to the next counter in line. The reset has to occur when the count reaches 1010, and is easily set up on our counter i.c. as shown below.
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Notice that a NAND gate has been used as the reset is active-low.
We have now seen how to make a BCD counter from a binary counter, and you may ask yourself why aren’t all counters just made to count in decimal like us. The answer is that using BCD counters is not very efficient, especially when the numbers become larger. Consider the numbers 24, 165, and 1436 in our three numbering systems

	Decimal
	Binary
	Number of bits needed
	BCD
	Number of bits needed

	24
	11000
	5
	0010  0100
	8

	165
	10100101
	8
	0001  0110  0101
	12

	1436
	10110010100
	11
	0001  0100  0011  0110
	16


As you can see from the table, counting using the BCD system requires many more bits to represent the same number, and this makes it less efficient and more costly, since more counter i.c’s would be needed.

This is why BCD is only used when an interface with a human is required, i.e. via a display. For all other calculations that humans do not need to see taking place are carried out in binary. It is only the result of the calculation that is shown in this format.

Having made a suitable counter the next requirement is for a suitable display to make it easy to read the output of the counter. The most common display for counting systems is the 7 segment display, a single package that has 7 LED’s arranged as shown below.
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Each LED (or segment) can be controlled independently and are used to create our familiar numbers as shown below.
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So we have a suitable counter producing the binary equivalent of the numbers 0-9, and we have a display unit that can show these numbers in a way we understand. So now we need an interface to link the two parts together as shown below.
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The purpose of the interface unit is to convert the BCD output from the counter into appropriate logic signals to light the correct segment of the display. We can show this in a truth table as shown below.

	BCD Output
	7 Segment Display inputs

	D
	C
	B
	A
	a
	b
	c
	d
	e
	f
	g

	0
	0
	0
	0
	1
	1
	1
	1
	1
	1
	0

	0
	0
	0
	1
	0
	1
	1
	0
	0
	0
	0

	0
	0
	1
	0
	1
	1
	0
	1
	1
	0
	1

	0
	0
	1
	1
	1
	1
	1
	1
	0
	0
	1

	0
	1
	0
	0
	0
	1
	1
	0
	0
	1
	1

	0
	1
	0
	1
	1
	0
	1
	1
	0
	1
	1

	0
	1
	1
	0
	0
	0
	1
	1
	1
	1
	1

	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	1
	0
	0
	0
	1
	1
	1
	1
	1
	1
	1

	1
	0
	0
	1
	1
	1
	1
	0
	0
	1
	1


The interface unit then is nothing more than a complex logic system that has 4 inputs and 7 outputs. We treat each segment individually and determine the Boolean expression to describe that output. So as an example we will look at output ‘a’. First we complete the Karnaugh map.

	
	BA
	
	
	
	

	DC
	
	00
	01
	11
	10

	
	00
	1
	0
	1
	1

	
	01
	0
	1
	0
	1

	
	11
	
	
	
	

	
	10
	1
	1
	
	


The map contains all of the information from the truth table, however there are six spaces. This is because the truth table is incomplete, 1010 – 1111 do not exist because they will never occur in reality, since the counter resets at the instant 1010 occurs. As far as the Karnaugh map is concerned we can use these cells either as a 1 or a 0 it doesn’t matter since they will never appear. We will put these ‘don’t care’ states in as a ‘1’ as this provides the largest grouping of logic 1’s. The map now becomes 

	
	BA
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	DC
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	00
	01
	11
	10

	
	00
	1
	0
	1
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1

	
	01
	0
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1
	0
	1

	
	11
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1
	1
	1
	1

	
	10
	1
	1
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So the Boolean expression for ‘a’ is:

a = 
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This is not a very nice solution, as it contains many terms for which further simplification is not possible. This is often the case with ‘real’ situations, we do not always get a straightforward expression at the end. For some additional practice of using your Karnaugh map skills you could work out the Boolean expressions for all the other segments in the display. For a real challenge you could try drawing the logic system required. 

The good news is that we don’t have to do this because someone has already done so and created a dedicated i.c. to perform this function for us. You will find it in a component catalogue as a decoder/driver i.c. The device performs two functions for us:

i. it decodes the BCD counter outputs A, B, C and D into the 7 input signals a, b, c, d, e, f, g required for the 7 segment display. (this is the decoder part)

ii. It provides a current boost to the output signals to provide enough current to light the display segments directly. (this is the driver part)  
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BCD Counters.

Such is the need for producing decimal counting systems that i.c. manufacturers have produced a special version of the binary counter, which has the reset internally wired to reset after a count of nine has been reached. Using this device there is no need for the external NAND gate to reset the counter, however if you change your mind and decide that it was a binary counter you wanted after all then you have to go and buy a new i.c. because you cannot disconnect the internal reset gate. Using a BCD counter, the system will look like this.
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Sometimes we need to produce a counter that only counts up to five or six for example. In this case it does not matter if we have a Binary counter or a BCD counter because an external reset would have to be applied. What we have to think carefully about is; what is the last number that we want to be displayed before the reset takes place?
Let’s have a look at an example to illustrate this.
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What is the last number to be displayed on the following system ?

If we consider the inputs to the NAND gate, we can see that they come from outputs B and C. The corresponding binary number causing the reset to happen will be 01102 = 610. So the last number displayed must be 6, right? 

Those thinking a little deeper into the problem will probably disagree, and they would be quite right to disagree. The last number displayed will be 5, one less than where the reset signal is taken from. Why ? Well, think about what happens when the display is showing ‘5’ and the next clock pulse arrives. The counter moves to ‘6’ or ‘0110’, the output of the NAND gate changes to Logic 0, one propagation delay (5ns) later, reset is taken low, resetting the counter to ‘0000’, all in the space of a few nanoseconds. The display does not have time to respond to the fact that the counter reaches ‘0110’ before it is reset to ‘0000’, so the count sequence on the display will be, 0, 1, 2, 3, 4, 5, 0, 1, 2 etc.

So when resetting a counter with a display attached you should always, reset on the binary code one higher than the last number you need to be displayed. 
A 2 – digit counter.
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When we first started looking at counters we began with a 1-bit counter, and progressed to 2 bits by simply joining more counting elements together. If we need to produce a counter to count from 00 – 99 we simply add another BCD counting element to the first, and link it to the COUT terminal of the first counter as shown below.
Exercise 4:
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R

1.
The following circuit shows a Binary counter, connected to a decoder/driver and display. Write down the sequence of numbers displayed as the clock input is pulsed 10 times.

	Clock Pulse
	Display Shows

	0
	0

	1
	

	2
	

	3
	

	4
	

	5
	

	6
	

	7
	

	8
	

	9
	

	10
	


2.
The following circuit contains a BCD counter, connected to a 7 segment display decoder/driver and display. Add to the circuit the required logic gate and connections required to ensure that the largest number displayed is ‘7’
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Using counters to automate sequences.

As well as providing the obvious role of counting events they can also be used along with combinational logic circuits to provide continuous operation of a sequence of events, e.g. traffic lights or disco lights. We will now work through one of these types of problems to see how straight-forward they can be.

Example 1: A traffic light system is required to provide the following sequence: Red, Red, Red, Red and Amber, Green, Green, Green, Amber and then repeat from the beginning. 

In this problem there are 8 steps to the sequence, the same number of combinations that can be achieved with three bits of a counter. Start by completing a truth table for the different combinations.

	Inputs
	Output

	C
	B
	A
	Red
	Amber
	Green

	0
	0
	0
	1
	0
	0

	0
	0
	1
	1
	0
	0

	0
	1
	0
	1
	0
	0

	0
	1
	1
	1
	1
	0

	1
	0
	0
	0
	0
	1

	1
	0
	1
	0
	0
	1

	1
	1
	0
	0
	0
	1

	1
	1
	1
	0
	1
	0


Now we determine the Boolean expression for each output, starting with the Red we have the following:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
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1
	1
	1
	1

	
	1
	0
	0
	0
	0


Red = 
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Now for Amber we have the following:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
	0
	0
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1
	0

	
	1
	0
	0
	1
	0


Amber = 
[image: image26.wmf]B
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And finally for Green we have.

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
	1
	0
	0
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0
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1
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1
	1
	0
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The logic system can now be constructed.
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All that remains is to add the counter.

The final solution becomes:

[image: image94.wmf]R

In this particular example we do not have to worry about resetting the counter, because we are using eight steps to provide our traffic light sequence, so at the end of the last step A, B and C will reset to 0 anyway. The fact that D is left unconnected is of no consequence as it isn’t used in the sequence at all. Once a clock is provided to the counter, the traffic light sequence will run continuously. Now here’s one for you to try.

Exercise 5:

A repeating disco light sequence is required for a group of 4 lamps as shown below.

	Lamp 1
	Lamp 2
	Lamp 3
	Lamp 4

	Off
	On
	On
	On

	On
	Off
	On
	Off

	Off
	On
	On
	Off

	On
	Off
	Off
	Off

	Off
	On
	Off
	On

	On
	Off
	Off
	Off

	Off
	On
	On
	Off

	On
	Off
	Off
	Off


Step 1 : Complete the truth table for each lamp:

	Inputs
	Output

	C
	B
	A
	Lamp 1
	Lamp 2
	Lamp 3
	Lamp 4

	0
	0
	0
	
	
	
	

	0
	0
	1
	
	
	
	

	0
	1
	0
	
	
	
	

	0
	1
	1
	
	
	
	

	1
	0
	0
	
	
	
	

	1
	0
	1
	
	
	
	

	1
	1
	0
	
	
	
	

	1
	1
	1
	
	
	
	


Step 2: Complete Karnaugh map for each lamp, and derive Boolean expression.

Lamp 1:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
	
	
	
	

	
	1
	
	
	
	


Lamp 1 = ............................................

Lamp 2:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
	
	
	
	

	
	1
	
	
	
	


Lamp 2 = ............................................ 

Lamp 3:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
	
	
	
	

	
	1
	
	
	
	


Lamp 3 = ...............................................

Lamp 4:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
	
	
	
	

	
	1
	
	
	
	


Lamp 4 = ..................................................

Step 3 : Design the logic system and connect to counter (Don’t forget to reset the counter at the appropriate point!)
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Alternative reset arrangements for Counters.

As with the D-type circuit symbols we discussed at the end of the last topic, a similar situation exists with counter i.c.’s, where control signals like reset could be active low as we have used in all our examples, but some types are active high. This does not change the way in which you use them it is just that the reset signal may have to come from an AND gate instead of a NAND gate. Just be careful to identify whether these are controlled by active high or low signals.

[image: image96.wmf]R


Active Low Reset – as used in our examples.

Also Active Low Reset – just a different way of representing this.

Active High Reset. 

We have now finished our look at counters, and this also brings to an end the digital systems part of the course for the AS syllabus. You will return to study some more applications of digital circuits in the A2 units next year, and you will probably use many of the ideas covered here for your project design.

Practical counters:
In practice counters come in a variety of different configurations, some of which are:

i.
Count up / down 


The action is determined by the logic level present on a separate input pin.

ii.
BCD / Binary


A separate input, allows the counter to be configured as either a BCD counter, or as a Binary counter. 

iii.
Built in decoders.



Some BCD counters have a built in decoder for 7-segment displays, and provide the outputs ready for direct connection to the display.


iv.
A variety of output bits.



We have discussed in these notes the use of a 4 bit counter i.c., however there are a variety of different counters that have 4, 7, 8, 12 and 14 bit outputs to name just a few. 
In our next topic we will be looking at some basic analogue systems and the operational amplifier.

The following section gives the solutions to the Student Exercises given throughout this chapter, and this is followed by some previous examination topics on counters.
Solutions to pupil exercises.
Exercise 1.

1.

i.
7710 = 10011012
ii.
10310 = 11001112
iii.
18110 = 101101012
iv.
8710 = 10101112
v.
23110 = 110111112
2.
i.
010110012 = 8910
ii.
110101112 = 21510
iii.
001101012 = 5310
iv.
010101002 = 8410
v.
101101112 = 18310
Exercise 2:
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Exercise 3:

1. 
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2. 
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3. 
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Exercise 4:
1.


	Clock Pulse
	Display Shows

	0
	0

	1
	1

	2
	2

	3
	3

	4
	4

	5
	5

	6
	6

	7
	7

	8
	8

	9
	0

	10
	1


2.
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Exercise 5:

Step 1 : Complete the truth table for each lamp:

	Inputs
	Output

	C
	B
	A
	Lamp 1
	Lamp 2
	Lamp 3
	Lamp 4

	0
	0
	0
	0
	1
	1
	1

	0
	0
	1
	1
	0
	1
	0

	0
	1
	0
	0
	1
	1
	0

	0
	1
	1
	1
	0
	0
	0

	1
	0
	0
	0
	1
	0
	1

	1
	0
	1
	1
	0
	0
	0

	1
	1
	0
	0
	1
	1
	0

	1
	1
	1
	1
	0
	0
	0


Step 2: Complete Karnaugh map for each lamp, and derive Boolean expression.
Lamp 1:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
	0
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1
	1
	0

	
	1
	0
	1
	1
	0


Lamp 1 = 
[image: image28.wmf]A


Lamp 2:

	
	BA
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	00
	01
	11
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	0
	1
	0
	0
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1

	
	1
	1
	0
	0
	1


Lamp 2 = 
[image: image29.wmf]A


Lamp 3:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
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1
	1
	0
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1

	
	1
	0
	0
	0
	1


Lamp 3 = 
[image: image30.wmf]B

A

C

B

.

.

+


Lamp 4:

	
	BA
	
	
	
	

	C
	
	00
	01
	11
	10

	
	0
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1
	0
	0
	0

	
	1
	1
	0
	0
	0


Lamp 4 = 
[image: image31.wmf]B
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Step 3 : 


[image: image32]
Examination Style Questions.

1.
The following diagram, shows a decimal counting system.
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(a)
The system uses a BCD counter. What do the initials BCD stand for in this context?



.......................................................................................................................................

[1]

(b)
Why is a BCD counter needed in this case?



.......................................................................................................................................

.......................................................................................................................................

[1]

(c)
What will be shown on the display when the counter outputs are as follows:

D = 0, C = 1, B = 1, A = 0?

Output A is the least significant bit.

.......................................................................................................................................

[1]

(d) Modify the circuit by adding a logic gate and suitable connections so that the biggest number displayed is ‘5’.

[2]

2.
(a)
Complete the table to show the decimal and BCD equivalents of the binary numbers.

[4]

	Binary
	Decimal
	BCD

	0011
	
	

	1100
	
	


(b)
The counter in the following diagram is a 4-bit binary counter. D is the most significant bit.
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Modify the diagram by adding a logic gate and necessary connections to convert the counter into a BCD counter.

[3]

3.
A student needs a ‘light chaser’ lighting effect, using three l.e.d’s X, Y and Z. The light chaser sequence is shown in the following diagram.
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The block diagram for the system is shown below.


Pressing a switch triggers the sequence.

[image: image116.png]Repeat
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(a)
The switch unit outputs a logic 1 when the switch is pressed, and logic 0 when it is not pressed.




Name the type of gate needed to allow the pulses from the pulse generator to reach the counter only when the switch is pressed.



.....................................................

[1]


(b)
Complete the circuit diagram to show how two rising edge triggered D-type flip-flops can be connected to make a 2-bit binary up-counter. Label the most significant output B and the least significant output A of the counter.

[3]
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(c)
Complete the truth table for the logic system. A logic 1 output causes the LED to light.

[2]

	B
	A
	X
	Y
	Z

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


(d)
Design a suitable logic system using 2-input logic gates. Complete the following diagram with your design.

[3]


[image: image33]
4.
The block diagram for a pattern generator is shown below.
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The system uses a 3-bit binary up-counter. Output C is the most significant bit of the counter output.


The system lights four LEDs, P, Q, R and S, in a sequence specified by the following Boolean expressions:
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	Clock Pulse
	C
	B
	A
	P
	Q
	R
	S

	0
	0
	0
	0
	
	
	
	

	1
	0
	0
	1
	
	
	
	

	2
	0
	1
	0
	
	
	
	

	3
	0
	1
	1
	
	
	
	

	4
	1
	0
	0
	
	
	
	

	5
	Counter resets here
	
	
	
	


(a) Complete the truth table to show the sequence of outputs produced by the pattern generator during the first clock pulses 0 – 5.

[4]

(b) Complete the following diagram by adding a logic gate and appropriate connections to make the counter reset on the clock pulse 5.

[3]

[image: image119.png]LEDP

C LEDQ
: Logic
Clock Counter B e
A LEDR

LEDS





5.
The diagram shows 3 D-type flip-flops.

(a) Complete the diagram to make a 3-bit binary up-counter.

[3]

[image: image120.png]D C B A
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(b) D-type flip-flops are rising edge triggered. What is meant by rising-edge-triggered?

[1]

...............................................................................................................................................

...............................................................................................................................................

(c) Add a logic gate and the connections necessary to make the counter reset on the fifth pulse.

[3]

6.
The circuit diagram below shows an incomplete simple random number generator.
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(a)
(i)
What does the ‘o’ on the reset connection indicate?

[1]



............................................................................................................................................



(ii)
Complete the circuit diagram by adding a logic gate and suitable connections so that the largest number displayed is ‘5’.

[3]

(b) What is the logic level at point X when the switch is open (off)?

[1]

..............................................................................................................................................

[1]

(c) 
Describe, in detail, what happens to the display when the following changes are made.

(i) Switch A is open.

[1]




.................................................................................................................................................




.................................................................................................................................................




.................................................................................................................................................

(ii) Switch A is pressed and held closed.

[1]




.................................................................................................................................................




.................................................................................................................................................




.................................................................................................................................................

(d) Explain why a 10kHz astable is chosen for this application.

[1]




.................................................................................................................................................




.................................................................................................................................................




.................................................................................................................................................

(e) What is the purpose of the decoder / driver?

[2]




.................................................................................................................................................




.................................................................................................................................................




.................................................................................................................................................




.................................................................................................................................................




.................................................................................................................................................

7.
The diagram shows 3 D-type flip-flops, which form part of a binary down-counter. Outputs A, B and C are used to indicate the bit binary output. A is the least significant bit.
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(a) Complete the diagram to make a three bit binary down-counter.

[3]

(b) Prior to counting SET is momentarily taken to logic 1 and then back to logic 0. Complete the table below, using 0, or 1, to indicate the logic state of each output after different numbers of clock pulses. 

[3]

	
	Output A
	Output B
	Output C

	Initial

State
	1
	1
	1

	After ONE
 clock pulse
	
	
	

	After THREE clock pulses
	
	
	

	After SIX 

clock pulses
	
	
	


8.
(a)
Complete the diagram to show how two rising-edge triggered D-type flip-flops can be connected to produce outputs of 500Hz and 250Hz from a 1kHz astable. Label the 500Hz and 250Hz outputs.

[3]
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(b)
Complete the timing diagram for the system.

[3]
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Self Evaluation Review
	Learning Objectives
	My personal review of these objectives:

	
	(
	(
	(

	connect a series of D-type flip-flops or counters to produce a frequency divider circuit.
	
	
	

	design 4-bit up and down counters based on D-type flip-flops;
	
	
	

	design 4-bit modulo-n counters and binary coded decimal (BCD) counters.
	
	
	

	draw timing diagrams for these counters;
	
	
	

	describe the use of decoders and seven segment displays;
	
	
	

	convert between binary, decimal, and BCD number systems;
	
	
	

	design systems that use a counter and combinational logic to produce a sequence of events.
	
	
	


Targets:
1.
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The completed system to produce numbers 0 – 9, making it easy for humans to interface with a binary counting unit.





The completed system using a BCD counter. 
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A 2 digit counter to count from 00 – 99.
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