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Week 3 
Multiplexers:  
A multiplexer is a circuit that generates a single output by selecting one of several input signals using one or more control inputs. We can 
say that a multiplexer uses one or more control inputs to ‘multiplex’ multiple input signals into a single output. The diagram and truth 
table for a simple 2-to-1 multiplexer are drawn below. 
 

 
The more select inputs there are, the more inputs we can select from. A basic rule is that we use n select inputs to select from 2^n data 
inputs. We can also create larger multiplexers from smaller multiplexers. The previous 4-to-1 multiplexer can be made from three 2-to-1 
multiplexers, as shown below. 
 

 
A crossbar is a special type of circuit that connects any of its inputs to any of its outputs. A crossbar with n inputs and k outputs is called a nk 
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crossbar switch. The diagram from a 2x2 multiplexer is as follows. 
 

 
This circuit can be implemented using a multiplexer. Notice how when the switch is 0, then x1=y1 and x2=y2, but when the switch is 1, 
then x1=y2 an x2=y1. 
 

We can also use a multiplexer to synthesise the logic functions. Consider the function f = w1 XOR w2. When written in a truth table, we can 
see that it can be implemented in a 4-to-1 multiplexer using both w1 and w2 as select inputs. 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To be even more efficient, we can implement this XOR function using a 2-to-1 multiplexer by using w1 as the select input, and w2 and 
w2(bar) as he data inputs. Notice how we found patterns in the output of the truth table and used them to create another smaller truth 
table, from which we can implement a logic function using multiplexers. This concept still works with more complicated truth tables as 
long as we set the inputs of the multiplexer to 0, 1, some variable, or some variable’s complement. To even further simplify the latter 
example, we can use a method called ‘Shannon’s Expansion’ to simply synthesise a function using multiplexers. We begin by writing out 
the function in sum-of-products form, then simplifying it using algebraic manipulation. When we simplify, we are aiming to separate all 
the outcomes of w1 and NOT w1.  

 
Now we can implement this function using a 2-to-1 multiplexer with the select input as w1 and the data inputs as w2w3 and w2+w3. 
 

Decoders: 
Decoder circuits are used to decode encoded information. A binary decoder is a logic circuit with n inputs and 2^n outputs. Only one 
signal is outputted at a time. Decoders also have an enable input En which disables the outputs if En = 0. In the following example of a 2-
to-4 decoder, the two data inputs are w1 and w2. They represent a two-bit number that causes the decoder to set the value of one of the 
outputs to 1. For example, when both w1 and w2 are equal to 1, then only the output y3 is equal to 1. 
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Demultiplexers:  
Just as a multiplexer uses n select inputs to multiplex 2^n data inputs into 1 output, a demultiplexer splits, or demultiplexes, a single 
input into multiple outputs. An example of this is a 1-to-4 decoder where the enable input is the data input, y0 to y3 are the outputs, and 
w0w1 is the select input that determines which output will be set to the value of the enable input. When En = 0, all the outputs are 0. 
When En = 1, the valuation of w0w1 determines which of the outputs will be set to 1. In general, an n-to-2^n decoder can be used as a 1-
to-n demultiplexer. This is not a rule, as the amount of outputs varies. 

Encoders: 
An encoder is the opposite of a decoder. It encodes given information into a more compact form. A binary encoder encodes information 
from 2^n inputs into an n-bit code. Only one of the inputs has the value one, and the outputs present us with a binary number. Observe 
the 4-to-2 encoder below. 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A ‘priority encoder’ is another type of encoder where each input has a priority level associated with it. Consider the following example 
where w3 has the highest priority and w0 has the lowest priority. 
 

 
When an input with high priority is equal to 1, then the other inputs of lower priority are ignored and denoted with an x. Note also that we 
provide a z output since it is possible that none of the inputs are equal to 1. When all the inputs are equal to 0, then z is equal to 0, and we 
don’t care (d) about y0 and y1. 

Minimisation:  
We can simplify, or minimise, a complicated Boolean equation by either converting the statement to a truth table and using Karnaugh 
maps, or simplifying using Boolean properties. 
 
To convert the statement into a truth table, we first translate it to canonical form and remove any duplicates. Now we can create a truth 
table from the statement. Finally, we convert the truth table into a Karnaugh map and simplify. 

Bit-vectors:  
A signal of bit type represents one wire in a logic circuit. A signal in bit-vector represents a set of parallel wires. When declaring a bit-vector 
signal, we tend to use DOWNTO for binary numbers, and TO for strings, timing, and memory. This is because we often assign values to all 
the elements in an array at once. 

SIGNAL	  X:	  BIT_VECTOR(7	  DOWNTO	  0); 
X	  <=	  “01010101”;	  
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This will sets the value of X7 to 0, X6 to 1, and so on. Note that we use single-quotes to assign values to bits, and double-quotes to assign 
values to bit-vectors. We can also set the value of a bit-vector to another bit-vector in different ways using the concatenate operator (&). 

SIGNAL	  LONG:	  BIT_VECTOR(7	  DOWNTO	  0); 
SIGNAL	  SHORT:	  BIT_VECTOR(3	  DOWNTO	  0); 
LONG	  <=	  “0010”	  &	  SHORT;	  

We can also perform operations on entire bit-vectors. 

SIGNAL	  A,	  B,	  C:	  BIT_VECTOR(7	  DOWNTO	  0); 
C	  <=	  A	  AND	  B;	  

This will perform the same operation for each set of bits with corresponding numbers. 

VHDL Operators: 
In VHDL code, we use logical operators (AND, OR, NOT, NAND, NOR, XOR, and XNOR), Boolean operators (= and /=), arithmetic operators 
(+, -, *, and /), relational operators (<, <=, >, >=), and the concatenate array operator (&). 
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Week 4 
Attributes: 
Attributes are used to extract information about signal, variable, or type to be used in the code. 

SIGNAL	  A:	  BIT_VECTOR(7	  DOWNTO	  0); 
A’LEFT	  =	  7	  -‐-‐since	  the	  leftmost	  value	  is	  A7 
A’RIGHT	  =	  0	  -‐-‐	  since	  the	  rightmost	  value	  is	  A0  
A’HIGH	  =	  7	  -‐-‐since	  the	  highest	  index	  value	  is	  A7  
A’LOW	  =	  0	  -‐-‐since	  the	  lowest	  index	  value	  is	  A0  
A’RANGE	  =	  7	  downto	  0 
A’REVERSE_RANGE	  =	  0	  to	  7 
A’LENGTH	  =	  8	  

Multiplexers in VHDL: 
There are many ways to define a 2-to-1 multiplexer in VHDL code. The most basic of which is as follows. 

ENTITY	  2to1mux	  IS 
PORT	  (s,	  x,	  y:	  IN	  STD_LOGIC; 
	  	  	  	  	  	  	  	  	  	  	  	  	  m:	  OUT	  STD_LOGIC); 
END; 
 
ARCHITECTURE	  Behaviour	  OF	  2to1mux	  IS 
BEGIN 
m	  <=	  (NOT(s)	  AND	  y)	  OR	  (s	  AND	  x); 
END;	  

We can also create larger multiplexers using smaller ones. Note that when we design this in VHDL code, we have to define the outputs of 
each multiplexer before the final output as internal signals in the architecture. Observe the following diagram and code for a 5-to-1 
multiplexer. Notice how we create a component at the start of the architecture, then define its entity and architecture afterwards.	  

ENTITY	  5to1mux	  IS 
PORT(s:	  IN	  STD_LOGIC_VECTOR	  (2	  DOWNTO	  0); 
	  	  	  	  	  u,	  v,	  w,	  x,	  y:	  IN	  STD_LOGIC; 
	  	  	  	  	  m:	  OUT	  STD_LOGIC); 
END; 
 
ARCHITECTURE	  Behaviour	  OF	  5to1mux	  IS 
COMPONENT	  2to1mux 
PORT	  (s,	  x,	  y:	  IN	  STD_LOGIC; 
	  	  	  	  	  	  m:	  OUT	  STD_LOGIC); 
END	  COMPONENT; 
SIGNAL	  a,	  c,	  d:	  STD_LOGIC; 
BEGIN 
m0:	  2to1mux	  PORT	  MAP(s0,	  u,	  v,	  c); 
m1:	  2to1mux	  PORT	  MAP(s0,	  w,	  x,	  d); 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m2:	  2to1mux	  PORT	  MAP(s1,	  c,	  d,	  a); 
m3:	  2to1mux	  PORT	  MAP(s2,	  a,	  y,	  m); 
END; 
 
ENTITY	  2to1mux	  IS 
PORT	  (s,	  x,	  y:	  IN	  STD_LOGIC; 
	  	  	  	  	  	  m:	  OUT	  STD_LOGIC); 
END	  2to1mux; 
 
ARCHITECTURE	  Behaviour	  OF	  2to1mux	  IS 
BEGIN 
m	  <=	  (NOT(s)	  AND	  x)	  OR	  (s	  AND	  y) 
END	  Behaviour; 
	  

Building Logic Gates from Multiplexers: 
By change up the data inputs and select input of a 2-bit multiplexer, we can simulate logic gates. 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Addition of Unsigned Binary Numbers:  
Numbers that are positive only are called ‘unsigned’. Numbers that can also be negative are called ‘signed’. We consider binary numbers to 
be unsigned. We add binary numbers in the same way we add decimal numbers, except the only digits we can use are 0 and 1. There are 
four possible outcomes of adding 2 one-bit binary numbers. 
 

 
We call the leftmost digit of the answer the ‘carry-out’ (c) and last digit the ‘sum’ (s). From this, we can create a truth table and circuit 
diagram. 
 

 
This circuit which implements that addition of only two bits is called a half-adder. 
 
When we are adding together two much larger binary numbers, we will often have to ‘carry-in’ a number. Basically, when we add two 1s 
and cannot place a 1 in the carry-out section, then we write the sum as 0 and carry-in a 1 to the top of the next column and add it there. 
Note that if there are three 1s in a column, then we write a 1 in the sum section and carry another 1 to the next column. We can create a 
truth table and circuit out of this.  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This circuit is called a full-adder. It can be coded as follows.  

LIBRARY	  ieee; 
USE	  ieee.std_logic_1164.all; 
 
ENTITY	  fulladder	  IS 
PORT(a,	  b,	  cin:	  IN	  STD_LOGIC; 
	  	  	  	  	  cout,	  s:	  OUT	  STD_LOGIC); 
END	  fulladder; 
 
ARCHITECTURE	  Behaviour	  OF	  fulladder	  IS 
SIGNAL	  m:	  STD_LOGIC; 
BEGIN 
m	  <=	  a	  XOR	  b; 
s	  <=	  m	  XOR	  cin; 
cout	  <=	  (a	  AND	  b)	  OR	  (cin	  AND	  a)	  OR	  (cin	  AND	  b);  
END	  Behaviour;	  

Comparators:  
A comparator is an arithmetic circuit that compares the sizes of two binary numbers. Consider the following truth table for a XNOR gate. 
 

 
This is an example of the comparator A=B. Notice that the circuit only outputs when the binary value of A is the same as the binary value of 
B. In the same way: 


