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Lab 2

The Full-Adder

1 Introduction

In this lab, the student will construct a full-adder, which adds two data bits and a carry
bit. Optionally, students may connect their full-adders together to form a circuit that
adds two multi-bit binary numbers. This lab also introduces the use of a buffer circuit
to provide an LED readout of a gate output with reduced loading of the gate.

1.1 Equipment needed

Breadboard with +5 V DC supply

1.2 Components needed

1 — 7400 Quad 2-input NAND gate

1 — 7486 Quad 2-input XOR gate

1 — 7406 Hex inverter buffer/driver

5 — LED

1 — Quad DIP switch

3 — resistor, 2.2 kΩ

5 — resistor, 330 Ω

2 The Full-Adder Circuit

The binary adder circuit is an important building block of digital arithmetic circuits.
Its purpose is to form the arithmetic sum of two binary numbers. In this section we will
see how to design a binary adder out of basic gates.
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1 0 0

1 1 0 1 = 13
+ 0 1 1 0 = 6
1 0 0 1 1 = 19

Figure 1: Sample 4-bit binary addition problem. The carries are shown above the two
numbers being added.

2.1 Binary Addition

The design of a binary adder begins by considering the process of addition in base 2,
illustrated in Figure 1.1 In this example, the two numbers to be added, 1101 + 0110,
are written one above the other. The carries from one position to the next are written
above them. The result is the 5-bit number 10011. Interpreting the values of the binary
numbers, this sum corresponds to the decimal addition 13 + 6 = 19.

From this example, we observe that the problem of adding two 4-bit numbers can be
reduced to the problem of adding a column of two or three bits and passing the carry
along to the next column. (For the sake of regularity, we can fill in a 0 as the input
carry in the rightmost column, so then each column is always the sum of three bits.)

2.2 One-bit Full-Adder

A circuit that adds a column of three bits is called a full-adder.2 We can design such a
circuit by making a table listing the outputs for all possible input combinations. Note
that in each column there is a sum bit which is put at the bottom and a carry bit
that is taken to the next column. So we need to specify two output bits for each input
combination. Let us call the two data bits x and y. (These are the bits in the two
bottom rows of the sum, corresponding to the given numbers to be added.) We call the
input carry z. The output bits will be S for the sum bit and C for the output carry.
The summation is shown symbolically in Figure 2, together with the table giving the
outputs for each input combination. Each row of the table is filled in simply by writing
in binary the sum of the three bits x + y + z, using 0 = 00, 1 = 01, 2 = 10, and 3 = 11.

Upon inspection of this table, we can see that the sum bit S = 1 whenever an odd
number of input bits are equal to 1. A boolean function that can provide this result is
the exclusive-OR, XOR, symbolized by x ⊕ y, which is 1 if either x or y is 1, but not
both. It is easy to verify that S = (x⊕ y)⊕ z. (The parentheses could be omitted, since
XOR is an associative operator.) The carry-out is 1 whenever a majority of inputs are 1.
A clever way to implement this is as C = xy + (x ⊕ y)z. This allows the full-adder to
be constructed as shown in Figure 3.

One drawback of this design is that it uses three different types of gates, requiring
three different IC packages, even though there are only five gates. We can easily redesign
the circuit to replace all the AND and OR gates by NAND gates. Then we will need
only two IC packages to implement the circuit. Here is how it works: for brevity, let
w = x ⊕ y so that we can write C = xy + wz. Using double negation and DeMorgan’s

1This addition could be performed by a single IC chip such as the TTL 7483. Here, we are interested
in seeing how such a chip could be constructed from elementary gates.

2The name full-adder comes from the fact that it can be constructed by combining two half-adders,
each of which adds only two bits.



The Full-Adder 3

z
y

+ x
CS

x y z C S
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

Figure 2: Symbolic addition of a column of three bits, and truth table specifying the
results for each possible combination of inputs.
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Figure 3: Full-adder circuit.

Laws, we can rewrite this as C = xy + wz = xy · wz , i.e., the NAND of xy and
wz , each of which is in turn a NAND. The corresponding redesigned circuit is shown in
Figure 4.

2.3 Multi-bit Adder

The 1-bit wide full-adder can be replicated to form an adder capable of adding multi-bit
numbers by connecting the carry-out of one full-adder to the carry-in of the full-adder
for the next more significant bit. A two-bit adder constructed this way is shown in
Figure 5. It should be clear how the circuit can be extended in the same way to add two
binary numbers with any desired number of bits. This type of adder circuit is called a
“ripple adder” because the carries ripple from one full-adder to the next.

x

y

z

��
�

�

�
�

�

� �

S

C

Figure 4: Full-adder circuit implemented using NAND gates in place of AND and OR.
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Figure 5: Two-bit ripple-adder circuit.

3 Using a Buffer to Control LED

The connection of an LED directly to a logic gate output has the drawback that the gate
output can be heavily loaded by the LED. If the gate output must also drive an input of
some other chip, the gate may be overloaded, leading to faulty operation of the circuit.
For this reason, manufacturers provide special chips, called buffers or drivers, which are
constructed to be able to handle larger loads than normal gates. They are also often
able to control larger voltages, e.g. 15 or 30 volts, than normal gates. By interposing a
buffer between the gate output and the LED, the loading of the gate is reduced. There
is one other detail to take account of: recall that for the method of connecting an LED
described in Lab 1, the LED is OFF for a logic HIGH, and ON for a logic LOW. It is
usual to think of ON as corresponding to a logic 1, and OFF as a logic 0. Therefore, for
the positive logic interpretation of a circuit, it is preferable to reverse the states of the
LED. This can be done by using an inverting buffer.

The connection of a buffer to provide a gate readout is simple: just connect the
output of the gate which is to be displayed into the input of the buffer. Then connect
the LED to the output of the buffer in the way described in Lab 1.

4 Building a Full Adder

A full adder to add two one-bit numbers plus an input carry will now be constructed.
The circuit to be built is as shown in Figure 4. Inputs will be provided by DIP switches,
connected as described in Lab 1.
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4.1 Circuit Construction

The full-adder circuit shown in Figure 4 uses two XOR gates and three NAND gates.
Since each logic chip package has four gates, the circuit can be built with one 7400
NAND chip and one 7486 XOR chip.

LEDs will be used to provide readout of the three input bits x, y, and z and the
two output bits C and S. As discussed earlier, to prevent excessive loading of the logic
gates, each output bit should be run through a buffer to the LED. Although the DIP
switches used to provide the input bits are not subject to loading issues, it is convenient
to run them through buffers as well. The reason is that since we are using inverting
buffers, for both inputs and outputs an LED will be OFF for 0 and ON for 1.

Each 7406 inverting buffer chip package contains 6 inverting buffers, so to buffer the
three input bits and two output bits, only one chip is needed.

4.1.1 Circuit Planning

When placing components into the breadboard, consider the flow of logic from the input
switches to the output LEDs. It will be helpful to keep this flow from left to right,
as in the circuit diagram. Thus the DIP switch unit should be placed near the left
end. The two IC packages producing the logic result should be to its right. (Remember
that because of the need to use pull-up resistors, the switches cannot share breadboard
columns directly with the chips. Likewise the LEDs with their current-limiting resistors
need their own columns.) Then place the inverting buffer chip further to the right. The
most intuitive location for the three LEDs displaying the inputs is to the left, near the
input switches. But because their signals are routed through the inverting buffer, this
placement will necessitate running some long jumper wires back from the 7406. (To
avoid long wires from the switches to the inputs of the 7406, tap off the inputs where
they enter the 7486 to pass them to the 7406.) So it is probably preferable to place all
the LEDs on the right, near the buffer. Place the input LEDs to the left of the output
LEDs, with a gap between the two groups. The two output LEDs should be in order C,
S from left to right, so that the numeric value can easily be read as a binary number.

A suggested layout is shown in Figure 6.

4.1.2 Procedure

Consult the manufacturer’s data sheets for pinouts of the chips. Refer to the writeup
of Lab 1 for the proper method to connect gate inputs from switches. A hint for more
intuitive switch operation: install the quad DIP switch with ON at the bottom, along
the ground bus. Then pushing a switch UP (off) will produce a 1 bit while pushing it
DOWN (on) will produce a 0 bit.

To display the inputs and outputs with LEDs, run the signals to the inputs of the
inverting buffer, then connect the buffer outputs to LEDs following the method described
in Lab 1. Don’t forget the 330-Ω resistors to protect the LEDs from burnout.

Leave any unused gate inputs and outputs unconnected.
When the single-bit adder is working, you may optionally join it with another stu-

dent’s circuit to make a two-bit adder as in Figure 5. Remove the carry-out of the first
full-adder from the input of the buffer running the C LED and connect it as the carry-in
z2 to the second full-adder in place of the switch-provided z bit of the latter. (The
second adder needs only two bits of switch-provided input.) Add a third LED to the
first full-adder’s board, to the left of its now-disconnected C bit. This will be the C2 of
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Figure 6: Suggested layout of the full-adder circuit. From left to right: DIP switches
and pullup resistors; IC’s; and LED’s and their current-limiting resistors. Wiring is not
shown.

Figure 5. Route the S and C outputs of the inverting buffers of the second full-adder
to these two LEDs to display the 3-bit sum.

4.2 Observations

1. Apply all 8 possible combinations of inputs to the full adder. Record the results in
a truth table, in the form of 0s and 1s. Because of the use of the inverting buffers,
an LED OFF is a 0 and an LED ON is a 1.

2. Interpret the output combination CS on each row as a binary number, and convert
to decimal numbers 0 through 3. Verify that on each row, the output number is
the number of 1-bits in the input.

5 Exercises

Do the following exercise prior to the laboratory.

1. Perform by hand the addition of the two 4-bit binary numbers 1011 + 0111, in the
same way as the example in Figure 1. Show the carries explicitly. As a check,
interpret these two numbers and their sum in decimal.
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