
Gates and Boolean Logic
CS 3410: Computer System Organization and Programming

1[K. Bala, A. Bracy, G. Guidi, A. Sampson, E. Sirer, Z. Susag, H. Weatherspoon, and K. Laeufer]



2

Lecture 1: Representing Numbers

Water Flow (l/min)

Voltage (V)

No Water / Water Flowing

Low / High Voltage

Analog Digital: 0 / 1



Then and Now
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The first transistor
• One workbench at AT&T Bell Labs
• 1947
• Bardeen, Brattain, and Shockley



Then and Now
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Apple M4
• 28 billion transistors, 3nm
• 177 square millimeters
• 4x-10x performance, 4x-6x efficiency, 8x-40x GPU, 16x Neural 

processing cores

https://en.wikipedia.org/wiki/Apple_M4
https://en.wikipedia.org/wiki/Transistor_count

The first transistor
• One workbench at AT&T Bell Labs
• 1947
• Bardeen, Brattain, and Shockley
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Transistors 101
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2-Transistor Combination
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CMOS Inverter  :

ground (0)

power source (1)

input output

p-gate

n-gate

Truth Table

Input Output• CMOS: combine P- and N-Transistors



2-Transistor Combination
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p-gate
closes

n-gate 
stays open

CMOS Inverter  :

ground (0)

power source (1)

input output

p-gate

n-gate

power source (1)

ground (0)

10

—

—

Truth Table

Input Output
0 1

• CMOS: combine P- and N-Transistors



2-Transistor Combination
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p-gate
closes

n-gate 
stays open

p-gate
stays open

n-gate 
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ground (0)

power source (1)

input output

p-gate

n-gate

power source (1)

ground (0) ground (0)

power source (1)

1 00

—

—

+

+
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Truth Table

Input Output
0 1
1 0

• CMOS: combine P- and N-Transistors



2-Transistor Combination
• CMOS: combine P- and N-Transistors
• f(a) = …?
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p-gate
closes

n-gate 
stays open

p-gate
stays open
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Truth Table

Input Output
0 1
1 0



2-Transistor Combination
• CMOS: combine P- and N-Transistors
• f(a) = a
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p-gate
closes

n-gate 
stays open

p-gate
stays open

n-gate 
closes
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Truth Table

Input Output
0 1
1 0



2-Transistor Combination
• CMOS: combine P- and N-Transistors
• f(a) = a
• Inverter
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p-gate
closes

n-gate 
stays open

p-gate
stays open

n-gate 
closes

CMOS Inverter  :

ground (0)

power source (1)

input output

p-gate

n-gate

power source (1)

ground (0) ground (0)

power source (1)

1 00

—

—

+

+

1

Truth Table

Input Output
0 1
1 0in out



4-Transistor Combination
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A

out

Vsuppl

y

B

BA

Truth Table

A B Output
0 0
0 1
1 0
1 1



4-Transistor Combination
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A

out = ~Vsuppl

Vsuppl

y

B

BA

Truth Table

A B Output
0 0 1
0 1
1 0
1 1

XX



4-Transistor Combination
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A

out = ~Vsuppl

Vsuppl

y

B

BA

Truth Table

A B Output
0 0 1
0 1
1 0
1 1

XX



4-Transistor Combination
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A

out = ~0V

Vsuppl

y

B

BA

Truth Table

A B Output
0 0 1
0 1 0
1 0
1 1

X

X



4-Transistor Combination

18

A

out = ~0V

Vsuppl

y

B

BA

Truth Table

A B Output
0 0 1
0 1 0
1 0 0
1 1

X

X



4-Transistor Combination
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A

out = ~0V

Vsuppl

y

B

BA

Truth Table

A B Output
0 0 1
0 1 0
1 0 0
1 1 0

X
X



4-Transistor Combination
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A

out = ~0V

Vsuppl

y

B

BA

Truth Table

A B Output
0 0 1
0 1 0
1 0 0
1 1 0

X
X

• What function is implemented?



4-Transistor Combination
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A

out = ~0V

Vsuppl

y

B

BA

Truth Table

A B Out ¬Out
0 0 1 0
0 1 0 1
1 0 0 1
1 1 0 1

X
X

• What function is implemented?



4-Transistor Combination
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A

out = ~0V

Vsuppl

y

B

BA

Truth Table

A B Out ¬Out
0 0 1 0
0 1 0 1
1 0 0 1
1 1 0 1

X
X

• f(a, b) = a ∨ b



4-Transistor Combination
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A

out = ~0V

Vsuppl

y

B

BA

Truth Table

A B Out ¬Out
0 0 1 0
0 1 0 1
1 0 0 1
1 1 0 1

X
X

• f(a, b) = a ∨ b
• not or → NOR Gate

A

B



4-Transistor Combination
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Truth Table

A B Output
0 0 1
0 1
1 0
1 1

A

out

Vsuppl

y

B

BA

Vsuppl

y

X
X



4-Transistor Combination
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Truth Table

A B Output
0 0 1
0 1 1
1 0
1 1

A

out

Vsuppl

y

B

BA

Vsuppl

y

X

X



4-Transistor Combination
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Truth Table

A B Output
0 0 1
0 1 1
1 0 1
1 1

A

out

Vsuppl

y

B

BA

Vsuppl

y

X
X



4-Transistor Combination
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Truth Table

A B Output
0 0 1
0 1 1
1 0 1
1 1 0

A

out

Vsuppl

y

B

BA

Vsuppl

y

XX



4-Transistor Combination
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Truth Table

A B Output
0 0 1
0 1 1
1 0 1
1 1 0

A

out

Vsuppl

y

B

BA

Vsuppl

y

XX

• What function is implemented?



4-Transistor Combination
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Truth Table

A

out

Vsuppl

y

B

BA

Vsuppl

y

XX

• What function is implemented? A B Out ¬Out
0 0 1 0
0 1 1 0
1 0 1 0
1 1 0 1



4-Transistor Combination
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Truth Table

A

out

Vsuppl

y

B

BA

Vsuppl

y

XX

• f(a, b) = a ∧ b A B Out ¬Out
0 0 1 0
0 1 1 0
1 0 1 0
1 1 0 1



4-Transistor Combination
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Truth Table

A

out

Vsuppl

y

B

BA

Vsuppl

y

XX

• f(a, b) = a ∧ b
• not and → NAND gate

A B Out ¬Out
0 0 1 0
0 1 1 0
1 0 1 0
1 1 0 1

A

B



1 and 2 Input Logic Gates
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aInverter: f(a) = a
        = ¬a



1 and 2 Input Logic Gates
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aInverter:

NOR:
a

b

f(a) = a
        = ¬a

f(a, b) = a ∨ b



1 and 2 Input Logic Gates
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aInverter:

NOR:
a

b

f(a) = a
        = ¬a

f(a, b) = a ∨ b

NAND: f(a, b) = a ∧ 
b

a

b



1 and 2 Input Logic Gates
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aInverter:

NOR:
a

b

f(a) = a
        = ¬a

f(a, b) = a ∨ b

NAND: f(a, b) = a ∧ 
b

a

b

OR:
a

b
f(a, b) = a ∨ b
             = a + b



1 and 2 Input Logic Gates
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aInverter:

NOR:
a

b

f(a) = a
        = ¬a

f(a, b) = a ∨ b

NAND: f(a, b) = a ∧ 
b

a

b

OR:
a

b
f(a, b) = a ∨ b
             = a + b

a

b



1 and 2 Input Logic Gates
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aInverter:

NOR:
a

b

f(a) = a
        = ¬a

f(a, b) = a ∨ b

NAND: f(a, b) = a ∧ 
b

a

b

OR:

AND: a

b

a

b
f(a, b) = a ∨ b
             = a + b

f(a, b) = a ∧ 
b
             = a x b
             = ab



1 and 2 Input Logic Gates
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aInverter:

NOR:
a

b

f(a) = a
        = ¬a

f(a, b) = a ∨ b

NAND: f(a, b) = a ∧ 
b

a

b

OR:

AND: a

b

a

b
f(a, b) = a ∨ b
             = a + b

f(a, b) = a ∧ 
b
             = a x b
             = aba

b



1 and 2 Input Logic Gates
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aInverter:

NOR:
a

b

f(a) = a
        = ¬a

f(a, b) = a ∨ b

NAND: f(a, b) = a ∧ 
b

a

b

OR:

AND: a

b

a

b
f(a, b) = a ∨ b
             = a + b

f(a, b) = a ∧ 
b
             = a x b
             = ab

XOR: a
b f(a, b) = a ⊕ b

  = ab ∨ ab



a ∨ 0 =
a ∨ 1 = 
a ∨ ā = 

a ∧ 0  = 
a ∧ 1  = 
a ∧ ā  = 

Identities Truth Table

a a ∨ 0

0 0
1 1



a ∨ 0 = a
a ∨ 1 = 
a ∨ ā = 

a ∧ 0  = 
a ∧ 1  = 
a ∧ ā  = 

Identities Truth Table

a a ∨ 0

0 0
1 1



a ∨ 0 = a
a ∨ 1 = 1
a ∨ ā = 

a ∧ 0  = 
a ∧ 1  = 
a ∧ ā  = 

Identities



a ∨ 0 = a
a ∨ 1 = 1
a ∨ ā = 1

a ∧ 0  = 
a ∧ 1  = 
a ∧ ā  = 

Identities



a ∨ 0 = a
a ∨ 1 = 1
a ∨ ā = 1

a ∧ 0  = 0
a ∧ 1  = 
a ∧ ā  = 

Identities Truth Table

a a ∧ 1

0 0
1 1



a ∨ 0 = a
a ∨ 1 = 1
a ∨ ā = 1

a ∧ 0  = 0
a ∧ 1  = a
a ∧ ā  = 

Identities Truth Table

a a ∧ 1

0 0
1 1



a ∨ 0 = a
a ∨ 1 = 1
a ∨ ā = 1

a ∧ 0  = 0
a ∧ 1  = a
a ∧ ā  = 0

Identities



a ∧ b  = a ∨ b

a ∨ b  = a ∧ b

DeMorgan’s Law



a ∧ (b ∨ c)  = (a ∧ b) ∨ (a ∧ c)

Distributive Property



a ∧ (b ∨ c)  = (a ∧ b) ∨ (a ∧ c)

a  (b + c)  = ab + ac

Distributive Property



Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0
0 1
1 0
1 1

PollEv.com/cs3410

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1
1 0
1 1

PollEv.com/cs3410

0

1

1

0 0

0

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1 1
1 0
1 1

PollEv.com/cs3410

1

1

0

0 0

1

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1

PollEv.com/cs3410

0

0

1

1 0

1

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1 0

PollEv.com/cs3410

1

0

0

1 0

0

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1 0

PollEv.com/cs3410

1

0

0

1 0

0

     ∨ 

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1 0

PollEv.com/cs3410

1

0

0

1 0

0

ab ∨ 

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1 0

PollEv.com/cs3410

1

0

0

1 0

0

ab ∨ ab

https://pollev.com/cs3410


Which Gate is this?
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a

b
Out

PollEV Question #1

(A) NOT
(B) OR
(C) XOR
(D) AND
(E) NAND

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1 0

PollEv.com/cs3410

1

0

0

1 0

0

ab ∨ ab

minterms!

https://pollev.com/cs3410


Truth Table  to Boolean Formula with SOP
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● Sum-Of-Product (SOP) or
Disjunctive Normal Form (DNF)

ab ∨ ab

Disjunction



Truth Table  to Boolean Formula with SOP
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● Sum-Of-Product (SOP) or
Disjunctive Normal Form (DNF)

ab ∨ ab
ab + ab

Disjunction

Sum

Products



Truth Table  to Boolean Formula with SOP
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● Sum-Of-Product (SOP) or
Disjunctive Normal Form (DNF)

● minterms:
product of (inverted) inputs

ab ∨ ab
ab + ab

Disjunction

Sum

Products

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1 0



Truth Table to Boolean Formula with POS
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● Sum-Of-Product (SOP) or
Disjunctive Normal Form (DNF)

● minterms:
product of (inverted) inputs

● Product-Of-Sum (POS) or 
Conjunctive Normal Form (CNF)

● maxterms:
sum of (inverted) inputs

ab ∨ ab
ab + ab

Disjunction

Sum

Products

Truth Table

A B Out
0 0 0
0 1 1
1 0 1
1 1 0

                                     (a + b) (a + b)



Truth Table to Boolean Formula with POS
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● Sum-Of-Product (SOP) or
Disjunctive Normal Form (DNF)

● minterms:
find rows where output is 1

● Product-Of-Sum (POS) or 
Conjunctive Normal Form (CNF)

● maxterms:
sum of (inverted) inputs

ab ∨ ab
ab + ab

Disjunction

Sum

Products

Truth Table

A B Out ¬Out
0 0 0 1
0 1 1 0
1 0 1 0
1 1 0 1

                                     (a + b) (a + b)

f(a, b) = ab + ab



Truth Table to Boolean Formula with POS
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● Sum-Of-Product (SOP) or
Disjunctive Normal Form (DNF)

● minterms:
find rows where output is 1

● Product-Of-Sum (POS) or 
Conjunctive Normal Form (CNF)

● maxterms:
sum of (inverted) inputs

ab ∨ ab
ab + ab

Disjunction

Sum

Products

f(a, b) = ab + ab

f(a, b) = ab + ab  = (a + b) (a + b)

Truth Table

A B Out ¬Out
0 0 0 1
0 1 1 0
1 0 1 0
1 1 0 1



Sum-Of-Product Practice
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Sum-Of-Product Practice
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a b c out
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 0
1 1 1 0

1) Write minterms
2) sum of products:

• OR of all minterms where out=1

minterm
a b c
a b c
a b c
a b c
a b c
a b c
a b c
a b c



Logic Implementation
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• How to implement a desired logic function?

a b c out
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 0
1 1 1 0

 
minterm

a b c
a b c
a b c
a b c
a b c
a b c
a b c
a b c



Logic Implementation

68

• How to implement a desired logic function?

a b c out
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 0
1 1 1 0

 
minterm

a b c
a b c
a b c
a b c
a b c
a b c
a b c
a b c

corollary: any combinational circuit can be implemented in two levels of logic 
(ignoring inverters)

c
out

b
a

c
b
a

out



Multiplexor

69

• Select one of two inputs
• Ternary operator in C: sel? b : a

s (select)

a

b
out

1

0



Multiplexor
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• Select one of two inputs
• Ternary operator in C: sel? b : a

sel b a Out
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 0
1 1 0 1
1 1 1 1

Truth Table

s (select)

a

b
out

1

0



Multiplexor

71

• Select one of two inputs
• Ternary operator in C: sel? b : a

s (select)

a

b
out

1

0

s b a Out
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 0
1 1 0 1
1 1 1 1

Truth Table

sba + sba + sba  + sba



Multiplexor
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• Select one of two inputs
• Ternary operator in C: sel? b : a

s (select)

a

b
out

1

0

s b a Out
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 0
1 1 0 1
1 1 1 1

Truth Table

sba + sba + sba  + sba = sa + sb



Multiplexor
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• Select one of two inputs
• Ternary operator in C: sel? b : a

s (select)

a

b
out

1

0

s b a Out
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 0
1 1 0 1
1 1 1 1

Truth Table

sba + sba + sba  + sba = sa + sb

a

b

s Out



Binary Addition
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Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———

   



Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———

   110

+1



Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1



  110002 
+  100012

——————
  

Adding Binary Numbers

78

Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1



  110002 
+  100012

——————
   12

Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1



  110002 
+  100012

——————
   012

Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1



  110002 
+  100012

——————
   0012

Adding Binary Numbers

81

Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1



  110002 
+  100012

——————
   10012

Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1



Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1

  110002 
+  100012

——————
   010012

+1



Adding Binary Numbers
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Remember 
elementary 

school!    2410           
+ 1710
———
   4110

+1

  110002 
+  100012

——————
   1010012

+1



Binary Addition
• Binary addition requires

• Add of two bits PLUS carry-in
• Also, carry-out if necessary

85



1-bit Half Adder

86

?

A B

S

C
out

A B Cout S
0 0
0 1
1 0
1 1

• Adds two 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• No carry-in

PollEV Question
What is the equation for Cout?
a) A + B
b) AB
c) A ⊕ B
d) A + !B
e) !A!B

PollEv.com/cs3410

https://pollev.com/cs3410


1-bit Half Adder

87

?

A B

S

C
out

A B Cout S
0 0
0 1
1 0
1 1

PollEV Question #3
What is the equation for Cout?
a) A + B
b) AB
c) A ⊕ B
d) A + !B
e) !A!B

• Adds two 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• No carry-in



1-bit Half Adder
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?

A B

S

C
out

A B Cout S
0 0
0 1
1 0
1 1

   0
+ 0

   0
+ 1

   1
+ 0

   1
+ 1

   0
   0

   0

   0
   1   1

   0

   0    1
   1

   0

   0
   0

   0

   1

   1
S = one input equals 1
C

out
 = two inputs equal 1

• Adds two 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• No carry-in



1-bit Half Adder

89

?

A B

S

C
out

A B Cout S
0 0
0 1
1 0
1 1

   0   0
   1   0
   1   0
   0   1

 = A ⊕ B

C
out

A B

S

C
out

A B

S

• Adds two 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• No carry-in



1-bit Full Adder

90

?

S

C
out

A B

C
in

A B Cin Cout S
0 0 0
0 0 1
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1

• Adds three 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• Can be cascaded

• Fill in Truth Table
• Create Sum-of-Product Form
• Draw the Circuits



1-bit Full Adder
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?

S

C
out

A B

C
in

A B Cin Cout S
0 0 0
0 0 1
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1

 

• Adds three 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• Can be cascaded

PollEv.com/cs3410

https://pollev.com/cs3410


1-bit Full Adder
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?

S

C
out

A B

C
in

A B Cin Cout 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

• Adds three 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• Can be cascaded

 



1-bit Full Adder
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• Adds three 1-bit numbers
• Computes 1-bit result and 1-bit carry-out
• Can be cascaded?

S

C
out

A B

C
in

A B Cin Cout 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

C
out

S

A B

C
in

 



4-bit Adder
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• Adds two 4-bit numbers, along with carry-in

• Computes 4-bit result and carry out

• 3 + 2 = 5

• Carry-out 🡪 result >  4 bits

A
0
   B

0

S
0

A
1
   B

1

S
1

A
2
   B

2

S
2

A
3
   B

3

S
3

C
out

C
in

0                   0                   1                   10                   0                   1                   0

1

0

0

0

1

1

0

00



4-bit Adder
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Build it 
and 

box it!
(Theme of 3410)

A
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S
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A
1
   B

1

S
1

A
2
   B

2

S
2

A
3
   B

3

S
3

C
out

C
in

A[4] B[4]

S[4]

C
out

C
in



PollEV Question #5
What's the largest sum you can calculate with a  4 bit adder?           
(Give your answer in base 10. Assume unsigned numbers)

a) 4
b) 1,111
c) 15
d) 16
e) 4000

96

A[4] B[4]

S[4]

C
out

C
in

PollEv.com/cs3410

https://pollev.com/cs3410


PollEV Question #5
What's the largest sum you can calculate with a  4 bit adder?           
(Give your answer in base 10. Assume unsigned numbers)

a) 4
b) 1,111
c) 15
d) 16
e) 4000
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A[4] B[4]

S[4]

C
out

C
in



Binary Subtraction
Why create a new circuit?
Just use addition using two’s complement math

How?

98



Binary Subtraction
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•  
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Binary Subtraction

100

•  

S
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1
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2
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3
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B
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A
3

C
out

B
3

B
1

B
0

1

0                   0                   1                   10                   1                   1                   1

00

1

1

1

0

11

1                   1                  0                   0



Binary Subtraction
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•  

S
0

S
1

S
2

S
3

A
0

A
1

A
2

B
2

A
3

C
out

B
3

B
1

B
0

1

sub? B0 newB0

0 0 0

0 1 1

1 0 1

1 1 0

if subtracting, invert B
0

Add or subtract with 
XOR gate



Binary Subtraction
•  

S
0

S
1

S
2

S
3

A
0

A
1

A
2

B
2

A
3

C
out

B
3

B
1

B
0

1 = subtract

0 = add

sub? B0 newB0

0 0 0

0 1 1

1 0 1

1 1 0

if subtracting, invert B
0

Add or subtract with 
XOR gate

1

102



Binary Subtraction
Two’s Complement Subtraction

• Subtraction is addition with a negated operand
• E.g. 6 – 7 = -1 🡪 6 + (-7) = -1

S
0

S
1

S
2

S
3

A
0

A
1

A
2

B
2

A
3

C
out

B
3

B
1

B
0

1 = subtract

sub? B0 newB0

0 0 0

0 1 1

1 0 1

1 1 0

if subtracting, invert B
0

Add or subtract with 
XOR gate
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Binary Subtraction
Two’s Complement Subtraction

• Subtraction is addition with a negated operand
• Addition still works! E.g. 2 + 5 = 7
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1

S
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S
3
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A
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A
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B
2

A
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C
out

B
3

B
1

B
0

0 = add

sub? B0 newB0

0 0 0

0 1 1

1 0 1

1 1 0

if subtracting, invert B
0

Add or subtract with 
XOR gate
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4-bit Adder with Two’s Complement
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8-bit Adder with Two’s Complement

106S[4]

A[4]

C
out

B[4]

C
in

S[4]

A[4] B[4]



8-bit Adder with Two’s Complement
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32-bit Adder with Two’s Complement
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A[8] B[8]



32-bit Adder with Two’s Complement
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64-bit Adder with Two’s Complement
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A[32] B[32]
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A[32] B[32]



64-bit Adder with Two’s Complement
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