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Recap: Basic Logic Gates
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[Symbolic representation according to the Standard IEEE Std 91/91a-1991]
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…

𝑛 control pins
(selectors)

𝑸

𝑰𝟏

𝑰𝟐

𝑰𝟐𝒏

Based on control pin signals,
Multiplexer sets its ouput to one of its inputs

…
𝑺𝟏 𝑺𝒏

M
U
X

2𝑛 input pins

Consider the following circuit:
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…

𝑛 control pins
(selectors)

𝑸

𝑰𝟏

𝑰𝟐

𝑰𝟐𝒏

Based on control pin signals,
Multiplexer sets its ouput to one of its inputs

…
𝑺𝟏 𝑺𝒏

M
U
X

2𝑛 input pins

Multiplexer/Selector: Combinational Logic Circuit
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…

…

𝑛 control pins
(selectors)

2𝑛 input pins
𝑸

𝑰𝟏

𝑰𝟐

𝑺𝟏 𝑺𝒏

𝑰𝟐𝒏

Based on control pin signals,
Multiplexor sets its ouput to one of its inputs

Multiplexer/Selector: Combinational Logic Circuit
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2-to-1 Multiplexer Implementation
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𝑸

𝑰𝟏

𝑰𝟐

𝑺 𝑸 = ቊ
𝑰𝟏,  if 𝑺 = 𝟎 
𝑰𝟐, if 𝑺 = 𝟏

2-to-1 Multiplexer Implementation
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𝑸

𝑰𝟏

𝑰𝟐

𝑺 𝑄 = ቊ
𝐼1,  if 𝑆 = 0 
𝐼2, if 𝑆 = 1

OR

AND

AND

NOT

2-to-1 Multiplexer Implementation
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𝑸

𝑰𝟏

𝑰𝟐

𝑺 𝑄 = ቊ
𝐼1,  if 𝑆 = 0 
𝐼2, if 𝑆 = 1

OR

AND

AND

NOT

2-to-1 Multiplexer Implementation
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𝑸

𝑰𝟏

𝑰𝟐

𝑺 𝑄 = ቊ
𝐼1,  if 𝑆 = 0 
𝐼2, if 𝑆 = 1

OR

AND

AND

NOT

2-to-1 Multiplexer Implementation
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𝑸

𝑰𝟏

𝑰𝟐

𝑺 𝑄 = ቊ
𝐼1,  if 𝑆 = 0 
𝐼2, if 𝑆 = 1

OR

AND

AND

NOT

2-to-1 Multiplexer Implementation
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𝑸

𝑰𝟏

𝑰𝟐

𝑺

AND

AND

𝑄 = ቊ
𝐼1,  if 𝑆 = 0 
𝐼2, if 𝑆 = 1

OR

AND

AND

NOT

2-to-1 Multiplexer Implementation
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𝑸

𝑰𝟏

𝑰𝟐

𝑺

AND

AND

𝑄 = ቊ
𝐼1,  if 𝑆 = 0 
𝐼2, if 𝑆 = 1

OR

AND

AND

NOT

Verification of correctness:

𝑰𝟏 𝑰𝟐 𝑺 𝑸

0 0 0 0

1 0 0 1

0 1 0 0

1 1 0 1

0 0 1 0

1 0 1 0

0 1 1 1

1 1 1 1

2-to-1 Multiplexer Implementation



14

In
p

u
ts

𝐼1

𝐼2

𝐼3

𝐼4

4-to-1 Multiplexer Implementation
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Each input pin is connected to 
an individual AND logic gate

In
p

u
ts

𝐼1

𝐼2

𝐼3

𝐼4

4-to-1 Multiplexer Implementation
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In
p

u
ts

Control pins

In
p

u
ts

𝐼1

𝐼2

𝐼3

𝐼4

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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ts

𝐼1

𝐼2

𝐼3

𝐼4
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In
p

u
ts

Control pins

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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ts

𝐼1

𝐼2

𝐼3

𝐼4
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In
p

u
ts

Control pins

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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𝐼1

𝐼2

𝐼3

𝐼4
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In
p

u
ts

Control pins

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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𝐼1

𝐼2

𝐼3

𝐼4

20

In
p

u
ts

Control pins

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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ts

𝐼1

𝐼2

𝐼3

𝐼4

21

In
p

u
ts

Control pins

𝑄

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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ts

𝐼1

𝐼2

𝐼3

𝐼4
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In
p

u
ts

Control pins

𝑄

Based on S1 and S2 signals,
output Q is set to one of I1,…, I4 input pins

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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𝐼1

𝐼2

𝐼3

𝐼4
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In
p

u
ts

Control pins

𝑄

𝑸 =

𝑰𝟏,  if 𝑺𝟏 = 𝟎 and 𝑺𝟐 = 𝟎
𝑰𝟐,  if 𝑺𝟏 = 𝟎 and 𝑺𝟐 = 𝟏
𝑰𝟑,  if 𝑺𝟏 = 1 and 𝑺𝟐 = 𝟎
𝑰𝟒,  if 𝑺𝟏 = 1 and 𝑺𝟐 = 𝟏

𝑆1 𝑆2

4-to-1 Multiplexer Implementation
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𝐼1

𝐼2

𝐼3

𝐼4
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In
p

u
ts

Control pins

𝑄

0

0

0

𝑰𝟏

𝑰𝟏

𝑄 =

𝑰𝟏,  if 𝑺𝟏 = 𝟎 and 𝑺𝟐 = 𝟎
𝐼2,  if 𝑆1 = 0 and 𝑆2 = 1
𝐼3,  if 𝑆1 = 1 and 𝑆2 = 0
𝐼4,  if 𝑆1 = 1 and 𝑆2 = 1

0
1

1
0

0
0

1
1

𝑆1 𝑆2

?

?

?

4-to-1 Multiplexer Implementation
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𝐼1

𝐼2

𝐼3

𝐼4
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In
p

u
ts

Control pins

𝑄

𝑄 =

𝐼1,  if 𝑆1 = 0 and 𝑆2 = 0
𝐼2,  if 𝑆1 = 0 and 𝑆2 = 1
𝑰𝟑,  if 𝑺𝟏 = 1 and 𝑺𝟐 = 𝟎
𝐼4,  if 𝑆1 = 1 and 𝑆2 = 1

0

0

𝑰𝟑

0

𝑰𝟑
0
0

1
1

0
1

1
0

𝑆1 𝑆2

?

?

?

4-to-1 Multiplexer Implementation
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𝐼1  

𝑆2

𝑆1

𝑄
𝐼2  

𝐼3  

𝐼4  

4-to-1 Multiplexer: NAND-based Implementation
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…

…

𝑛 control pins

𝑄

𝐼1

𝐼2

𝑆1 𝑆𝑛

𝐼2𝑛

Multiplexer

2𝑛 
input pins
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…

…

𝑛 control pins

2𝑛 
input pins

𝑄

𝐼1

𝐼2

𝑆1 𝑆𝑛

𝐼2𝑛

…

…

𝑛 control pins

2𝑛

output pins

𝑄

𝑂1

𝑂2

𝑂𝑚

𝑆1𝑆𝑛

Multiplexer Demultiplexer
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…

…

𝑛 control pins

𝑄

𝑂1

𝑂2

𝑂𝑚

𝑆1𝑆𝑛

Based on control pin signals,
demultiplexer sends its input to one of its outputs

Demultiplexer

2𝑛

output pins
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Based on control pin signals,
demultiplexor sends its input to one of its outputs

All other outputs are set to some 
default value (e.g. “0”)

…

…

𝑛 control pins

𝑄

𝑂1

𝑂2

𝑂𝑚

𝑆1𝑆𝑛

Demultiplexer

2𝑛

output pins
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𝑄 = ቊ
𝐼1,  if 𝑆 = 0 
𝐼2, if 𝑆 = 1

𝐼1

𝐼2

𝑄

𝑆

𝐼

𝑆

𝑄1

𝑄2

𝑄1 = 𝐼 and 𝑄2 = 0, if 𝑆 = 1 

𝑄1 = 0 and 𝑄2 = 𝐼, if 𝑆 = 1 

2-to-1 Multiplexer 1-to-2 Demultiplexer
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…

…

𝑛 control pins
(selector signals)

𝑄

𝑂1

𝑂2

𝑂𝑚

𝑆1𝑆𝑛

Can be
“0” or “1”

Modifications:

1) We keep only control pins, and remove input pin Q;

Up to 2𝑛 output pins

Demultiplexer: Transformation
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…

…

𝑛 control pins
(selector signals)

𝑄

𝑂1

𝑂2

𝑂𝑚

𝑆1𝑆𝑛

Can be
“0” or “1”

“1”

“0”

“0”

“0”

“0”

Modifications:

1) We keep only control pins, and remove input pin Q;

2) We set to “1” the output pin, which corresponds to 
the values of control pins;

Up to 2𝑛 output pins

Demultiplexer: Transformation
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…

…

𝑛 control pins
(selector signals)

𝑄

𝑂1

𝑂2

𝑂𝑚

𝑆1𝑆𝑛

“1”

“0”

“0”

“0”

“0”

Modifications:

1) We keep only control pins, and remove input pin Q;

2) We set to “1” the output pin, which corresponds to 
the values of control pins;

3) We change the shape to a rectangle

Up to 2𝑛 output pins

Demultiplexer: Transformation
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Modifications:

1) We keep only control pins, and remove input pin Q;

2) We set to “1” the output pin, which corresponds to 
the values of control pins;

3) We change the shape to a rectangle

…

Up to 2𝑛 output pins

𝑂1

𝑂2

𝑂𝑚

𝑆𝑛

𝑛 input pins

…

𝑆1

Decoder
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…

Up to 2𝑛 output pins

𝑂1

𝑂2

𝑂𝑚

𝑆𝑛

𝑛 input pins

…

𝑆1

Decoder function:

- All output pins are set to “0”, except

- The only one pin is set to “1”, which corresponds
to a given combination of inputs

Decoder



…

…

𝑄

𝐼1

𝐼2

𝐼2𝑛

𝑆1 𝑆𝑛

Decoder

Multiplexer

Output 𝑄 is set to one of 

inputs 𝐼1, … , 𝐼2𝑛, based 

on selectors 𝑆1, … , 𝑆𝑛

Demultiplexer

“Flipped” Multiplexer:

Some output 𝑄𝑥  is set to 

input 𝐼, while others 𝑄𝑖

with 𝑖 ≠ 𝑥 are set to “0”s

𝐼𝑛

𝑄2𝑛

𝑄2

𝑄1

…

…

𝐼1

Encoder

“Flipped” Decoder:

Only one input in 𝐼1, … , 𝐼2𝑛

is allowed to be “1”;

For given inputs, there is
a pre-defined set of
outputs 𝑄1, … , 𝑄𝑛

𝑄2𝑛

…

…

𝐼

𝑄1

𝑄2

𝑆𝑛𝑆1

Based on inputs 𝐼1, … , 𝐼2𝑛,

some output 𝑄𝑥  is set to “1”,

while others 𝑄𝑖  with 𝑖 ≠ 𝑥

are set to “0”s
𝑄𝑛

𝐼2𝑛

𝐼2

𝐼1

…

…

𝑄1

37

Hardware Building Blocks
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X-to-1 Multiplexer

…

…

𝑛 selector pins

Up to 2𝑛

input pins
𝑄

𝐼1

𝐼2

𝐼𝑋

Based on the values of its 𝑛 selector (control) pins, a 
multiplexer sets the value of its output 𝑄 to the value of 
one of its 𝑋 ≤ 2𝑛 inputs

𝑆1
mux 𝑆𝑛

mux

Question: How to construct an X-to-Y Multiplexer?
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1-to-Y Demultiplexer

…

…

𝑚 selector pins

Up to 2𝑚

output pins

𝑄

𝑂1

𝑂2

𝑂𝑌

Based on the values of its 𝑚 selector pins, a 
demultiplexer outputs its input value 𝑄 at one of its 
𝑌 ≤ 2𝑚 output pins, while all other output pins are 
set to 0s

𝑆𝑚
demux𝑆1

demux
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…

…

𝑛 selector pins

Up to 2𝑛

input pins
𝑄

𝐼1

𝐼2

𝐼𝑋

…

…

𝑚 selector pins

Up to 2𝑚

output pins

𝑂1

𝑂2

𝑂𝑌

𝑆𝑚
demux𝑆1

demux𝑆1
mux 𝑆𝑛

mux

Multiplexer-Demultiplexer Composition
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…

…

Up to 2𝑛

input pins
𝑄

𝐼1

𝐼2

𝐼𝑋

…

…

Up to 2𝑚

output pins

𝑂1

𝑂2

𝑂𝑌

𝑆𝑚
demux𝑆1

demux𝑆𝑛
mux

X-to-Y Multiplexer:

Chooses one of its X input pins, and outputs its value at one of its Y output pins, 
while all other output pins are reset to 0s (usually)

…𝑆1
mux

…
Control 
pins



…

…

𝑄

𝐼1

𝐼2

𝐼2𝑛

𝑆1 𝑆𝑛

Decoder

Multiplexer

Output 𝑄 is set to one of 

inputs 𝐼1, … , 𝐼2𝑛, based 

on selectors 𝑆1, … , 𝑆𝑛

Demultiplexer

“Flipped” Multiplexer:

Some output 𝑄𝑥  is set to 

input 𝐼, while others 𝑄𝑖

with 𝑖 ≠ 𝑥 are set to “0”s

𝐼𝑛

𝑄2𝑛

𝑄2

𝑄1

…

…

𝐼1

Encoder

“Flipped” Decoder:

Only one input in 𝐼1, … , 𝐼2𝑛

is allowed to be “1”;

For given inputs, there is
a pre-defined set of
outputs 𝑄1, … , 𝑄𝑛

𝑄2𝑛

…

…

𝐼

𝑄1

𝑄2

𝑆𝑛𝑆1

Based on inputs 𝐼1, … , 𝐼2𝑛,

some output 𝑄𝑥  is set to “1”,

while others 𝑄𝑖  with 𝑖 ≠ 𝑥

are set to “0”s
𝑄𝑛

𝐼2𝑛

𝐼2

𝐼1

…

…

𝑄1

42

Hardware Building Blocks
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𝐼1 𝐼2

2-to-4 Decoder Implementation
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𝐼1 𝐼2

2-to-4 Decoder Implementation
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𝐼1 𝐼2

2-to-4 Decoder Implementation
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𝐼1 𝐼2

2-to-4 Decoder Implementation
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𝐼1 𝐼2

2-to-4 Decoder Implementation
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𝐼1 𝐼2

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝑂1 𝑂2 𝑂3 𝑂4

0 0

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝑂1 𝑂2 𝑂3 𝑂4

0 0 1

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝑂1 𝑂2 𝑂3 𝑂4

0 0 1 0 0 0

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝑂1 𝑂2 𝑂3 𝑂4

0 0 1 0 0 0

0 1 1

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝑂1 𝑂2 𝑂3 𝑂4

0 0 1 0 0 0

0 1 0 1 0 0

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝑂1 𝑂2 𝑂3 𝑂4

0 0 1 0 0 0

0 1 0 1 0 0

1 0 0 0 1 0

2-to-4 Decoder Implementation
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𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝑂1 𝑂2 𝑂3 𝑂4

0 0 1 0 0 0

0 1 0 1 0 0

1 0 0 0 1 0

1 1 0 0 0 1

2-to-4 Decoder Implementation



…

…

𝑄

𝐼1

𝐼2

𝐼2𝑛

𝑆1 𝑆𝑛

Decoder

Multiplexer

Output 𝑄 is set to one of 

inputs 𝐼1, … , 𝐼2𝑛, based 

on selectors 𝑆1, … , 𝑆𝑛

Demultiplexer

“Flipped” Multiplexer:

Some output 𝑄𝑥  is set to 

input 𝐼, while others 𝑄𝑖

with 𝑖 ≠ 𝑥 are set to “0”s

𝐼𝑛

𝑄2𝑛

𝑄2

𝑄1

…

…

𝐼1

Encoder

“Flipped” Decoder:

Only one input in 𝐼1, … , 𝐼2𝑛

is allowed to be “1”;

For given inputs, there is
a pre-defined set of
outputs 𝑄1, … , 𝑄𝑛

𝑄2𝑛

…

…

𝐼

𝑄1

𝑄2

𝑆𝑛𝑆1

Based on inputs 𝐼1, … , 𝐼2𝑛,

some output 𝑄𝑥  is set to “1”,

while others 𝑄𝑖  with 𝑖 ≠ 𝑥

are set to “0”s
𝑄𝑛

𝐼2𝑛

𝐼2

𝐼1

…

…

𝑄1
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𝐼1 𝐼2 𝐼3 𝐼4

4-to-2 Encoder Implementation
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𝐼1 𝐼2 𝐼3 𝐼4

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s

4-to-2 Encoder Implementation
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𝐼1 𝐼2 𝐼3 𝐼4

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s
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𝐼1 𝐼2 𝐼3 𝐼4

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s
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𝐼1 𝐼2 𝐼3 𝐼4

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s
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𝐼1 𝐼2 𝐼3 𝐼4

𝑂1

𝑂2

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s
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𝐼1 𝐼2 𝐼3 𝐼4

𝑂1

𝑂2

𝐼1 𝐼2 𝐼3 𝐼4 𝑂1 𝑂2

1 0 0 0 0 0

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s
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𝐼1 𝐼2 𝐼3 𝐼4

𝑂1

𝑂2

𝐼1 𝐼2 𝐼3 𝐼4 𝑂1 𝑂2

1 0 0 0 0 0

0 1 0 0 0 1

0 0 1 0 1 0

0 0 0 1 1 1

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s
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𝐼1 𝐼2 𝐼3 𝐼4 𝐼1 𝐼2 𝐼3 𝐼4 𝑂1 𝑂2

1 0 0 0 0 0

0 1 0 0 0 1

0 0 1 0 1 0

0 0 0 1 1 1

𝑂1

𝑂2

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s
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𝐼1 𝐼2 𝐼3 𝐼4 𝐼1 𝐼2 𝐼3 𝐼4 𝑶𝟏 𝑶𝟐

1 0 0 0 0 0

0 1 0 0 0 1

0 0 1 0 1 0

0 0 0 1 1 1

𝑂1

𝑂2

4-to-2 Encoder Implementation

Assumption by definition:
Exactly one input is set to “1”, while all others are “0”s



68

𝐼1 𝐼2 𝐼3 𝐼4
𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝑂1

𝑂2

4-to-2 Encoder 2-to-4 Decoder

One input is set to “1”, while all others are “0”s One output is set to “1”, while all others are “0”s
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Note: These encoder and decoder circuits have symmetric truth tables.
In practice, the requirement of symmetric truth tables might be omitted 

𝐼1 𝐼2

𝑂1

𝑂2

𝑂3

𝑂4

𝐼1 𝐼2 𝐼3 𝐼4

𝑂1

𝑂2

4-to-2 Encoder 2-to-4 Decoder



…

…

𝑄

𝐼1

𝐼2

𝐼2𝑛

𝑆1 𝑆𝑛

Decoder

Multiplexer

Output 𝑄 is set to one of 

inputs 𝐼1, … , 𝐼2𝑛, based 

on selectors 𝑆1, … , 𝑆𝑛

Demultiplexer

“Flipped” Multiplexer:

Some output 𝑄𝑥  is set to 

input 𝐼, while others 𝑄𝑖

with 𝑖 ≠ 𝑥 are set to “0”s

𝐼𝑛

𝑄2𝑛

𝑄2

𝑄1

…

…

𝐼1

Encoder

“Flipped” Decoder:

Only one input in 𝐼1, … , 𝐼2𝑛

is allowed to be “1”;

For given inputs, there is
a pre-defined set of
outputs 𝑄1, … , 𝑄𝑛

𝑄2𝑛

…

…

𝐼

𝑄1

𝑄2

𝑆𝑛𝑆1

Based on inputs 𝐼1, … , 𝐼2𝑛,

some output 𝑄𝑥  is set to “1”,

while others 𝑄𝑖  with 𝑖 ≠ 𝑥

are set to “0”s
𝑄𝑛

𝐼2𝑛

𝐼2

𝐼1

…

…

𝑄1
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…

…

𝑄

𝐼1

𝐼2

𝐼2𝑛

𝑆1 𝑆𝑛

Decoder

Multiplexer

Output 𝑄 is set to one of 

inputs 𝐼1, … , 𝐼2𝑛, based 

on selectors 𝑆1, … , 𝑆𝑛

Demultiplexer

“Flipped” Multiplexer:

Some output 𝑄𝑥  is set to 

input 𝐼, while others 𝑄𝑖

with 𝑖 ≠ 𝑥 are set to “0”s

𝐼𝑛

𝑄2𝑛

𝑄2

𝑄1

…

…

𝐼1

Encoder

“Flipped” Decoder:

Only one input in 𝐼1, … , 𝐼2𝑛

is allowed to be “1”;

For given inputs, there is
a pre-defined set of
outputs 𝑄1, … , 𝑄𝑛

𝑄2𝑛

…

…

𝐼

𝑄1

𝑄2

𝑆𝑛𝑆1

Based on inputs 𝐼1, … , 𝐼2𝑛,

some output 𝑄𝑥  is set to “1”,

while others 𝑄𝑖  with 𝑖 ≠ 𝑥

are set to “0”s
𝑄𝑛

𝐼2𝑛

𝐼2

𝐼1

…

…

𝑄1
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