Carmi Merimovich

The Academic College of Tel-Aviv

January 29, 2025



The Theme of this Chapter e

©C.M.

Theme

Boolean functions (Platonic world)
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Combinational circuits (Real hardware)
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Switches

A switch is a component having three tips 6% ol o

» One conrol pin
» Two data pins

A switch can be in one of two states

» Unpressed 6~ ol o: The control is at logic 0
» Pressed o 2| ° The control is at logic 1

The data pins can be in one of two states
» Connected oo ol o
» Disconnected ¢~ 2| ©

Naming and drawing convention:

» N-switch s : Connected <> Pressed

» P-switch ol o: Connected <= Unpressed
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Switch Drawings

Type N P
Unpressed _‘I’_ 0
switch o o oJ_o
Pressed 1 1
switch 1o OJ_O
Bipoloar
transistor le JLL
FET 1 e
transistor

Switches = Transistors

Used in drawings
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Combinational
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The following implementation of logic gates is an abstrac-  fi.istors
tion of the CMOS technology. The CMOS technology was

invented at Fairchild Semiconductor by Frank Wanlass and
Chih-Tang Sah.

CMOS

Complementary Metal-Oxide-Semiconductor
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https://en.wikipedia.org/wiki/Fairchild_Semiconductor
https://en.wikipedia.org/wiki/Frank_Wanlass
https://en.wikipedia.org/wiki/Chih-Tang_Sah

Realizing the Operators -, + and ~

Later on we will see that there are more gates

Binary adder
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‘Electronic’ circuit Gate symbol
1

Gates
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Not Gate x py O Combinational
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‘Electronic’ circuit Gate symbol
1

Gates
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‘Electronic’ circuit Gate symbol

(L Gates
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‘Electronic’ circuit Gate symbol
1

Gates
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‘Electronic’ circuit Gate symbol

1 1 1

Gates




And Gate z =0, y=0

‘Electronic’ circuit
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Gate symbol

1 1 1

Gates




And Gatez =0, y=1

‘Electronic’ circuit
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Gate symbol
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And Gate z=1,y=0

‘Electronic’ circuit
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Gate symbol

Gates




And Gate =1, y=1

‘Electronic’ circuit

Gate symbol

1
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‘Electronic’ circuit Gate symbol

1 1 1

Gates




Or Gate

Combinational
Circuits

©C.M.

‘Electronic’ circuit Gate Symbol

1

Gates

Z =12+ Yo/s3
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‘Electronic’ circuit Gate Symbol

1

Gates
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‘Electronic’ circuit Gate Symbol

1

Gates

Z=2T+ Yy s



Or Gate €r = 1, y — 0 Combinational
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‘Electronic’ circuit Gate Symbol

l Gates
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‘Electronic’ circuit Gate Symbol
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Or Gate
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‘Electronic’ circuit Gate Symbol
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Xor gate (good place as any)

‘Electronic’ circuit

Gate symbol

° —o_l_

° —o_l_
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£
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Xor gate

‘Electronic’ circuit
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Gate symbol

° —o_l_

Gates

L

ap
TDyY
TPy Y

o —o
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Xorgate =0, y=0

‘Electronic’ circuit

Gate symbol

° —o_L

L

I EN H,LH_?

o —o o0—o o—e

@
TDY
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Xorgate =0, y=1

‘Electronic’ circuit
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Gate symbol
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Xor gate

=1, p=I{0

‘Electronic’ circuit

Gate symbol

I e g

L

S

@
TDY
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Xor gate

r=1 y=1

‘Electronic’ circuit

Gate symbol

I e g
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Xor gate (good place as any)

‘Electronic’ circuit

Gate symbol

° —o_l_

° —o_l_
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o —O o0—o o—¢
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® . + and @ are commutative: Gate inputs are symmetric

-, + and & are associative: Gatewise we get, e.g., Gates

b Ty Yy Y-z
y 2

(x-y) =z (y-2)-
z T

® Or we can use gate with three inputs, e.g.,

Fx-y-z

There is a performance hit for each additional input pin

x

Y
z

Usually, two successive gate are slower
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And gate :: 3:)— fifg 0 0000 Zn Transistors
0 Gates
Or gate NEID SRR e
Xor gate 0 D 0B O Tn Circuits
Tn

® Most technologies allow

Seven segment
at most 5 input pins o] &

Half adder
2-Bits Adder
Full adder

Binary adder
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3-Inputs Gates waveforms i
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t=z-y-z2

100 ns 200 a Gates

L
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‘Electronics’ observation regarding gates

The realization of both IO and I have - at their end

And ‘Electronics’

Or ‘Electronics’

1 : /e S A
: I uz
Z2=T-y Z=x+y

=z Ty =z ]y
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Nand (1) and Nor ({) Properties Cree
Nand Nor

r=x-z=xtTx r=z+zrx=zxlx Gat
T-y=IT y= TYy=T y=

=z Ty = =T +y =

=(@z1ty) T (z1y) =(zlz)! yly)
r+y=r+y= r+y=r+y=

=Z-y= =z ly=

=(@@tz)t (¥ 1y =@yl (@ly)
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Theme

A set of functions and constants is a complete system if every  Gates
boolean function can be defined with them e

Transistors

Circuits

Corollary

mod 3

Both {1} and {]} are complete systems. Half adder

2-Bits Adder
Full adder

Binary adder

17/53



Combinational
Circuits

©C.M.

Theme

Transistors

‘Electronic’ circuit Logic symbol Gates
n-ary Gates

1 1 -
Circuits

Seven segment

T y mod 3
[ — Half adder
tty==-9y | .
— 2-Bits Adder
zTYy==y
J= Full adder
I Binary adder

()0}
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Transistors

Gates
‘Electronic’ circuit Logic symbol ey Gates
1 Circuits

Seven segment

mod 3
Half adder
— Y .
y wiy:w-ky 2-Bits Adder
| _ Full adder
rly=x+y

I_ Binary adder
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Realizing the operatros with Nand and Nor

Combinational

Circuits
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Gate Nand Nor
: ~ N El ) zta= E) > zlz= Gates
] 7 & - T _
T x
@la)l
. (zty) (yly) =
‘T:D»‘T-y y:D‘ED@M): y d
Yy

z) T
Wty = , (@lyd
Tty ym(;riy):
Tty

Realization of XOR should be here
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® The buffer gate (important in real circuits):

T T Gates
>
$ T %oy

® The nxor gate:

FAILS works
1 1
— 1 — 1
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Transistors

N d U Gates
an gate Tn o o n-ary Gates
R . .
Nor gate N Dm Circuits
0 Seven segment
Nxor gate | ' Domwa:
- mod 3
Half adder
2-Bits Adder
Full adder
Binary adder
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n-ary Gates
Circuits

Seven segment
mod 3

Half adder
2-Bits Adder
Full adder

Binary adder
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Transistors

_ Gates

n-ary Gates
(Realization of boolean functions) Circuits
Seven segment
mod 3
Half adder
2-Bits Adder
Full adder

Recall that the booean operators are boolean functions
Binary adder
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Theme
® Seven Segment Transistors
) mod 3 GatesG
n-ary Gates
o Half adder Circuits
® 2-bit binary adder SN S
mod 3
® Full adder
Half adder
® Binary adder 2-Bits Adder

Full adder
_ Binaryladder
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Realizing the Seven-Segment

The formuale are from the previous lecture Seven SagTEE

1. Block diagram
2. Logic circuit

26/53



bo @
b L
P cl— Gates
-ary G
7-segment|— e
—] b el— Circuits
f |
P o Seven segment
mod 3
Half adder
2-Bits Adder
Full adder
Binary adder
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Seven-Segment (formulae) “eene
©C.M.

SOP POS

a = mo + mg + m3 + ms + my + mg + mg a = Mmimqme

b= mg+ mq + mo + m3 + my +m7 + mg + mg b= msmg e

c=mg+mi +m3+my+ms+ meg+ my+mg+ mo| c=mo

U= Mo + Mz + Mg + M5 + M + Mg d= My Seven segment

e = mo + mg + meg + mg € = M1ms3mqmsmsmg

f=mo+ mg+ms+meg+mg+mg f = mimamsms

g = ma + m3 + my + ms + mg + mg + my g = momimy
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Transistors

Gates

n-ary Gates
Circuits

Seven segment
mod 3

Half adder
2-Bits Adder
Full adder

Binary adder
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Circuits

Seven segment
mod 3

Half adder
2-Bits Adder
Full adder

Binary adder

b3 b2 bl b0

alaleln

YIY
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Seven segment
mod 3

Half adder
2-Bits Adder
Full adder

Binary adder

b3 b2 bl b0

dd
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Seven Segment (SOP) s
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b3 b2 bl
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Seven Segment (SOP)

b3 b2 bl b0

i 4 d

[LTTng0y

il
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Seven Segment (SOP)

b3 b2 bl b0

i 4 d

[LTTng0y

il
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Seven Segment (SOP) s
©C.M.

eeeeeeeeeeee




Seven Segment (SOP)

N804

wm

]EET

]EET

4.445
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Seven Segment (SOP) s
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Transistors

Gates

n-ary Gates
Circuits

Seven segment
mod 3

Half adder
2-Bits Adder
Full adder

Binary adder
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Seven segment
mod 3

Half adder
2-Bits Adder
Full adder

Binary adder

b3 b2 bl b0

b

Yy
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Half adder
2-Bits Adder
Full adder

Binary adder

b3 b2 bl b0

b
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Seven Segment (POS) s
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Seven Segment (POS) s
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Seven Segment (POS) s
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Transistors

Gates

Circuits
The formuale are from the previous lecture Seven segment
mod 3
1. Block diagram Half adder
2-Bits Adder

2. Logic circuit
Full adder

Binary adder
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n2

ns

Circuits

B ‘f 1 Seven segment

mod 3

Half adder
2-Bits Adder
Full adder

Binary adder
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Theme
f1 =nsnoning + ngnaning + n3nening + ngnaning+ Transistors
Gates

n3N2N1ng e B
fO :'ﬁ3'ﬁ2'ﬁ1n0 + ﬁ3n2ﬁ1ﬁ0 —+ ﬁ3n2n1n0 + n3,ﬁ2n1,ﬁ0+ Circuits
= Seven segment
n3naningo a3
Half adder
2-Bits Adder
Full adder

Binary adder
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mod 3 f1-Circuit

ns ng

o

b
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mod 3 fy-Circuit e

©C.M.
ns n2 n o
0? G? l}q l}q
* I - mod 3

Jo
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Realizing the Half Adder

The formuale are from the Boolean Algebra lecture

1. Block diagram
2. Logic circuit
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Seven segment

mod 3

Half adder
2-Bits Adder
Full adder

Binary adder
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n-ary Gates

Circuits

Seven segment
mod 3

Half adder
2-Bits Adder
fl Full adder

Binary adder
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(The formulae are from the Boolean Algebra chapter)

-Dits er

Full adder

Binary adder
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2-Bits Binary Adder (Function)

J2 =T120Y1Y0 + T1Z0Y1Y0 + T1ToY1Yo + T1T0Y1Yo+
T1Z0Y1Y0 + T120Y1Yo

1 =T1Zoy1%0 + T1Z0Y1Y0 + T1ToY1Yo + T1ZoY1Yo+
Z1T0Y1Yo + T1ToY1Yo + T1ZoY1Yo + T1ZToY1Yo

fo =T1Zoy1%0 + T1Z0Y1Y0 + T1ToY1Yo + T1ZToY1Yo+
Z1ZoY1Yo + T1ToY1Yo + T1Z0Y1Yo + T1ZoY1Yo
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2-Bits Adder f5-Circuit e
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2-Bits Adder
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2-Bits Adder f;-Circuit

x1 ) Y1 Yo

o

v

v

> h

Combinational

2-Bits Adder



2-Bits Adder f(-Circuit

x1 ) Y1 Yo

o

v

v

> fo

Combinational

2-Bits Adder
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Realizing the Full Adder
Formuale are from the boolean algebras lecture
1. Block diagram
2. Logic circuit
Full adder
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Gates

n-ary Gates
Circuits
Seven segment
mod 3
Half adder
folz,y,2) =z Yy D2 2-Bits Adder

Full adder

fi(z,y, 2) =Tyz + TPz + TYZ + Y2 =
—(z+y+2)ct+y+2)@+i+2)(@+y+z) =
=yz +xz+xy

Binary adder
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FU” adder (fl SOP) Combinational
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y Y &
z _/
=
> |
f1
>
} Full adder

fo(z,y,2) =2y 2
fl(:U?ya Z) =xyz + xyz + Yz + Y2
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Full adder (f; POS circuits) “eene
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fo

v,

Full adder

fO(:Evyaz) =zDydz
Ny, 2) =z +y+2)z+y+2)(c+7+2)(Z+y+2)
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Full adder (simplified circuit) “eene
©C.M.
y ) > fo
Z 7

sy
1= >
} Full adder

f(](ﬂl’,y,Z) =z D ) Dz
fi(z,y,2) =yz +x2+ Y
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Full adder (nands)

N<X

Combinational

Circuits
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SOP NANDS
—> e
J) fo % 1 fo
] |
fi fi
Full adder
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Full adder (nors) Combinational

Circuits
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POS NORs
2—4»_\/ fo 2_‘4»_\/ fo
Full adder

folz,y,2) =z DYy ® 2
filz,y,2) =(z+y+2)(zc+y+2)(z+7g+2)(T+y+2)
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Realizing the Binary Adder

The formuale are from the previous lecture

1. Block diagram
2. Logic circuit

Binary adder
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n-ary Gates
Circuits

Seven segment
mod 3

Half adder
2-Bits Adder
Full adder

Binary adder
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y2 o yl 1 yO o Transistors
Gates
© e e e eee n-ary Gates
29 21 20 Circuits

Seven segment

mod 3

Half adder
2-Bits Adder
Full adder

Binary adder
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