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Transistor - a switch with no moving
parts

Gate

Source Drain

Schematic diagram of
the SiGe transistor
(KTH)
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Why CMQOS?
« CMOS transistors are easy to manufacture

« CMOQOS transistors are made from ordinary sand
=> cheap raw materials

e A transistor Is easy to get to work as a switch
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PMOS and NMOS

Drain

suei [

Source

PMOS

= L

NMOS

Drain

Source

A PMOS transistor (p-
channel MOS) is
conducting (switch is
closed) if gate voltage (Vss)
IS close to Vgs.

« An NMOS (n-channel) is
conducting (switch is
closed) if gate voltage (Vss)
IS close to Vpp.
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The structure of a CMOS circuit

Vbp

Pull-up network

Pull-down network

PMOS makes the
output 71"

NMOS makes the
output 70"
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PMOS and NMOS Transistors
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CMOS inverter

« CMOS circuits are composed of both

o PMOS and NMOS transistors
« CMOS stands for Complementary MOS
_OI "1 o Area: A,erter= 2 Transistors
Ve =1 Vi

X T, Ts f
T

0 on off 1
1 off on 0

(A) Circuit (B) Truth table and transistor states
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CMOS inverter

« CMOS circuits are composed of both

\Vbp :
PMOS and NMOS transistors
0 « CMOS stands for Complementary MOS
N .
_OI "1 e Area: A erter= 2 Transistors
O Vi — Vs 1
X T, T f
—| 7, Off —
O onoff 1
1 | off on 0
(A) Circuit (B) Truth table and transistor states
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CMOS inverter

« CMOS circuits are composed of both

\bp :
PMOS and NMOS transistors
« CMOS stands for Complementary MOS
_OI r, Off o Area: A,erter= 2 Transistors
T - 0 T, T, f
X
—| T, |0N S
O onoff 1
1 | off on 0
(A) Circuit (B) Truth table and transistor states
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CMOS inverter voltage transfer

Y Power Supply 5.0v | 3.3V ]| 1.8V
out Vou 50 | 3.3 | 1,8
N
Vor= Voo 1 ! .~ 45 degree tilt ViH 29 (19 ] 1.0
) | Vi 2,1 | 1,4 | 0.8
| Voo 0.0 [ 0.0 | 0.0
+— :
-] :
%— i S N I I VAR V= 0.2Vpp
O Low Noise Margin: NM, =V, -V,
\& High Noise Margin NM,= V5,4-V4
< i E \\ | I Vm VoD
Vo=0V i \ i Voo — EVO v 9
Vo Mo Vi VooVr r r
1 Vss 1

Input
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One point is unstable!

Vout VDD2 40‘ [

— L

VDD

Unstable point

into

VDD

Vou

Vss

« CMOS circuit has a very stable
transfer function

« At V,.,.= Vpp/2 there is an
unstable point, then both T, and T,
are conducting

o If a circuit temporarily stuck in
this mode, it enters a state called
metastability

o |f this state lasts for a long time,
the transistors in the circuit may be
damaged by the high current

Metastability will be discussed
In later lectures
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CMOS—-Dynamic power consumption!

Classical CMOS has only losses exactly at the vid
switching point. The Power dissipation Pg is proportional
to the clock-frequency!

A A S

,,1,,6 ,’O,’

T T T 2 AN
1‘1 A __;OH Pe oc T 'V[§D
i [T A P- Power losses
N | f. Clockfrequency
" | V,, SupplyVoltage
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Va

VB

NAND gate

L

d[

gl

\V/bD

VoH
|

Vss

Va

Ve

Vou

Vss(0)

Vss(0)

VDD(l)

Vss(0)

VDD(l)

VDD(l)

VDD(l)

Vss(0)

VDD(l)

VDD(l)

VDD(l)

Vss(0)

Area: Ayanp= 4 Transistors
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NAND gate

- [on-d [on

1 Va Ve Vou

0O Va o—| [Off Vss(0) | Vss(0) | Voo(2)
O VB ® ‘ [Oﬁ:

Area: Ayanp= 4 Transistors
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NAND gate

~J [off-g [on
0O Va o—| [Off
1 VB ® ‘ [On

Vss(0)

Vss(0)

VDD(l)

Vss(0)

VDD(l)

VDD(l)

Area: Ayanp= 4 Transistors
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NAND gate

on—gd |off
{j[ dE Va Vg Vou
1 Ves(0) | Vesl0) | Voo
1 Va ._‘ on Vss(0) | Vpp(1) | Vop(1)
Vpp(1) | Vss(0) | V(1)
0 v e |[of

Area: Ayanp= 4 Transistors
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NAND gate

ﬂ EOff _d EOff Va Vi Von

. Ves(0) | Ves() | Voo(@)

VSS(O) VDD(l) VDD(l)

1 v o—| [On Voo(D) | Ves0) | Voo(D)
VDD(l) VDD(l) VSS(O)

Area: Ayanp= 4 Transistors
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NOR gate

—— VDD
dL
h ._Ci E VoH
L
Vss

Va

Ve

Vou

Vss(0)

Vss(0)

VDD(l)

Vss(0)

VDD(l)

Vss(0)

VDD(l)

Vss(0)

Vss(0)

VDD(l)

VDD(l)

Vss(0)

Area: Ayor= 4 Transistors
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NOR gate

Vss(0) | Vss(0) | Voo(1)

Area: Ayor= 4 Transistors
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NOR gate

Vss(0) | Vss(0) | Voo(1)

Vss(0) | Voo(1) | Vss(0)

Area: Ayor= 4 Transistors
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1 va .—d EOff

NOR gate

Vss(0) | Vss(0) | Voo(1)

Vss(0) | Voo(1) | Vss(0)

Vop(1) | Vss(0) | Vss(0)

Area: Ayor= 4 Transistors
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NOR gate

Vss(0)

Vss(0)

VDD(l)

Vss(0)

VDD(l)

Vss(0)

VDD(l)

Vss(0)

Vss(0)

VDD(l)

VDD(l)

Vss(0)

Area: Ayor= 4 Transistors
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Group work

lllustrate the CMOS circuit of F=X;+X,X
PDN network: F=X,+X,X;= X,(X,+X,)
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Negative logic

* You can also reverse the logic and let L (low
voltage) represent the logic 1 and H (high
voltage) represent the logic O

— This is called negative logic
 An AND function becomes an OR function and

vice versa

— It is not important which logic is used - negative or
positive, but positive logic is more traditional




Three-state?

A CMOQOS-gate in addition to "1" or

"0" i1s also provided with a third

output state - the three-state ”Z”. ( =
unconnected output). EM

If many outputs are connected to the

all

i

all

same line ('bus™), you can use one of
the out-puts at a time . The other A
outputs are held in the Three-state °
condition.
Three state
EQ— EN ' = o D ]
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Three-state?

A CMOQOS-gate in addition to "1" or
"0" i1s also provided with a third
output state - the three-state ”Z”. ( =
unconnected output).

If many outputs are connected to the "0”

same line ('bus™), you can use one of
the out-puts at a time . The other
outputs are held in the Three-state

condition.
Three state

A— V
EN—j EN

=Y

EM
_—i

Hioft ) ]y
A,
i
[
off
C:"D" GND. . o
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Three-state?

A CMOQOS-gate in addition to "1" or

"0" i1s also provided with a third

output state - the three-state ”Z”. ( =
unconnected output). En

II.-I 1

4ot

—

—t4 [0

If many outputs are connected to the "1”

same line ('bus™), you can use one of

the out-puts at a time . The other A
)

Hon

outputs are held in the Three-state

condition.
Three state

A— V
EN—j EN

C—Y G"D" (=MD
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High Impedance ('Z')

—“1[*1; B

_A ﬁ[ . ‘Y=z
: : :
|10

Output is not connected
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Transmission gate (pass gate)

m|

[is
\

E

_ Ve Vou
The pass gate acts as a switch controlled by E ] ] >
If E =0, the switch is open, Q =Z
If E =1, the switch is closed, Q = A L H L
Pass gates have a smaller driving capacity H L Z
than ordinary gates H H H

Area: A;s= 2 Transistors
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Transmission gate (pass gate)

E 1 }
E
Q off |
A ! ——Q
A Q
L
—off g‘g
E () E
_ Va Ve Vou
The pass gate acts as a switch controlled by E ] ] >
If E =0, the switch is open, Q =Z ] ¥ ]
If E =1, the switch is closed, Q = A
Pass gates have a smaller driving capacity H L Z
than ordinary gates H H H

Area: A;s= 2 Transistors
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Transmission gate (pass gate)

E O
kY E
on |
A ! | Q
A Q
— on %ﬁ
E 1 E
_ Va Ve Vou
The pass gate acts as a switch controlled by E ] ] >
If E =0, the switch is open, Q =Z
If E =1, the switch is closed, Q = A - i -
Pass gates have a smaller driving capacity H L Z
than ordinary gates H H H

Area: A;s= 2 Transistors
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Multiplexer

Example: MUX is a dataselector

X —|1 2 BEDQ

Y |0 S

A
S D
B Q
Ko S

Y—o/’i >~ % Theinverter is denoted by a circle
S
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Transmission gate
MUX Implementation

A 5
Sel 0O

B ‘ g F

Area: A.. .= 6 Transistors

muX
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Transmission gate
MUX Implementation

X 2 MOS
"0” Sel —{>O
Y 0 X
Area: A._....= 6 Transistors

muX

IE1204 Digital Design, Autumn2015 34



Transmission gate
MUX Implementation

X 2 MOS
nln Sel ‘ {>O
Y oY
Area: A....= 6 Transistors

muX
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XOR implementation with pass gates

A ® ® ;: —1—F
B ®
>0
>0 ‘ ¢ F=a®b
Area: A .= 8 Transistors

muX
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XOR implementation with pass gates

1" A A _
¢ ¢ 2 MOS B— =1—=F
B ® zvos
~DO 0sS
2 MOS F=A®B
>0 ° F=B
Area: A, = 8 Transistors
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XOR implementation with pass gates

0" A A
¢ ¢ 2 MOS B— =1=F
B ® 2vos
~DO 0S
5 MOS F=A®B
>0 ° F=B
Area: A, = 8 Transistors
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XOR implementation with pass gates

o) W
o) Tl

o) (k-
=) (=

W
—
‘_\_
I
~ RO Ol >

(=
o
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Things Take Time ...
About delays In circuits

IE1204 Digital Design, Autumn2015
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Delays In circuits

 Each wires in an electronic circuits has a capacitance

« (Capacitance has a negative effect on the speed of
operation of logic circuits

=)
1 ==

i r
L=
i )
X3 N ] _|_____'___/I
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Typical delays

NAND, NOR T

NOT . T, T (if implemented using
NAND-gate)

AND, OR 2T (2 NANDs in a row)
XOR, XNOR, MUX 3T...5T
XOR, MUX (Pass-Gate) 2T




Optimized structures (MUX)

DeMorgan
— D _*;C%} o—[>0 _l
AND-OR NAND-NAND |
Area: A, yx= 2+6+6+6=20 Area: Ay x= 2+2+2=6
Transistors Transistors
Delay TMUX: 5TNAND Delay TMUX: - 2TNAND
Area: A, x= 2+4+4+4 =14
Transistors f
Delay: Tyux= 3TnanD

Best!
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Optimized structures (XOR)

S DeMorgan
Area: Ayx= 2+2+6+6+6=22 Area: A, x= 2+2+4+4+4=16 Transistors
Transistors Delay: Tyux= 3Tnano

L]
NAND only
e -

Area: Ay, x= 16 Transistors Area: AMUX:_2x4:8 Transistors
Delay: Tyux= 3TnanD Delay: Tyux=~ 2T nanp

f Best!
44
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Fan-in

* Fan-in Is the number of inputs to the gate.

 |f a gate has many inputs, it has a larger internal
capacitance => its internal delay T, (also called

the intrinsic delay) becomes larger.

IE1204 Digital Design, HT14
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Gates with more than 2 inputs

Voo e Gates with more than

—d| —9| —d three or four inputs are

vo  usedrarely
VA * The internal capacitance
becomes too large and
Ve o \ gates too slow
Ve ® * Along line of transistors

connected in series gives
Vss long delay!

3-input NAND
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High fan-in is solved with tree-

structures
— — o = oT—
a-b-c=a-(b-c)
L L DeMorgan
— o 30— 3o

a-b-c-d=(a-b)-(c-d) (a-b)+(c-d)=a-b-c-d

IE1204 Digital Design, Autumn2015
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More tree structures ...

=) — = R

a+b+c+d=(a+b)+(c+d)

§>D & ggng

adbd®cdd=(a®h)®(cdd)

=) - o P33ro

adbd®cdd=(a®hb)®(cdd)
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Fan-out

e Fan-out iIs number of other gates that a specific
gate drives

e Each of driven gates increases the capacitive
load on f

. Vs _
X_DO f To the inputs of —Dc ° To the inputs of
n other inverters n other inverters

C,=NC

(A) Inverter that drives n other inverters  (B) Equivalent circuit for timing purposes
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Effect of fan-out on propagation delay

* The propagation time for different fan-outs

| V]c for n =1
Yoo T
AN V: forn=4
Gnd -
0 Time
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Buffering

* A buffer is a circuit that implements the
function f(x) = x
* Buffers are used to increase performance

 They have larger transistors and can drive
higher-than-normal capacitive loads

 They are also used when high current flow
IS needed to drive external devices

IE1204 Digital Design, Autumn2015
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High Fan-out: Use Buffers

m
=}

| | ol of X
| Nl O N| =

3W En
W
RN _{>@_| Nt x~[>\f
P

=] Ol | O

= B

Non-Inverting Buffer  High-Fan-Out Buffer Tri-State Buffer

When En=0, fis
disconnected from X

WhenEn=1,f=x
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Critical Path (Longest path)

f= 2m (3,2,0) = X,XXg+ XoX(XgF+ XoX1Xq

Xo —@

X4 1l e —O: B

X, ? ® gj —D f
S
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Critical Path (cont'd.)

f = X, X] X2+ Xo|X2 [+ X1X2

X, — @ /\_O: |
= d r—) — f
Ty

X, X1 X, all pass NOT , AND, and OR,
On their way to the output f, but x, has the load of three

Inputs (it is two for x, and x;). ”Critical path” becomes
from x, to f!
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Signal Racing

B SR ‘}f(x) f(X) =XX=XX=0

............ fo(X) =X
f ()
2%) . . If a signal has several
X S paths to the exit, so
= T | called signal racing
e may happen
| Tand - Tand |
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Power consumption of CMOS

e NMOS and PMQOS circuits consume both static
and dynamic power

— Static power is dissipated by the current that flows in
the steady state

— Dymanic power is dissipated when the current flows
because of changes in signal level

« CMOQOS circuits consume only dynamic power

IE1204 Digital Design, Autumn2015
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7400 Series Standard Chips

(b) Structure of 7404 chip

IE1204 Digital Design, Autumn2015
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Implementation of a logic function

Yo
!
i

ERIEEREENEN

e
P

L L
EEEEEREEN (10101 r1r1nmn
gy liggcy

|—I__D-I 7408 |T__ID-I|T__ID-I7432
tLIJJMLJM |.|.|L|.|LJ|J|J|JT

]

\‘
] |—E 3
D

L

:

[

L

X3 1

- - i

An implementation of f = x;X, + X,X,
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Look-up tables (LUT)

A LUT with n inputs can
Programmable 0/1 ) realize all combinational
cell ]t functions with up to n
[ inputs
0
0/1 1 The usual size in an
| FPGAiIsn=4
0/1 1 b
O/1+—0°
X2
X1

Two-input LUT
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Example: XOR gate

?
0
4

Programmed
values ~
X2
X1

Multiplexer

e

— f

Two-input LUT

X, X, | f
0 0 m
0 1|1
1 0|1
1 1 \Q/
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Three-way light control

Brown/Vranesic: 2.8.1

Suppose that we need to be able
to turn on/ off the lamp from
three different places.

JI:1 'YZ 'YS 7‘ ]
0 0 0]0
0 0 111
¥ 0 1 0]1
Xl EE— 0 1 110
2 — f
X 1 0 01
3
1 0 110
1 1 o0}fo
1 1 1|1
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Three-way light control

f=> m1,2,4,7) = XX, X; + XX, X5 + X, X, X5 + X X, X

— AAAT T

-
-
—
O

(a) Sum-of-products realization
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NAND-NAND

If we change to
NAND-NAND all
necessary gates are

e
L

included with the =) K |
e

simulator. X,

Xn

A AR

7404 7410 7410 7420

|

A~ [Evee 1AM [Evee AR M [@vee 1A ~ [Evec
1YEE| [«EEEA 1BzH  UofEl1c 1BEH  UfEl1c 1B [£] 1] 2D
2A[5] ey G Sy aan— By neld | [Rff@ec
sz@ @Em 2B[] M3c  2B[H m3c  1cEW (1] [ENe
3A[E] 0] 5Y 2c & =l 38 2c & =2l 3B 1D[E] 0] 2B
3YEE| [«Eau wE [&]lEsa 2vEE [2]f=sA 1Y [5] (5] 2A
GND[T E14Y GND[T T 1513y GND[] T 1El3y GND[E 5] 2Y
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You must enter the pin number in the schematic - otherwise

L]ANS

A E
vz[E 1AL
- < BN | AL ©
© H# onkd Il pEor &
< YA EF]ON I~
az zlgal
2Rz onE] S e vi
X s
N N ™

% At 5 H_n_zw__
veEh|B8] —{=1AC
‘ . . ‘ o 8¢ _ME .--gv 3]0z

o
o ol 3= ot Ej-ra
m U SArereEp <t
— |l ) MG dbd & Al Y = Elve
i P oLE af:]
VAR < zave
AN ™M
,.u_% ._
AEEl— ]1aND
& veEl(3) eIne
9@1 ol ac o ﬁr—M_U_N ()
i H ot[ +1az M
»:Mﬁ@ EIVE P~
— Ol EhS =]’
S o VAR < zave
—_ AV[E [:]AND
D vrEhlt _@M__E
2 — ASE 5 ve
b
= H vs[o (M) Bk ~
) — AE F] vZ<
c XVIERLY) ME AL _,
% — WAL ~ATT1dVvEX
w _
> -

64
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=

3
O
E
F

Simulate!

i)

mmOrm
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Make a guess!

How many transistors are inside an iPhone6?

2,000,000,000
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What would the world be without the
CMOS?!
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Summary

e Logic gates can be implemented with
CMOS technology

 Logic circuits have a delay

« CMQOS circuits have relatively low power
consumption
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