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Inside the Digital Gate

# What kinds of elements and the circuits are inside the digital gate?

L2 XY

? 7
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How to build an AND gate

#® Water Analogy

*
*
*
*
4
*
*
*
*
*
*
*
*
*
*
*
*
*
*
“
*

Large Water Tank Valves (A

just as Power

A B
Supply KX |

# [f A isopen AND B is open, then C has water else C has no Water.
# Similarly, we can use this insight to build an AND gate.
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How to build an OR gate

#® Water Analogy

Large Water Tank <2 22 vaves A |
JUSt as Power R — B
Supply *
. S
_/ A

C

# [f A is open OR B is open, then C has water else C has no Water.

# Similarly, we can use this insight to build an OR gate.
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# Electrical Analogy

P C
4~ B
y M

# [f A isclosed AND B is closed, then C is lighted else C is darken.
# Switch is the Key device.
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The Three-terminal Switch “& SRmETERRR

® Three-terminal switch model.

i i
; n Control = “1”
€= I 4/

cr in
control f out
(Co— Control = “0”
?in ;
i out % !
C=1"¢
3-Terminal device ° out

# [f C =1, short circuit between in and out, else (C = 0) open circuit
between in and out.

# For mechanical switch, Control (C) means the mechanical pressure.
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Switch
# Find the current through R;. i A
R3 R
ll Y

# [fC=1,R,i1s connected to the circuit. If C =0, R, 1s disconnected
from the circuit.

<& Control =*1” 64- Control = “0”
R, R, R, R,
4 [
e, = R2 )i i, = I
R+ R
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The Inverter Circuit.

°

# This is a very common circuit topography which we will encounter
over and over again. We have a special short hand for this kind of
circuit.

A VS

=R =R,
r Vour CDVS m— — V.
IN

(— Vs _ “1” C—

LG Il
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The Inverter

If C=0,thenV_, =1
else (C=1)V,,=0.
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The NAND Gate

VS
c. C, |V
Your O1 O2 10_
o— 0 1]1
S 1 0|1
T 1 110

Ifc,=1ANDc,=1,thenV_,,=0
Else V= 1.
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The NOR Gate

Vs
VOUT ¢ % VO
O 0|1
C— — G O 1(0
1 0|0
L 1 110

Ifc,=0ANDc,=0,thenV_ =1
Else V= 0.

Chapter 6 , EE2210 - Slide 11/65



|7

|_|

‘/‘_,!’
S
s 2
3
£} "4/ & Center for Advanced Power Techn
) 7T National Tsi 1gH aLu versity, TAI\\A\.
WA N

Chapter 6 , EE2210 - Slide 12/65



#® 25,000 parts, cost: £17,470
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Differential-amplifier
input and logic section

50k

3 Input NOR Gate

220 ? 245 %
> >
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Internal temperature and
: voltage compensated
* bias network section
 (one supplies several
: differential amplifiers)
: Mo OV

?

50k

g 52V

# Bipolar logic, 1960's, ECL 3-input NOR Gate, Motorola 1966
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3 Input NOR Gate

Internal temperature and

: voltage compensated
Differential-amplifier * bias network section
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8 )

Emitter-follower

input and logic section (one supplies several output section
: differential amplifiers) :
\Eéz oV Veer OV

220 ; 245 % : 907é
> > :

L4
Qt _qy Qg_g__ AV4
B O :
< :
30k ? 50k 779 : 498k MECL 10K series
T : : 2-input OR/NOR
Mg S22V

# Bipolar logic, 1960's, ECL 3-input NOR Gate, Motorola 1966
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Intel 4004 Microprocessor

# Intel, 1971, 2,300 transistors (12mm?), 740 KHz operation, (10um
PMOS technology)
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# Intel, 2006, 291,000,000 transistors, (143mm?), 3 GHz operation,
(65nm CMOS technology)
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Dual ARM Cores

® Apple, 2012, (96.7mm?), (32nm CMOS technology)
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® Apple, 2016, (125 mm?), (16nm FinFET CMOS technology)
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The Inverter Circuit.

°

# This is a very common circuit topography which we will encounter
over and over again. We have a special short hand for this kind of
circuit.

A VS

=R =R
r Vour (DVS — — Vo
IN

(— Vs — 1% C—

LG Il
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3 Input NOR

Gate

Internal temperature and
: voltage compensated
Ditferential-amplifier : bias network section
input and logic section : (one supplies several
differential amplifiers)

o2
¢

0w

220 % 245 é

907 é
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Emitter-follower
output section

Veep OV

A+B

Q4:|—

—Egz Q?—?——i Y
-1.29V

at 25°C
779 %6.] k
Vg 52V

498k

~(A+B)

MECL 10K series
2-input OR/NOR

# iBpolar logic, 1960's, ECI_Céabg%EuEE%QRS“%iea}ﬁ%Motorola 1966



The Semiconductor Switch

W] ¢
QLAY enter for

® Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET)
® Bipolar Junction Transistor (BJT)

drain

D

o

source

Control —»l:

MOSFET

# 3 terminal lumped element behaves like a switch with Gate (G) or
Base (B) as control terminal and Drain (D) to Source (S) or Collector
(C) to Emuitter (E) as in and out port.

Out

v Base

(B)

Chapter 6

Collector
(C)

Q

+
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® Two kinds of semiconductor switches: MOSFET EIHHOBJ T

°+—I: Q4 Vo= Control —»l:

Vee +
Vee

(0]
Emitter

BJT
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MOSFET
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Switch model (S model) of the ]

# Port Representation: Understand the operation of MOSFET by
viewing it as a two-port element.

: D
IDS Ips D
O
D<> l IDS +
I =0 _
G 'G OFF ig=0
o— g' Vg G o——o G o—P—o ON
I
+ b
Vis S T
o o
S o S
Two port device Vgs < V7 Vgs = Vo

Chapter 6 , EE2210 - Slide 26/65
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D"l Ips T+ Ins |

For Vgg<Vq, Ips=0
and
For Vgs =V, Vps=0

MOSFET i-v characteristics
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The MOSFET inverter

® The MOSFET Inverter Circuit.

Vs
Ry
Ry
T O
vV
® G_V 5 ; | Vout
IN
o I Vour = o
IN
VIN T
G .
Ground
MOSFET Inverter Circuit Shorthand notation for power and ground

Chapter 6 , EE2210 - Slide 28/65



IN

A IN 4[>07 OUT

Th_e inverter.abs.traction and The inverter abstraction
its internal circuit

Note the power of abstraction: The inverter abstraction hides the
internal details such as power supply, transistor, ground connections.
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Voltage Transter Characteristics:

» CAPT

2 - -
AV, T e o Uy, TATNEN
IN OouT
S R
N vour (V)
v ° = High 5V L Ideal inverter characteristic
VIN = LOW (\ OouT
Vv —
S
. OV _—"
lIN ov VT SV VIN (V)
o—P- o)
: v = Low r
vpy = High I out The voltage transfer characteristics
of the inverter
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® Suppose gates should satisfy the following static discipline.

® Does this inverter qualify?

Vour
A
5V

=1V

oV

# This inverter satisfies the above static discipline.

Vor =05V, Vog=45V
V,=09V, V=41V
sender
OIl
0.5,V
: 7’ or
0 o
z S5V VN

Chapter 6 , EE2210 - Slide 31/50

receiver)

5 1
27

4.1 V.

0.9 T Vi

0 00 0



Static Analysis Using S Model i

® Does this inverter satisfy the following two static disciplines A and B:

# Static disciplines A

Vor =02V, Voy=48V
V,=05V, V=45V
Yes, for Static disciplines A.

# Static disciplines B

Vo =05V, V,u =45V
V,=15V, V=35V
No, for Static disciplines A

IN 4[>07 OUT

4
4 ourT

SV

Y%

V=1V 5V

Chapter 6 , EE2210 - Slide 32/50



The NAND Gate

Vs
VS
Ry
C
VOUT ©
c,— A O I M1
C2 B O I M2

If Vo= V;AND Vg 2V, , thenV, ,=0Else V_, = V.

Chapter 6 , EE2210 - Slide 33/50



Multiple-input NOR and NANB

Vs
Ry

o Out

oo o o]

Inn -1 n

-
-
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A Complex Gate
VS
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R;

o OUT

OUT =A-B+C+ D

Al
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The Physical Structure of MOSE

Metal
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Contact between
metal layer and
source diffusion G

D

N
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7‘

- Oxide
insulation

rd

Gate oxide —

nt it

p substrate
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Traditional Planar

Traditional 2-D planar transistor 3-D Tri-Gate transistor form

form a conducting channel in the conducting channels on three

silicon region under the gate sides of a vertical fin structure,

electrode when in the “on” state providing “fully depleted”
operation
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The Physical Structure of MOSEI

Contact between
metal layer and
source diffusion

Metal G 1D
-
B OSNONONONCSONCRUNONON SN N NN ~+ / o4+ 4+ <
f / Gate oxide |/
Tt e e
Oxide ST =T

insulation

p substrate
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Ground

|
Gate |I|I_

Gate oxide

'||+
] ()
=
+

T (%!
=N G
)

Ground

p substrate

—|—Gmnnd

if—
,0—— l Ve =5V >V,

ar_ound

Gate oxide

S n channel “nf

i
l ####G.at@###ﬂ 1 |I I
S D

I'l:’ |

E?ound

p sub%trate

1
Ground
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SR model of MOSFET @& CAPT
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#® Switch resistor (SR) model of MOSFET.

. Q
® This 1813 more accurate MOSFET mode D
ips
D Y
'DS
O
D<> l IDS +
lG G lG = 0 OFF lG = O
(o, O I V G O —b— O O—'.— RON
| DS
+ G
Vs S T
o o Ves= Vr
S
L
Ron — Rn W
o S
Two port device Vgs < V7 Vgs = V1
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SR model of the MOSFET
A

IDs

O
; Do l l DS +
G
+ |
Vs S T
o o

VDs
L MOSFET i-v characteristics
Ron — Rn W

For Vgg<Vq, Ips=0
and
For Vg2 Vy, Ips=Vps/ Ry,
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Voltage Transfer Characteristicss: CAPT
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? Vg e
IN OUT W
3 R, =5kQ and f=5

Ry VoUT

: oV R, =1kQ and Let R, =14kQ
IN
O— e o . Ve=5V
vouT = High S
VIN = LOW
N
Voy =4.5V o
V,, =05V 7, v x5V
OL T Ve p— @(HM)I{Q
V=09V > O —033V
= VY- R Ron+ R
ov >
o Vour 70V ;L
Yo
© ° Choose R, Vs and Ry, such that Your =
vy = High Ron
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The NAND Gate

Vi =45V Vs R —5kQ and 2L =5
Vo, =05V 'S C
oL — % » R, =1kQ and Let R, =14 k(2
Vig =40V L Ve=5V
V,=09V )
C
o o
J OuUT
A O M1 o o
R Vour = 211191(9 x5V=0.625V
] A = High ON (2+14)
o——0
—l B = High Fox Vou > Vor
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The NAND Gate

Vo =45V

Vs
V, =09V R
A O M1
B O M?2

ON®

Vour
5V

Vou =45 V—

0.66 V

VAL
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The Physical Structure of MOSEI

Contact between
metal layer and
source diffusion

Metal G 1D
-
B OSNONONONCSONCRUNONON SN N NN ~+ / o4+ 4+ <
f / Gate oxide |/
Tt e e
Oxide ST =T

insulation

p substrate
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Ces 5
\/65"\,‘
$ Saturation re >gion

VGs6 L
W GA e
VGSS[-) L )A 6" ¢ ( " )

%
GS4 vge2Vp
R _Vosa
[}
v VGso
. Vs < V5 Cut»o region
Vps

Actual i-v characteristics showing the triode, saturation, and cutoff regions
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Vely
dvc)h )

iy < 42

W om G (VGs‘Vc"N “VT)

AVely) =T, ?(9)
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Tb C }ACo\o t(l/&s‘\/_, V,,5~~\/,,6]

0\7\\/‘,5“* VGSV\/7
Tbs‘d = - )ACO\(, I(\/és VB- D) (\}“S V)
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Actual 1-v characteristics of the

D .
® Setup for observing MOSFET characteristics. B +1D > +
& G (b
n (o S

Saturation region
VGs6

VGss

V
GS4  vgg2 Vp

VGs3

VGs2

VGsi f _
< V.. Cutoff region
L Vgs= vy VUD g

VDs

Actual i-v characteristics showing the triode, saturation, and cutoff regions
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New Model Needed

® First, we sort of lied. The on-state behavior of the MOSFET is quite a bit
more complex than either the 1deal switch or the resistor model would have
you believe. D

G

Oo———O0
VGS < VT

b 7
&
w9

oS

Vg 2V
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SCS model of MOSFET

® The switch current source (SCS) model of the MOSFET
#® This 1s more accurate than the S or SR model

D
;|
o—-0
Vog <V

00/7 S

D

\ Ips

=/ (VGS )

o G > Ky
Vg 2V, N\ = A Was = Vp

2

when
° S Vs 2 Vas — Vi

Chapter 6 , EE2210 - Slide 69/65
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MOSFET amplifier
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® Find the transfer function for the MOSFET amplifier if MOSFET operated

In saturation region.

Vg

Ry
vo =Vg—ipR;

YOl

VIN

1
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Transfer Function with SCS 11

® Find the transfer function for the MOSFET amplifier if MOSFET operated
In saturation region.

Cutoff (V V. )2
v T'/ region (viyy < V7) vy =V — K~ _"T) R
2
4

N
MOSFET is in
saturation within
this region (v > vy — Vp and vy 2 Vp)

Triode region
(VO < VIN — VT and VIN > VT)

\

-'_...
Vi VIN

Chapter 6 , EE2210 - Slide 71/65
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Dependent Source

® New type of Element: Dependent source

iNn="0 loUT
1—.—0 == 9
Control . YoUT
port IN Y/ v
c;—o o
For MOSFET
k
iout — E(vin o VT)2 for Vin 2 VT

i =0forv., <V
out mn r Chapter 6 , EE2210 - Slide 72/65
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iout = f(vin)

Output
port
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Actual 1-v characteristics of the

D .
® Setup for observing MOSFET characteristics. B +1D > +
& G (b
n (o S

Saturation region
VGs6

VGss

V
GS4  vgg2 Vp

VGs3

VGs2

VGsi f _
< V.. Cutoff region
L Vgs= vy VUD g

VDs

Actual i-v characteristics showing the triode, saturation, and cutoff regions
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Linear Dependent Source

» If the Dependent source is linear, say f{v,) = gv,,.

——————————

o ANy loyr®

? . 0

1'! I y I

N . 8VIN.Vour 2R,
o —0 —O

__________

# This type of dependent sources is called voltage-controlled current
source (VCCS). Current at output port 1s a function of voltage at the
input port. g is called the transconductance.
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Vy % Vy m
Ve Ve
ut2 m m
B

)Vin! l"':F:-uﬂ \—/-\ Vouﬂ m
Vout2 /\/ Vout2 r\‘/
Vmuﬂ 'VGUJ\ Vmuﬂ _%lll/\

=

t

(a) (b) (c)

Figure 10.44 (a) Differential pair sensing input CM noise, (b) effect of CM noise at output with 7y =
~c, (c) effect of CM noise at the output with I7; . £ oo,
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Noise Immunity of Diff.

p \

Figure 9.36. Scope photos showing excellent noise immunity of differential data transmission
(75108 differential receiver). (Courtesy of Texas Instruments, Inc., Dallas, Texas.)

A. (+) receiver input.

B. (—) receiver input.

C. Receiver output.
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922 V2 9 Vin2
5 =
N OPQV\,
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® There are 4 types of linear dependent sources : (a) Voltage-controlled
current source (VCCS); (b) Current-controlled current source (CCCS);
(¢) Voltage-controlled voltage source (VCVS); (d) Current-controlled
voltage source (CCVS).

® Current-controlled current source (CCCS) with a referred as current
transfer ratio.

N lout
Oo—Pp—
_|_
VIN
o
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# Voltage-controlled voltage source (VCVS) with u is referred to as a
voltage transfer ratio.

N louT
O——Pp——0
+
VIN
o o
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® Current-controlled voltage source (CCVS) with r is referred to as a

transresistance.
louT
—0
+
+ :
"IN Vourt
0
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® Find v,/v, of the following circuit, for (1) i, = — G,,v, and (2) in=—p1,.

‘L”] RP VO
MWW ¢

CD SR A R,

i io=f(X)
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Conclusions

The Three-terminal switch

The Inverter

The Logic Circuits and the Three-terminal switch

BJT and MOSFET

Switch Model (S Model) of the MOSFET

MOSFET Inverter

Switch -Resistor Model (SR Model) of the MOSFET

The Switch Current Source (SCS) model of the MOSFET

The Dependent Sources
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