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" | Outline

= CMOS Inverters
= Logic-Gate Circuits
= Digital Switches

=" Memory Circuits
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= | Recall: NMOS Transfer Characteristic

12/7/20

Vo
A
Cutoff [Saturation| Triode
€ g3
_|_
Vo = VUps
Vth \
L | ] L | ]
Vin < Vin Vin > Vin
ip = Vgs — Ups > Vip
— : — . 1 2

o = Vaa —ipRp = Vyq ip = ky |(vgs — Ven)vps — > Vbs

Vo = Vga — ipRp
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= | How about a PMOS circuit?

Vaa

—0
+

- i) l‘iRD v,
_é_ _ -

Vin = Vaa + vgs

Vo = Vaa + Vps

Vo
A
Triode [Saturation| Cutoff
>€ > €
Vaa — Vi

Vin < Vga — Vin

Ups — Vgs > Vin
. 1,
ip = ky [(VSG — Ven)vsp — EUSD]

12/7/20

UO :iDRD :0

Vsp = Vagqg — Vo = Vg
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" | Recall: Complementary MOS (CMOS)

Oxide

L) kT

n — type n — type // p — type p — type

n — type
?B

Connected to the most negative power supply to avoid body-effect

p —type
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CMOS Inverter

v, —
A
Cutoff [Saturation| Triode
Vth \
> VUin
Vo
Vaa A
Triode Saturation| Cutoff
+
+
Vin R
. v
- lDl b Te Vaa = Vin
e —
12/7/20
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" | Voltage Transfer Characteristic (VTC)

Vo
A
Vaa Vou
_I |<__ Qp
Vin Q= —O7vo
—'I E Qn
— Voi

» Define OUTPUT HIGH LEVELV,; I Logic-1 output

= Define OUTPUT LOW LEVELV,; [ Logic-0 output
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" | Voltage Transfer Characteristic (VTC)

Slope —1
/ p

Vaa Vou \
— e
L0V,

— I:) Oy / Slope —1

—— Vor \¥

> U;
Vi Vin m

Vin O—

= Define INPUT HIGH LEVELV;; I Minimum input to be presented as logic 1

= Define INPUTLOW LEVELV;; B Maximum input to be presented as logic 0
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" | Voltage Transfer Characteristic (VTC)

A Slope —1
Vaa Von & /
— |<__ Qp NM, NMy
—) —)
Vin Q= —O7vo
_.I I:) Oy / Slope —1
—— Vo \
> V;
Vor Vi Vin Von m

= Define NOISE MARGIN FOR HIGH INPUT  NMy =V — Vg
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" | Voltage Transfer Characteristic (VTC)

Vo
Slope —1
A
— |<__ Qp NM, 4WH<\ Slope +1
—) —)
Vin O— —o v,
—-I I:) Qy . / Slope —1
L VoL &‘
> U;
VoL Vi Vu Vg Vou in
. . . ideally Vdd
= Define midpoint of the VTC Vu g
12/7/20
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" | Voltage Transfer Characteristic (VTC)

v
A (0]
Vaa Vou
3
—_— J
_I |<__ Qp \
Vin O—— —o 7, “
—{ o
. VoL &_
VOL VIL VM VIH VOH
~
" @Uy =V J Use,p Z Vin » Qp biased in
Vpegp < Vip Saturation region
— )
~
Ves = Vin Qy biased in
~ » , _
Vgp = Vip Triode region
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" | Voltage Transfer Characteristic (VTC)

v,
il —<

— e \
Vin Q= —O"7o |
—{[ o

> U;
VOL VIL VM VIH VOH m
" @V, =Vin Cipy = ipn
: : _ w 1,
QP € Saturation region < ipn = (UnCox) (T) [(VGS,N - Vth)vDS,N - EUDS,N]
n

. . . 1 w )

Qy € Triode region L op = 5(#pCox) (f) (lves.a| = Ven)
b
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" | Voltage Transfer Characteristic (VTC)

VOH I

VoL

Via

i

— e

O Vo

Qn

.

lpp = lpn

| w 1
ipn = (UnCoyx) (T) [(VGS,N —Ven)Vpsn — —Vzgs,zv]
n

2
1 w
L p =35 (1pCox) (T)p (lves.al = Vth)z

A

Assume (iy, Coyx) (%)n = (1pCox) (%)p

1
(vin - Vth)vout - _vgut = E (Vdd — VUin — Vth)2 €

2

Avoye AVoyt

(vin - Vth) dv. + Vout — Vout W = _(Vdd — Vin — Vth)
in in

Vdd
. Vout = — + Uin

2
=-1 '

& dvout
dv; a
Qm_v"_v'" > SVigq — 2V
VoL Vi Vu Vin Vou > Vin = 8
12/7/20
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" | Voltage Transfer Characteristic (VTC)

v
A°
Vaa Von —ﬂ\
_I |<__ Qp
Vin O—i —O0 7o
—'I E Qn
e VOL ¥ e
Vor Vi Vu Vin Von
~
" @v,, =V - UsG,p = Vin » Qp biased in
Vpep = Vin Triode region
— )
~
- Vs 2 Ven D Qy biased in
Vgp < Vip Saturation region
12/7/20 = Milin Zhang, Dept of EE, Tsinghua University
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" | Voltage Transfer Characteristic (VTC)

Via

— e
Vin Q= —O0 Vo

—{[ o

" @v,, =V
Qp € Triode region

Qy € Saturation region

12/7/20

VoL Vi, Vu Viy

= Similarlyas @ v;,, = Viy

3Vaq + 2V,
IL — 3
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" | Voltage Transfer Characteristic (VTC)

Via

— e

O Vo

-~

IH —

—{[ o

8

_ 3Vdd + ZVth

IL —

12/7/20

8

VOL ¥

VOL VIL VM VIH VOH
NMy =V = Voo =—"o—
0

NMy =Voy = Vig = 3

Vaa

Milin Zhang, Dept of EE, Tsinghua University
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" | Outline

= CMOS Inverters O_EI \B

o Voltage Transfer Characteristic (VTC)

o Noise margin

o Propagation delay

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 17



" | Propagation delay

V:
A in

Via

— e

>
Vin Q= —O7vo t
Vo
—{ o 1
Ideal Output
>t
AC

Real Scenario

>t
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= | Recall: charging of a capacitor

QUESTION: Assume there is no charge on the capacitor C before the switch is turned
on. Find the response after the switch is turned on.

i(t) R

= w—o" o

— v(t)

12/7/20

L) +—= () = —V,
dt’ rRc’\Y TRCS

1
Solution:  v(t) = Vs — Vee RC*

Milin Zhang, Dept of EE, Tsinghua University
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" | Propagation delay

Vin
A
Vaa
_l |<__ Qp
Vin Q= —O Vo >t
tpiH tpHL
—'I Qn v /
5 . ‘ ‘
Vaa
= Vaa
2
>t
= Propagation delay for the output from LOW to HIGH tpry
= Propagation delay for the output from HIGH to LOW tpyr

12/7/20
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" | Propagation delay

12/7/20

Qp is off

A / Qu ison
V;
in

>t
N
Vaa
Vaa
2

N

Qy is on, but no current through the drain

Milin Zhang, Dept of EE, Tsinghua University
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" | Propagation delay

Via

— e

12/7/20

Qp is off

A / Qu ison
V;
in

Qpison
Qy is off

4

Vaa
Vdd /

L

>t

Milin Zhang, Dept of EE, Tsinghua University
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" | Propagation delay

Vin O—

Vaa

—{[“ e

12/7/20

Vin="Vaa — Vsc

A ———— 1
Uy = |vpsl Pad | Vaa /l
-’ I 2 l
Vaa < v, |
| | < )I
Vaa l ! t{ t t
2 B A __Z_E_2__
Vth ! : — - - -
= Whilet € [t],t,]
Us¢ = Vaa 2 Ven Qp biased in
Vpg = Vp < Vin Saturation region
Milin Zhang, Dept of EE, Tsinghua University 23



" | Propagation delay

Via

— e

Vin Q= O

= Whilet € [t], t;]

» The drain current

" The delay tPLHl = tz — tl =C =C

12/7/20

Vin="Vaa — Vsc

A ————— 1
>ts tpirt tpLH2 | I
r 3
Vo = |vpsl P | Vaa / I
- I 2 l
Vaa z v, l
[ - I |
Vaa I l t; t, ts >
2 /]! l !
- T T s s s s
-

Qp € Saturation region

Ip1 = Ekp(lvGSl — Vth)2

Avout @ —2C Vth
iD iDl kp (Vdd - Vth)2
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" | Propagation delay

Vin Q=

Vaa

— e

12/7/20

Vin="Vaa — Vsc

>t T tom temz, |
pLH1| LPLH2
P : —>le—| '
Uy = |vpsl Phe Vaa /l
-’ I 2 l
Vaa < v, |
| | < )I
Vaa l l t{ t t
2 K A2 2
Vth ! : — - - -
= Whilet € [t5, t5]
Vs¢ = Vaa = Ven Qp biased in
Vpg = Vo > Vi triode region
Milin Zhang, Dept of EE, Tsinghua University 25



" | Propagation delay

Vin="Vaa — Vsc

Vaa
-1 A T EmEmEmE—_————— 1
,>,t/ I tﬂ tPLH2| I
1.70 = |171)5| P ” I Vaa /l
_I Ii QP . 7 | 2 [
Vo Vaa v, [
Vin Q= '0) L/~ - I l
Vaa | [ t, t, ts >
T Qn C 2 I I _ e g :
T Vin ! I d = T
= Whilet € [tf,t3] Qp € Triode region
| | 1,
= The drain current ip2 =k l(lvasl — Vi) lvps| — E’UDS]
Vdad
ts duy C (2 1
= The delay Lpra1 = j Cd. ~ = e i dv,
t2 ‘2 PVen  (Vag — Ven)Vag — v5) — 5 Vaa — v5)?

12/7/20
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" | Propagation delay

Vin="Vaa — Vsc

Vaa
N B 1
>t t t
SC T
Vy = vpsl Vaa /l
_I |<__ Qp 2 l
Vo Vaa v, !
Vin Q= O L/ l |
V;d LA : Ly t t3 >
— Qy ¢ | | e — == |
Vin ] l
C 5
= The delay tpry1 = T 1 dv,
PV (Vag = Ven)Vaa — Vo) =5 (Vaa — ,)?
Vaa
_ C In <2(Vdd —Vin) = Vgg — Vo)) ?
ky(Vaa — Ven) Vaa — Vo
Vin
Cc 3Viq — 4Vip
= In (
ky(Vaa — Ven) Vaa
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" | Propagation delay

Via

— e

Vin Q= O

= The total delay

Vin="Vaa — Vsc

Vo = |vpsl

tprn = tpiH1 + tpLH2

Vin

= 2C + In
kpyVaag —Ven)?  kpy(Vaa — Vi)

L] Typ|ca||y Vth = O.ZVdd . lpiy ~

12/7/20
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kp Vdd

<3Vdd — 4Vth)
Vaa
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" | Outline

qu'Fa —q
= CMOS Inverters °—EI B
o Voltage Transfer Characteristic (VTC) g\\
o Noise margin _
o Propagation delay
o Power consumption >t
tpLn tpHL
:" —)/4— —>/<—
\ >t
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= | Power Consumption

Vaa

— e

Vin Q= O

12/7/20

Vin
A
Qp ison
Qy is off
/ >t
vO
A
Phase 1
€ >
Vaa
Vaa
2
>t
ty t;
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= | Power Consumption

Vaa

Vin Q= O

>y

~
aw—

I ]l

{1l
(o)

12/7/20

Vin
A
Qp ison
Qy is off
/ >t
vO
A
Phase 1 Phase2 Phase 3
€ >|< >€ >
Vaa
Vaa \
2 \\*
>t
ty t;
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= | Power Consumption

Vin Q= O

I
A
"

I

12/7/20

Milin Zhang, Dept of EE, Tsinghua University

Vo
Phase 1 Phase 2 Phase 3
€ L a3 B >
Vaa
Vaa \
2 \\~
t
4 iy >
) ) 1 2
@ Phase 1, energy stored in Cis Egtored = = CVjiyg

@ Phase 3, NO energy left

Thus, energy dissipated in Rpp @Phase 2 is

— 2
Edissipated - E CVdd

2
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= | Power Consumption

Vaa

— e

Vin Q= O

I
1
)

12/7/20

Vo

Phase 1 Phase2 Phase3

Phase 4

Phase 5

€ > € >€

o

>

>

| Nl

>

4

iy

= @ Phase 4, energy provided by the power

EVdd = dedldt = Vdd f idt = VddQ = CVC%d

» @ Phase 5, energy stored in Cis Egtoreqd =

Milin Zhang, Dept of EE, Tsinghua University

2

1
CVZy

1
= Energy dissipated in Rpy is  Eagissipated = = CVig
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= | Power Consumption

vO
Vaa
—— Phase 1 Phase2 Phase3 Phased4 Phase5
€ >le >e—>le >e—>
Vaa
— e \
Vo Vaa
s N

—-IEQN C t;

— 2
Edissipated - CVdd

iy

Total dissipated energy per cycle

= The dynamic power dissipation

den = fCV?id

inverter switch frequency

12/7/20 Milin Zhang, Dept of EE, Tsinghua University
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= | Power Consumption

Ipeak

Vin Q= O

Vadd . .
" @y = I Saturation region

1 w Vg
Ipeak = E (UnCox) (L )n ( 5 - Vth,n)

Another source of dynamic power

12/7/20 Milin Zhang, Dept of EE, Tsinghua University

—_—— Vinn Vaa Vaa — Venpl Vaa

2

> Vin
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" | Summary: Power Consumption

Via = STATIC POWER
l i Negligible low B Key advantage of CMOS circuits
_I |<__ Qp
Vo = DYNAMIC POWER
Vin Q= o)
— |:> Ov —=¢ 2 o et s Source 1 — gate switching
- o / den = fCVc%d

: Source 2 — current through
both transistors

2

1 Vaa
% Vaa = WVenpl  Vaa > Vin Ipeak o Ekn 2 - Vth)n
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" | Outline

= CMOS Inverters _EI ST

o Voltage Transfer Characteristic (VTC)

o Noise margin

o Propagation delay
o Power consumption e
tpLn /tPHL
(] [ ] [ vO
= Logic-Gate Circuits Ay S i i
\ >t
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¥ | CMOS Logic-Gate Circuits

Vaa
=  Pull-up network (PUN) e
v A O—
dd
—— Constructed of PMOS B O— PUN
c O—

—|" e ; ‘
Vin O— C;

—||;QN A O—

BO—  PDN
L Constructed of NMOS C O—

=  Pull-down network (PDN) J_

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 38



= | An Example of CMOS NOT Logic

Vaa A Y
Vg GND
Q
_l”(__ ’ GND Vaia
A o0— oY
—[ o

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 39



" | Example 1: NAND gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa Vaa

Ao~ A Bo—|[~

Qp

B = Pull-up network (PUN)
Qps Constructed of all PMOS

40 I 5, Ona
B - Pull-down network (PDN)
B o— LS Ong Constructed of all NMOS

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 40



" | Example 1: NAND gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa Vaa
A B Y
ao—[T  BoH["
Qpa Qrs Vd d Vd d
oY Vaa GND
GND |4

o enp | o
B | > Uns

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 41



" | Example 1: NAND gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa Vaa A B Y
Vg V,y | GND
AO— B O—
Qra Qrs Vaa GND
O Y GND Vdd
GND GND

40 I—) Qna

u @A:VddlB:Vdd

b |—) Qnp

QPA is off QPB is off

Qna4 isoOn Qnp ison

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 42



" | Example 1: NAND gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa Vaa A B Y
Ao— BoO—
QPA QPB Vdd GND Vdd
oY GND Vaa
GND GND

e |

. @A:GND,B:Vdd

Bo Ons

Qp, is off Qpp ison

Qn4 ison Qnp is off

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 43



" | Example 1: NAND gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs

switch between V;; and GND

Vaa Vaa A B Y
Vdd Vdd GND
A O—-I B O—
E QPA QPB Vdd GND Vdd
OY GND Vdd Vdd
GND GND
40— ou
u @A:Vdd,B:GND
B o—||__)
QNB
QPA is on QPB is off

12/7/20

Qpn 4 is off Qnp ison

Milin Zhang, Dept of EE, Tsinghua University

44



" | Example 1: NAND gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa Vaa A B Y

A O—-l B O—-I

I(__ Qpa l(__ Qprp Vdd GND Vdd

OY GND Vdd Vdd

GND | GND Vg
Ao— o,

u @A:VddlB:Vdd

b o Qns

QPA is on QPB is off

Qpn 4 is off Qnp ison

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 45



" | Example 1: NAND gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa Vaa A B Y
g E Qra g I(__ Qrs Vaa GND Vaa
OY GND Vdd Vdd
GND | GND Vg
40 I >, Una

b |—) Qnp Y=A4- B }

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 46



= | An Example of AND Logic

A B Y

A On On Water out
On Off No water
Off On No water
Off Off No water

12/7/20 Milin Zhang, Dept of EE, Tsinghua University

4 Y=A4-B
B =y
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2| Example 2: NOR gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa
PUN A B Y
A 0— b
v Vaa Vaa
Bo—|* Vaa GND
Crs GND Vi
oY
PDN GND GND
A o—||; B o—-||:)
QNA QNB
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2| Example 2: NOR gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa
4 A B Y
oO—
Crs Vaa Vaa GND
Bo— Vaa GND
Crs GND Vi
oY
GND GND
A o—||__> B o—-||:)
QNA QNB

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 49



2| Example 2: NOR gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa
4 A B Y
oO—
Qpa Vg Vg GND
Crs GND Vi
ovY
GND GND
A o—II__> B o—
QNA QNB

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 50



2| Example 2: NOR gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa
A B Y
A 0—] |<_'
Cra Vaa Vaa GND
Crs GND Vo, | GND
oY
GND GND
A o— B o— I:)
QNA QNB

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 51



2| Example 2: NOR gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa
A B Y

A 0—] |
Qra Vag Vg GND
B o—] € Via GND GND
Zes GND Vi GND

oY
GND GND Vg
A o— B o—

QNA QNB
Y =478 i>o—

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 52




= | An Example of OR Logic

12/7/20

A B Y

On On Water out
On Off Water out
Off On Water out
Off Off No water

Milin Zhang, Dept of EE, Tsinghua University
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" | Summary: CMOS Logic-Gate Circuits

NOT Logic Gate

NAND Logic Gate

NOR Logic Gate

Symbol

Logic

CMOS
circuits

12/7/20

1 -

Milin Zhang, Dept of EE, Tsinghua University
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" | Fan-In & Fan-Out

Vaa

<
A O0— ;.I A 4-input NOR Gate
B o— Y=A+B+C+D
<
O—
¢ ;.I = 2 transistors required for
D O— 1 additional input

= An increasing of silicon

oY area
= An increasing of the

AO—-IE BO—-”; Co—”—_> Do_l—_> capacitance

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 55



N | Pseudo-NMOS Circuits

T A 4-input NOR Gate

|E Y=A+B+C+D

PROS
= 1 transistor for 1 additional input

A O—-I B O—| C O—| D O—-| CONS
I; I:) L_> |:> " Low logic swing
= Low noise margin
—3 = High static power consumption

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 56



" | Outline

" CMOS Inverters

o Voltage Transfer Characteristic (VTC)
o Noise margin Y=14

o Propagation delay

EQP
o Power consumption Ao—E - o v

= Logic-Gate Circuits

= Digital Switches & Dynamic Logic Circuits

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 57



" | Outline

= CMOS Inverters
= Logic-Gate Circuits

= Digital Switches & Dynamic Logic Circuits
o Single NMOS switch

12/7/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Single NMOS Switch

v.
NG
I,
Vin O = O v, > t
Qn

I
1
)

For Qn, Vgsny — Vpsy = 0 < Vipw

Assume Vs n > Vipn

IpN = Ekn(vdd — Vo — Vth,N)z

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 59



" | Single NMOS Switch

A
A:Vdd
T,
“T—l;

Vin O

||
I
a
>—
—
N
=

2
—] [ | —
tDLH

For Qn, Vgsny — Vpsny = 0 < Vi

Assume vgs v > Vi TRUEif v, <Vgq —Vipn

IpN = Ekn(vdd — Vo — Vth,N)2

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 60



¥ | Recall: Noise Margin

Via

— e

O Vo

-~

—{[ o

IH = 3
) 3V, + 2V,
IL — 3
12/7/20

NM, \ NM,
— —

VOL ¥

VOL VIL VM VIH VOH
NMy =V, — Vo = 3

0
NMH = Vﬂ‘l - VIH = 8

Vaa

Milin Zhang, Dept of EE, Tsinghua University
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" | Single NMOS Switch

A
.‘T‘ ip
—_
Vin O K O v, 5 L
—
1 Vdd A thh
A
— Vaa T
- 2
—] [ | —
thin R ¢

For Qn, Vgsy — Vpsy = 0 < Vip

Assume UGSN > Vth <€ TRUE if 170 < Vdd - Vth

1 i .
ipy = Ekn(vdd — v, — Vip)? VogisonlyV, 4 — V,p, instead of V ;4

® Noise margin performance

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 62



" | Single NMOS Switch

Vaa
A — Vdd
j_ i —'||<__ Qp
- D
o =, o v,
Vin =0 Ve = Vaa — Vin
—{ o
Qp is ON since |sz,p| =Vinp B Unexpected static power
@ Static power consumption performance
12/7/20
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" | Outline

= CMOS Inverters
= Logic-Gate Circuits

= Digital Switches & Dynamic Logic Circuits

. . A © Very Simple
o Single NMOS switch ? ® Noise margin
o ) W_h; ® Power Consumption
o Transmission Gate Switch Vin © 0 v,

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 64



¥ | Transmission Gate Switch

Vin
A=0 4
Qp T —3F
Vin O— O v,
oy LI— ¢ '
ipN B
1_ For Qn, Vgsn — Vpsy = 0 < Vipn
A=Vaa = Assume Vgsy > Vi n
A Qy is biased in saturation region
: 2
Ipny = Ekn(vdd — Vo — Vth,N)
Vin U,
A
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2 | Transmission Gate Switch

VUin
A=0 A
Qp T —3F
Vin O—— 0 v,
v
— L_ D
’ f ipy ] Vaa A Lva
— Vaa T
A=Vyq = =z
—] [ l—
tpLy
A
When Uy = Vdd — Vth,N
4 v
" ° ipy =0
B Qp is ON
A
ipp charges C to V4
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2 | Transmission Gate Switch

Vin
A=0 0
Qr T —BF
Vin O—— O v, 5 L
1f— Lo %
QN I iDN T Vaa A — thh —_—
e Vaa K T /
A=Vyq = =
—] [ l—

N

Qp is ON

Ipp discharges C to 0

|
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2 | Transmission Gate Switch

/T =0 A= Vdd
o Qr T —3°
Vin O—— o v, Vin O—f o v,
QN'A—) i QN-i—.> == C
1— ipNn 1— IlpN
A= Vdd__: A= 0 =
Vout = Vin Both Qy and Qp are turned off
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" | Outline

= CMOS Inverters
= Logic-Gate Circuits

= Digital Switches &

Dynamic Logic Circuits

o Single NMOS switch

o Transmission Gate Switch

o Dynamic logic circuits

© Very Simple
® Noise margin

p ® Power consumption
—)
O v,

o

Vin O

Vout = Vin

When A = Vdd
Vin O— ——0 v,

'_>||—o N

Y © Power consumption

® Silicon area

:>0—|E
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

Viaa
— A¢

$o— "

Qp,¢

Aol Bo

QNA QNB

¢ o—[;

Qn,¢
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= | Recall: NOR gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa
A B Y
é
A 0—]
Cra Vag Vg GND
B o—| < Vaid GND GND
Crs GND Vi GND
oY
GND GND Vg
A o—||; B o—-||:)
QNA QNB Y A B
=4+ j Yo—
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

Viaa
—— A¢

$o—|"

Qp,¢
oY > t
L ltl tZ
A o— B o—]
) Qna ) Qns QP,(,b is ON since |vGS,P| — Vdd > Vth,P
fY=0@t=0
()b o— |vDS,P| > |vGS,P| — Vth . Saturation

1
Ip = Ekp(|vGS,P| — Vth,P)z
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

$o—|"

Viaa

Qp,¢

40—

Qna

B 0—

¢ o—

12/7/20

QNB

A¢
oY 5 t
tl tz
A°
Vaa
Vth “
> t

Qp,p in Saturation region 4 | I Qp4 in Triode region
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

V
@ N
¢$ O—
Qp,¢
oY
tl tz
Ao—[, ~Bo—[, o B
Qna Qne @t=1t; Y =V,4
@ t = tf Y = Vdd
QP,¢ is OFF
v, |
’ QN:(P is ON
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

e N
¢ O—
Qr0
oY o i, > t
AO—I*QNABO_I"QNB A B %
Vaa Vaa
¢ o[ o Vg GND
GND Vig
= GND GND
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

V
faa. N
¢ O—
Qp,¢
oY t
tl tz )
A o— B o—
= Qna 1 Qnp A B Y
Vaa Vaa GND
¢ o— v GND
L—) On s dd
GND Vi
= GND GND
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

Viaa

¢$ O—
Qp,¢

A o— B o—
1 0w

¢ o—[]

Qn,

12/7/20

A‘.‘b
oY
tl tz
Qns A B Y
Vaa Vaa GND
V., | GND | GND
GND Vg
GND GND
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

Vaa A¢
¢ O—
Qp,¢
oY > t
tl tz
A o— B o—|,
Qna Qnp A B Y
Vaa Vaa GND
¢ o[ ! Vi GND | GND
N
GND | Vv, | GND
= GND GND

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 78



" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

V
faa. N
¢ O—
Qp,¢
oY
tl tz
A o— B o—
Qna Qnp A B Y
Vaa Vaa GND
¢ o[ Vi GND | GND
Qn,¢
GND Vi GND
= GND GND Vaa
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= | Recall: NOR gate circuit

QUESTION: Find out the output Y with different combination of the inputs. The inputs
switch between V;; and GND

Vaa
A B Y
é
A 0—]
Cra Vag Vg GND
B o—| < Vaid GND GND
Crs GND Vi GND
oY
GND GND Vg
A o—||; B o—-||:)
QNA QNB Y A B
=4+ j Yo—
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" | Example 3: Dynamic MOS Logic

QUESTION: Find out the output Y with different combination of the inputs. ¢ is a clock
signal. The inputs switch between V;; and GND

|74
a2, N
¢ o—[”
Qp,¢
oY > t
tl t2
vO
A O—I — b O_I o Vaa A
QNA QNB
Y=A4+B
Vin
¢» o— t t
Qn,¢ v >
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= | Example 4

QUESTION: Find out the output Q with different input D. ¢ is a clock signal. The input
switches between V;; and GND

vod ] o000

Q1 > t
Q2
]
¢
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= | Example 4

QUESTION: Find out the output Q with different input D. ¢ is a clock signal. The input

switches between V;; and GND

D o—;L—Do—Do——o Q

>t
Q2 A(p
L y
¢ —
Q4 is ON
Q, is OFF
Q=D
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= | Example 4

QUESTION: Find out the output Q with different input D. ¢ is a clock signal. The input

switches between V;; and GND

p” /

Do— Do—Do——oQ
Q2
14
I
¢

—_ ]

Q, is OFF
Q, is ON
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2 | Recall: VTC of an Invertor

Vo
V 1% 4 yd
dd OH \ /
— |<__ Qp NM, NMy
—) —)
Vin Q= —O7vo
—'I E Qn
—— Vo \¥
Vor ViL Vu Vi Vou
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= | Example 4

QUESTION: Find out the output Q with different input D. ¢ is a clock signal. The input
switches between V;; and GND

QB A
T v, = f(vq)

Do 0 vll >o—|v2 So——0 @ \
Q2
g
1_
)

v, = f1(v3)

vy (v3)
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= | Example 4

QUESTION: Find out the output Q with different input D. ¢ is a clock signal. The input
switches between V;; and GND

_ U2
(,b A
! A
D o ) vy DOLDO_US_O Q ‘ \ / Unstable
B
Q2
) v1(v3)
>
—| |— ¢
o
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= | Example 4

QUESTION: Find out the output Q with different input D. ¢ is a clock signal. The input
switches between V;; and GND

r ¢
D o DO—DO——O Q
Q1
Q2 A¢
- —
) —
Q is OFF
This is a simplest D Flip-Flop Q, is ON

Learn more in 30230793 Q does not change
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" | Outline

= CMOS Inverters A © Very simple
i _ ® Noise margin
. . . Lp ® Power consumption
= Logic-Gate Circuits P T S S
.. : A
= Digital Switches & ?
: o 2 Vout = Vin
Dynamic Logic Circuits - When 4 = Vyq
o Slngle NMOS switch oy LI © Power consumption
I ® Silicon area
o Transmission Gate Switch A

o Dynamic logic circuits

= Memory Circuits
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2| 2 Types of Computer Memory

Main memory Mass-storage memory

=  Usually most rapidly accessible = High storage capability
=  Usually random-access

=  Execute most/all instructions

12/7/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Random-Access Memory Chip

Row Address / M-bit

Bit line
/ '/ Storage cell

/Word line

Row Decoder

/ Storage cell array

2M _ 1

Total storage capacity 2M+V

1 eesees TzN_l

Drivers

Column
Address
/ N-bit

12/7/20

Column Decoder

I |/O data
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" | Random-Access Memory Cell

Word line WL

o Vaa Vaa - -
& —_>|I_ __II<_— | o
R e
f :
BL BL

Static Random-Access Memory (SRAM) Cell

12/7/20 Milin Zhang, Dept of EE, Tsinghua University

READ OPERATION

WL is pulled down
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" | Random-Access Memory Cell

Word line WL
o Vaa Vaa -
k= T T -
e
o I ‘
Vaa QE ? E Q Vaa
BL BL

Static Random-Access Memory (SRAM) Cell

12/7/20

READ OPERATION
= Word line is pulled down
" Bit lines are recharged to V4
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" | Random-Access Memory Cell

Word line WL
READ OPERATION
) Vag Vg . " Word line is pulled down
£ T T ~ " Bit lines are recharged to V4
= = = Assume the stored Q =V,
o0 o dd
o .
Vaa 1 Vada
BL BL

Static Random-Access Memory (SRAM) Cell
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" | Random-Access Memory Cell

Word line WL
o Via Via -
= T T =
5 3
—T 1
_ TV
i ¢ ¢
-, 1 Q
BL BL

Static Random-Access Memory (SRAM) Cell

12/7/20 Milin Zhang, Dept of EE, Tsinghua University

READ OPERATION

Word line is pulled down

Bit lines are recharged to V4
Assume the stored Q = V4
Pull up the word line

BL keeps V4.

BL is pulled down to Q.
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" | Random-Access Memory Cell

Word line WL
WRITE OPERATION
Vag Vg = Assume the stored Q = V4
V ®
= T T ~ = Pull down the word line
= -3
e ®
Lo T e [N
= 5 ¢ ¢ ¢
K Qj? ] 1o
Vad L L GND
BL BL

Static Random-Access Memory (SRAM) Cell

12/7/20
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" | Random-Access Memory Cell

Word line WL = GND
o Via Vaa -
= T T =
5 3
TR
14 ‘
QA{E | |
Vaa L L GND
BL BL

Static Random-Access Memory (SRAM) Cell

12/7/20
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WRITE OPERATION

Assume the stored Q = V4
Pull down the word line
Assume GND is to be written
Pull down BL to GND

Pull up BL to V4
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" | Random-Access Memory Cell

Word line WL =V ;4
o Vaa Vaa - -
= T o =
_.||<_' 1 ]

_ TV
= [ @ n

e 1 Q
Vg 1 1 GND
BL BL

Static Random-Access Memory (SRAM) Cell

12/7/20 Milin Zhang, Dept of EE, Tsinghua University

WRITE OPERATION

Assume the stored Q = V4
Pull down the word line
Assume GND is to be written
Pull down BL to GND

Pull up BL to V4

The word line is pull up

Q is pull up to Vy

Q is discharged to GND
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" | Random-Access Memory Cell

Word line WL Dynamic Random-Access Memory (DRAM) Cell

TV WRITE OPERATION
= Assume the stored Q = GND
=  Pull down the word line

Bit line

= Assume V,;, is to be written
- = Pull up BL to Vdd
BL = The word line is pull up

= (QischargedtoV;; — Vi

12/7/20 Milin Zhang, Dept of EE, Tsinghua University 99



= | Summary: Random-Access Memory

Static RAM (SRAM) Cell Dynamic RAM (DRAM) Cell

Word line WL
Word line WL

Vaa Vaa . _L
— \ g J_
1

aul ug

BL

ol
|—Lr&1%—|
"

BL BL

= Data stored in capacitors
= Complex read/write operation
= Low silicon area consumption

= Data stored in latches
= Simple read/write operation

= Relative large area
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2| Outline

= CMOS Inverters
= Logic-Gate Circuits

= Digital Switches &
Dynamic Logic Circuits

=" Memory Circuits
o Overview
o Memory cell

o Address decoder

Row Address / M-bit

\

Row Decoder

[

| Drivers

Column —
Address _°
/ N-bit

Column Decoder

I 1/0 data

SRAM DRAM

ord line Word line . WL
° Vaa Vaa \ =] -L
@ —‘rj}_ _ig : g
| Tv @ Q :L
Hoo 4
BL

BL
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" | Row-Address Decoder

[ Ay A 4 A
f_ 5 _L _L Row 0
P
Wi,
=+ J_ J_ Row 1
.
Wi,
f_ ] L L Row 2
P
Wi,
f_ ) _‘;_ _\;_ Row 3
P
Wis
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" | Row-Address Decoder

Vdd AO A_O A1 A]_
= Turnon ¢p
4 - = All the word lines
Row 0
f— . v_ v are charged to V4 o
WL,
f_ ¢ _¢'__ J‘ Row 1
P
WL,
f_ ) L L Row 2
P
WL,
f_ ¢ J J Row 3
P
WLs
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" | Row-Address Decoder

GND - -

Ao Ay A

o
o

= Turnon ¢p

- - = All the word lines F—
bp = are charged to V4
WL
| L = Turn off ¢p
J L u If A]_AO == 10 Row 1
bp
Wiy = WLy, WLy, and WL,
: : are discharged S
" = Only WL, keeps V4 v
P
WL,
_‘;_ ' Row 3
bp
WL,
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2| Outline

= CMOS Inverters
= Logic-Gate Circuits

= Digital Switches &
Dynamic Logic Circuits

=" Memory Circuits

Address decoder

Row Address / M-bit

\

||

Row Decoder

Column

Address _

/ N-bit

o Overview Lol &
de | Bm | be
o Memory cell IR
_%Jﬁm j:[_l o
o Address decoder

12/7/20 Milin Zhang, Dept of EE, Tsinghua University

| Drivers

Column Decoder

I 1/0 data

SRAM DRAM

BL BL
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" | Reading tasks & learning goals

= Reading tasks

o Microelectronic Circuits, 6™ edition

* Chapter 13 -14.3.1,15.2 - 15.3, 15.4.2
= Learning goals

o Well understand how to analyze the power consumption,
propagation delay and noise margins of a CMOS logic gate

o Well understand how to analyze the logic-gate circuits
o Well understand how to analyze the CMOS switch circuit

o Know the different types of memory circuits
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