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Lecture 3

More on CMOS Gates

Ref: Textbook chapter 2

Some of the slides are adopted from Digital Integrated Circuits
by Jan M Rabaey




CMOS Inverter — DC Characteristics

 Why do we study the DC characteristics of a CMOS inverter?
— Analyze a CMOS inverter by hand calculation
— Understand how the transistors operate in a CMOS inverter
— Understand the influence of §,, and g,

— Understand Noise Margin



CMOS Inverter — DC Characteristics

Region A) 0 < V;, < Vi, E_
Region B) V,,, <V, < V%
Vin Vout
: V
Region C) V;,, = % r
Region D) ﬂ < Vin < Vpp — [Vipl 1

Region E) VDD — [Vipl < Vin




CMOS Inverter — DC Characteristics

Region A) 0 < V;, < Vi,
— NMOS: Cut-off
— PMOS: Linear
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CMOS Inverter — DC Characteristics

« RegionB)V,, <V;, < V%D

— NMOS: Saturated
— PMOS: Linear
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CMOS Inverter — DC Characteristics

« RegionC) V;, = V%D

— NMOS: Saturated
— PMOS: Saturated
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CMOS Inverter — DC Characteristics

« Region D) ﬂ < Vin £ Vpp — |Vipl

— NMOS: Llnear
— PMOS: Saturated
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CMOS Inverter — DC Characteristics

* Region E) Vpp — [Vip| < Vig
— NMOS: Linear
— PMOS: Cut-off
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CMOS Inverter — DC Characteristics

e ppandpf,

%4

Region B) Vo = (Vin = Vip) + | (Vin = Vi) =2 (Vin =72 = Vip) Vop — 52 (Vin = VinY

Py

. B
Region D) Vout = (Vin - th) - \/(Vin - th)z_ﬁ_: (Vin — Vpp — th)z
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CMOS Inverter — DC Characteristics

e Intuitive analysis

[ 1
|—]|
Il
=
Q
=
S
N
N

N
N
N

11



Noise Margin v,

—> >

Output Characteristics Input Characteristics
VDD
. . Vor
Logical High
Output Range Voo Logical High V:
- Input Range
v ViHmin V h.min- Minimum high input voltage
VL max. Maximum low input voltage
Vou,min- Minimum high output voltage
T Viima VoL max: Maximum low output voltage
Vv - Logical Low
Logical Low OL,max
Input Range : PN — —
Output Range P 9 Low noise margin = NM_ = [V max — VoL maxl
Y High noise margin = NM,; = [Voy min = Vid minl
SS
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Noise Margin

 How to increase the noise margin

I>c {>c Low noise margin = NM_ = [V, . = VoL maxl

Output Characteristics Input Characteristics High noise margin = NM, = [V min = ViH minl
VDD
Logical High
VOH,min
. Input Range
v VIH,min

Vit.min- Minimum high input voltage
VL max: Maximum low input voltage

T Von min: Minimum high output voltage

\Y; :
IL,max VoL max: Maximum low output voltage

- Logical Low
1 VOL,max
Input Range
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CMOS Inverter — Switching Characteristics

 Fall time & Rise time

Vin _DIVout

[ Cout
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CMOS Inverter — Switching Characteristics

Fall time calculation
— Natural response

t = Tnln<

t
Vout (t) = Vppe EnCout = Vppe ™

- 7, NMOS time constant

Fall time

ty = to.1vpp — loovpp = Tn ln(

VDD
0.1Vp)

Vbp >
Vout (t)

)]

t

DD

0.9V,

) = 1,In(9) = 2.21,
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CMOS Inverter — Switching Characteristics

Rise time calculation
— Step response

t t
Vout(t) = VDD(l — e Rpcout) = VDD(l — € Tp)

t=r1 ln< Vbp >
P VDD - Vout (t)

- Ty PMOS time constant

Rise time

= ), In(—22_) = £ In(9) ~ 2.2
ty = toovpp — tovpp = Tpln m — TpIn 0.9V, = 17,In(9) = 2.27,
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CMOS Inverter — Switching Characteristics

Maximum signal frequency

1 1
ty + tr B 2.2(ty + 1)

fmax -

Example

- R, =500Q
— R, =500Q
— C,t = 20fF

- T, = 10ps
- 7, = 10ps
— fmax = 23GHz
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CMOS Inverter — Switching Characteristics

e Speed vs. area trade-off
W,

- Bn = .uncoxL_n

n

B a:
- = UpCox 5
p p Ly

. 1
 Bn(VpDp=Vin)
. 1

P By(Vpp—IVipl)

_Rn

- R

- Tp = Ry Coyt



Transistor Sizing

Achieve perfectly-balanced switching characteristics in the worst
case.

Satisfy target constraints (z = RC).
Assumption: u, = 2 - u,

|: 1x $ Ronp 5 2R
Vm |:> Vin |:> Vln
[1x T Skown T SR T
777 / /
2z 77 77
T, = RC

T, = 2RC
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Transistor Sizing

Achieve perfectly-balanced switching characteristics in the worst
case.

Satisfy target constraints (z = RC).
Assumption: u, = 2 - u,

|:2x 5 Ronp 5 R
Vm |:> Vin |:> Vln
[1x T Skown T SR T
777 / /
2z 77 77
T, = RC
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Transistor Sizing

T, = 2RC :r;
7, = 2RC

Lz

T, = RC
7, = RC
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Transistor Sizing

T, = RC
T, = 4RC

=q| 4X

Vout

ox L

T, = RC
7, = RC
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1x

1x

Transistor Sizing

T, = 2RC
T, = 4RC

A—0||:4X

Vout
/_I.
B 2X
1x

C |:2x

T, = RC
7, = RC
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Transistor Sizing

« Examples (target: T = RC)

gl

g

g

g

gl
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CMOS NAND/NOR — DC Characteristics

« CMOS NAND

« CMOS NOR
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CMOS NAND/NOR — DC Characteristics

. CMOS NAND —T v

() 0-Vpp 0 - Vpp

V —
” v (i) Vbp 0 - Vpp
Out -
Va -o": Vs -c": 1 (i) 0 - Vpp Vbp
VDD
Vout
Vo 1 VB_: TI7 (iii) (i) (i)
vl
TIT 0 . >Vin

Vin = Vino + Y(\/WSB + 2¢p| — \/2¢F)
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CMOS NAND/NOR — DC Characteristics

.+ CMOS NOR —T

() 0-Vpp 0 - Vpp

Voo T ) (ii) 0 0 - Vpp
i Iy (i) 0 - Vpp 0
] VDD
Vou
1 t | (i) (iii)
717
L vHL
' > |/

/// 0 VDD i
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Elmore Delay

Before we study the switching characteristics of the NAND and
NOR gates, we need to know how to compute (approximate)
delay of an RC tree.

Elmore Delay
— A very simple delay computation method.
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Elmore Delay

e For two-pin nets

V() = Vpp-u(t)

T

Rout
R, R; Rj R, Rs V. (1)
ANA—TA—T—AM——MA—T—A
—C, —C, —C; —_C, —Cs Cloap
7T 7T 77T T 7T TrT

T=Royr *(Cy + ... + C5+ Copp)

+R; *(Cy+ ... + C5+ Copp)
+ R, * (Cy+ ... + C5 + Copp)
+R3*(C3+ ... + C5+ Copp)

+ R, *(Cy+ Cs + Ciopp)
+ Rg * (C5 + Coap)
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Elmore Delay

For multi-pin nets

V(t) = Vpp-u(t)

T

ROUT
Rl

VW

——C, ==C,

T7T 7T

7 = Rour *(Cy + ...
+ R, *(Cy + ...
+R,* (Cy + ...
+ Ry * (Cy+ ...

+C7 + Cloap1 * Cloanz)
+C7 + Cloap1 * Cloanz)
+C7 + Cloap1 * Cloanz)
+C7 + Cloap1 * Cloanz)
+ R, *(Cy + C5 + Cloap1)

+ R5 * (CS + C:LOADl)

wr

Vi ()

——C, =——C, =

7T

- CLOADl

T

v

VL2 (t)

==Cc,

T

— CLoan2
7T
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CMOS NAND/NOR - Switching
Characteristics

« CMOS NAND

Voo T

AL v

Worst-case rise time: t, =~ 2.21, = 2.2(R,(Coyt + Cx))

Best-case rise time: t, = 2.27, = 2.2(%)601“

Vout
= Cout )
| . Worst-case fall time: t; = 2.2t, = 2.2[(2R;,)Cour + Ry Cx]
Ve—| R
S Best-case fall time: ¢t ~ 2.21,, = 2.2(2R;,)Cout
Va— § Ry __:: Cx
N 2z
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CMOS NAND/NOR - Switching
Characteristics

« CMOS NOR
Voo T~
| Worst-case rise time: t,. = 2.21, = 2.2[R,(Cx + Coyt) + RpCoyt]
V R L
2L Best-case rise time: t, ~ 2.2t, = 2.2(2R,)Coyt
VA_cJ _Rp __:: CX
N Vza
v Worst-case fall time: t; = 2.2, = 2.2[R,Coyr + (Ry + R, ) Cx]
out

— Cour | Best-case fall time: t; = 2.27, = Z-Z(RZ_H)Cout

//7/
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CMOS Inverter — Power Dissipation

e P=Vpplpp
= Pp¢ +den

- Ppc = VDDIDDQ
e Ippo: Quiescent leakage current

5 | Vbp
- denza'f'coutVDD DDI
CMOS

circuit

/
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More CMQOS Gates

Combinational logic
Transmission gates
Multiplexors
Tristate gates
Sequential gates

— Latches
— Flip Flops
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Transmission Gate

Transmission gate

S

b
A—|:|—F A

5

G

F

S

A
0 | 1
0 Z Z

1 0(Vsstd) 1(Vpp-d)
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Multiplexor

e Multiplexor F=S"Py+S-P F=S-P+S-Pp=(SPy+SP +PyPy)

e
e
4
e
—

S : .
_ Pl Pl P 1o
S_'_| S.'[ P_0_| A—I[ B—'[ /7

4 transistors vs. 12 (or 10) transistors /
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Tristate inverter

—
o
v

0

—— Out

/

Tristate gate

EN

Out

EN
In%Out

EN
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Static CMOS Sequential Gates

 D-latch

_ Transparent | Hold

< Ll Bl »

D E Capture




Static CMOS Sequential Gates

 D-latch

CLK

D % S0
CLK - V
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Static CMOS Sequential Gates

» Positive Edge-Triggered D Flip-Flop
CLK

Hald

< [
< >

D . Capture




Static CMOS Sequential Gates

» Positive Edge-Triggered D Flip-Flop

CLK

>

CLK

CLK

=

CLK

— 10

CLK
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Static CMOS Sequential Gates

» Positive Edge-Triggered D Flip-Flop

CLK =0

R
Y
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Static CMOS Sequential Gates

» Positive Edge-Triggered D Flip-Flop

CLK =1

CLK

D >

CLK

CLK

=

CLK
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Static CMOS Sequential Gates

» Positive Edge-Triggered D Flip-Flop with ??

CK -
CK

> 1] Dol P -
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Static CMOS Sequential Gates

 Why not?
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CMOS Properties

Full rail-to-rail swing; high noise margins

Logic levels not dependent upon the relative device sizes; ratio less
Always a path to Vdd or Gnd in steady state; low output impedance
Extremely high input resistance; nearly zero steady-state input current
No direct path between power and ground; no static power dissipation

Propagation delay function of load capacitance and resistance of
transistors

N fan-in gates need 2N transistors
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