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Lecture 14 - Digital Circuits (III)
CMOS

October 27, 2005

Contents:

1. Complementary MOS (CMOS) inverter: introduction
2. CMOS inverter: noise margins

3. CMOS inverter: propagation delay

4. CMOS inverter: dynamic power

Reading assignment:

Howe and Sodini, Ch. 5, §5.4

Announcements:

e Cadence tutorial by Kerwin Johnson in place of reg-
ular recitations on Friday 10/28
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Key questions

e How does CMOS work?

e What is special about CMOS as a logic technology?

e What are the key design parameters of a CMOS in-
verter?

e How can one estimate the propagation delay of a
CMOS inverter?

e Does CMOS burn any power?
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1. Complementary MOS (CMOS) Inverter

VDD
VIN — - VouT

.

Circuit schematic:

Basic operation:
oVin =0= Vour =Vpp
Vasn =0 <V, = NMOS OFF
Vsap = Vpp > —Vr, = PMOS ON
oVin = Vpp = Vour =0
Vasn = Vpp > Vr, = NMOS ON
Vsgp =0 < =V, = PMOS OFF
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Output characteristics of both transistors:

IDn €N -le N
TVGSn Y eeeeeee—————— T Vsep
Vesn=V1n 5 Vsep=V1p
0 > 0 >
0 VDSI’] 0 VSDp
Note:

Vin = Vesn = Vbp — Vsap = Vsap = Vbp — Vin

Vour = Vpsn = Vpp — Vspp = Vsp, = Vop — Vour

[Dn — _[Dp

Combine into single diagram of Ip vs. Voyr with Viy as
parameter.
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VDD |
q D S
VIN — oV
IN ouT TVDD'VIN - TVIN
Ej = CL
S &>
Vout
* no current while idling in any logic state
Transter function:
NMOS cutoff
PMOS triode
VOUT / NMOS saturation
PMOS triode
VoD /
NMOS saturation
PMOS saturation
NMOS triode
PMOS saturation
/ NMOS triode
0
0

/ PMOS cutoff

VTn

VootV1p Vpp VIN
* “rail-to-rail” logic: logic levels are O and Vpp

x high |A,| around logic threshold = good noise margins
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Transfer characteristics of CMOS inverter in WebLab:
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2. CMOS inverter: noise margins

Vourt

e Calculate V),
e Calculate A, (Vi)
e Calculate NM; and NMpy

O Calculate V), (VM =Viy = VOUT)
At Vi both transistors saturated:

LW,

[n n>~ox mn
D QLMC (Var — Virn)?

LW,

2 L —L11,Co(Vbp — Var + Vi)

—1Ip, =

Lecture 14-7
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Define:
kn = ‘ZlunCox, kp = ‘gfupCox
Since:
Ipn = —Ipy
Then:
1 1

ikTL(VM — VTn)2 = §kp<VDD — Vi + VTp)2

Solve for V-

Vi, + Z—i(VDD + VTp)
Vi = -
g B

Usually, V7, and Vr, fixed and Vp, = —V7p,

= Vs engineered through k,/k, ratio
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e Symmetric case: k, = k,

Vbp
Y=y
This implies:
W, W,
k, L—pﬂpcox Ty W, W,
—=1= Wp =~ Wp = =~ 22—
kn L—:,Z:uncox L—:ZQ,LL]? Lp Ln

Since usually L, >~ L, = W, ~2W,.

VouTt A

Vbp
ﬂ _ViN=Vour

/
4
4
4
4
4
4
- >

O Vi Vm VoptVipVop ViN
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e Asymmetric case: ky, > k,, or 12/—3 > 12/_5

Vi ~ Vp,

NMOS turns on as soon as Viy goes above Vp,,.
e Asymmetric case: k, < k,, or Ig/—g < 12/_5

Vi~ Vpp + VTp
PMOS turns on as soon as Vi goes below Vpp + Vg,
Can engineer V) anywhere between V7, and Vpp + V.

Vout A

Vpp-
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O Calculate A,(Vy)

Lecture 14-11

VbD
Small-signal model:
—iL
VIN — — Vourt
S2 _|[
+
Vsg2=-Vin {”ImpVsg2 % lop v
— G2 D2
D1 .
«—— G1 .
Vin Vgsl > ImnVgs1 % fon Vout
S1
G1=G2 D1=D2
+ n+
Vin LImnVin - <>ImpVin %ron//rop Vout
S1=S2

Av — _<gmn T gmp) (TOH//TOP)

This can be rather large.
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0 Noise margins

VouT

e Noise-margin-low:

Vbop — Var

Vi =Vy — A,

Therefore:

Vpop — Var

NMyp, =V —=Vor =V =V — A

In the limit of |A,| — oo:

NML—>VM
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e Noise-margin-high:

VouT

7

NM_
R

1
Vig =Vu(l+—)
| Ay

and

1
NMpy =Vouy —Vig = Vpp — VM(1+W)

In the limit of |A,| — oc:

NMH—> VDD—VM

When Vyy = Y22 = NM; = NMy = ‘oo
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3. CMOS inverter: propagation delay

Inverter propagation delay: time delay between input and
output signals; key figure of merit of logic speed.

Typical propagation delays: < 1 ns.

Complex logic system has 20-50 propagation delays per
clock cycle.

Estimation of ¢,: use square-wave at input

VN

Y

<toyeLe

o
~Y

t t
VouTi PHL PLH

50% \~<{cycLE
0

Average propagation delay:

—~Y

ty = §<tPHL +tpro)
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O Propagation delay high-to-low:

VpD

VIND o VouT:

LO-HI _”:TI; HI-LO

L

v

VIN=0 VouT=VDD VIN=VDD VouT=0

L % i} VIN=VDD | - I:[T;LVOUT=VDD __| [T

=0 t=0* t>o

During early phases of discharge, NMOS is saturated and
PMOS is cut-oft.

Time to discharge half of C7:

%Charge of Cr@t =0~
discharge current

lpHL =
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Charge in C, at t =07

Qrt=0")=CLVpp

Discharge current (NMOS in saturation):

%%
Ip, = —+ — Vi)
Dn 2Ln,uncox<VDD VTn)
Then:
o CLVpp
PHL — Wa

L., ,unCO:U<VDD — VTn)2
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O Propagation delay low-to-high:

VDD
VIN:  o0—o Vour:
HI-LO LO~HI
|: CL
v
VbD VbD VbD

weioo| T v — wo [0 varewn
!ﬁ% —{%IDOWO !ﬁ%

t=0- t=0+ t>o

During early phases of charge, PMOS is saturated and
NMOS is cut-oft.

Time to charge half of C:

%Charge of C'@Qt = oo

tPLH =
charge current
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Charge in C, at t = oo:

Qr(t =00) =CLVpp

Charge current (PMOS in saturation):

W,
—Ipp = Jﬂpcox<VDD + VTp)2
2L,
Then:
CrVpp
tpLH =~ 77

7oHCor(Vop + Vip)?
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Key dependencies of propagation delays:

e Vpp = tp |
Reason: Vpp 1= Q(CL) T, but also Ip T

Trade-off: Vpp T, more power usage.

oL |=1,]
Reason: L |= Ip

Trade-oft: manufacturing costs!
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Components of load capacitance C:

e following logic gates: must add capacitance presented

by each gate of every transistor the output is con-
nected to

e interconnect wire that connects output to input of
following logic gates

e own drain-to-body capacitances

Cr = Cg + Cyire + Cppn + Chpyp

—
—! d
Vour s
Vin I =T
=5

v v

[See details in Howe & Sodini §5.4.3]
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4. CMOS inverter: dynamic power

e In any of the two logic states: one transistor always
OFF = zero static power dissipation.

e Dynamic power?’

Every complete transient, C, is charged up to Vpp and
then discharged to 0

= energy dissipated

= clock frequency 1 = dissipated power |
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O Dynamic power dissipated while charging load

VDD
J Vout,
ipp(t)=ic(t)
VDD {----~
VIN=HI » LO —— — VouT=LO >HI
— CL

0
1 0
v

1. Energy provided by battery during transient:

dvoyr

dt =
dt

Es = [" Vppic(t)dt = Vpp |, CL

= CLVDD /OVDD dUOUT — CLVBD

2. Energy stored in capacitor during transient:
1 2
AEC — EC'(t = OO) — ch(t = O) = §CLVDD
3. Energy dissipated in PMOS during transient:

1
Ep=Es— AFE¢c = ichgD

Y



6.012 - Microelectronic Devices and Circuits - Fall 2005 Lecture 14-28

O Dynamic power dissipated while discharging load

VbD
_i ipp(t)=0 VOUTA
] VDD
VIN=LO » HI —— o VouTt=HI »LO \
BN
L C() —_ CL 0 >
0
A4 A4

1. Energy provided by battery during transient:
Es = |, Vppipp(t)dt =0
2. Energy removed from capacitor during transient:
1 2
AFEc=FEc(t=0)— Ec(t =00) = §CLVDD
3. Energy dissipated in NMOS during transient:

1
Ey = AEq = §CLV5D
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O Energy dissipated in complete cycle
Ep=Ep+ Ey =XEs=C[V}),

O Power dissipation

If complete switching cycle takes place f times per second:
Pp= fEp = fCiVip

Fundamental trade-off between switching speed ant power
dissipation!

Key dependencies in dynamic power:
e f T= Pp T, charge and discharge C'j, more frequently

e (1 T= Pp T, more charge being shuttled around

e Vpp 1= Pp T, more charge being shuttled around
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Key conclusions

e Key features of CMOS inverter:

— no current while idling in any logic state
— "rail-to-rail” logic: logic levels are 0 and Vpp

— high |A,| around logic threshold = good noise
margins

e CMOS inverter logic threshold and noise margins en-
gineered through W,, /L, and W,/ L,,.

e Key dependences of propagation delay:

_VDDTi tpl
—L|= 1,

e Dynamic power dissipated in CMOS:
Pp= fEp = fCLVpp

Fundamental trade-off between switching speed and
power dissipation.



