Announcements

e Homework #8 due Friday.
 Exam solution posted.

— Submit regrades by Friday in class.
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Multi-Input CMOS NAND Gates
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Five-input CMOS NAND gate: Y = ABCDE
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Capacitances in Logic Circuits
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Various capacitances
associated with transistors
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The capacitances on a given

node can be lumped into a fixed
effective nodal capacitance C
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Logic Gate Dynamic Responses

* Rise time (t,): time required
from 10% point to 90% point

* Fall time (t,): time required
from 90% point to 10% point

* Propagation delay (t,):
difference in time between
the input and output signals
reaching the 50% points

— for output high-to-low: 1,

— for output low-to-high: 7,
— average propagation delay t, =
(Tpry + Tpp1)/2
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Dynamic Response of
CMOS Inverter

* Assume abrupt V, change

Vop=2.5V
j v; =25V vp(04)=25V from VL to VH
| Mrp
. :] ) L.'_' » * V,changes from V, to V,
— L == by discharging C via M,
Lp, " e C J_ 1
== e Same as the resistive load
- - TPHL — 12R](h)nnC
v UGT Ronn =
PR A — +2.5vk Kn(VH o VTN)
t [
0V ; - oV 0
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Dynamic Response of

CMOS Inverter

., * Assume abrupt V,
,j o change from V, to V,

[I o@0=0V" e Y/, changes from V, to V,

Mp
Uy }—
V=0V . .
oy L L by charging C via M,
LW L« Similarly we get
) ) ) TPLH —_ 1.2R0an
P 1
Ur g Vo | onp —
425V m— 425V —+— Kp (VH + VTP)
[ f
oV - ov -
0 0
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CMOS Inverter with Symmetrical Delay

e CMS inverter with symmetrical delay has
TpLa = TpaL = Ronn = Ronp = Kn = K5

* This is exactly the “symmetrical” inverter
=250, = (7) =25(7)
pp = ° Un = 4. Mp I ) = 4. I ,
E; 20V T +T
Tp = PLHZ P —12R,,..C

ov 1OV 20V 30V 40V 50V 60V
L}
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CMOS Switching Speed

GVpp=25¥
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Can estimate switching time for capacitive load very simply:

C Av A
At = total _ Q

lavg lavg

For t,,, V=V, PMOS OFF, NMOS ON.
NMOS saturated for v, > V,,-V;y, linear for v, < Vy,-Voy,
Just the opposite for LH transition.
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Symmetrical CMOS Inverter

* Symmetrical CMOS inverter: """
> Kn — Kp, VTTL — _VTp= VT

» Tpry = TpHL Ronn = Ronp ; M
N Slope = —1
* If VT < VD D / 2 D‘v"_: Vor ;.-— - ‘&E,,ﬁ_____
Vpbp Vr . OV 05V 10V 15V 20V 25V
> VoL =~ — 7; Vou = Vpp — VoL
3VDD

> V= ‘|‘ —, Vig = Vpp — Vi1

> NM, = NMH = VZD +7
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CMOS Performance Scaling

TpHLTTPLH
[ ) TP — 2

— Tp X C
— Tp X Ry X (%)_1

e Delay is proportional to total load capacitance
C, and inversely proportional to W/L.

e Larger size (larger W/L) => shorter delay
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Power Dissipation

» Switching: CV,,° per cycle

* Transition conduction: when Vo, <v, <V ,+V,,
both transistors are on.

— Depends on amount of time Y Touput voliaee
. N 760 nA
with v;, ~ Vj,p/2 (t,, t). 20v ]
40 pA
— Can be 20-30% of CV,2 1"
o : 20 uA Drain current
oV -

| | | | |
ov 1.0W 2.0V 30V
Uy

e Subthreshold conduction: small currents even
when devices are “off.”
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Subthreshold Conduction

Note that the linear relationship

5 o between g; and Vg —V};, agrees with
0 ' . experiment except for Vg very close
2 e | s o
E m i " llﬂ:m:ﬂ
: %’ {:5) f.—""" ? 2¢ ”
DT: 0 l.lS_f _:Lur vc;"'""? QI’ = _WCOJC (VGS T VT) [24]
| Ve
, ,, Vs — Vp — AV
Q; = -WC,,AVexp AV |25]

Subthreshold slope

(1+a)60 mV/decade AV = (14 oc)k—T (14
Typical is 70-100 mV/dec q

C, ) kT
Cox/ 4
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Subthreshold Conduction

, " Ves — Ve — AV
Q; = —-WC,,AVexp L.OOE+00
AV 1.00E—02
kT Cq \ kT | 00E-04 ——
AV=_14+a)—= (1 + C—d> — 1.00E—06 _Su;hreshold /f
q ox/ 4 < 1.00E—08 |— region /J
. Q, kT _qups S 1.00E—10
ILpsub = (L 2 q (1 — € /kT) g 1.00E—-12 // -
1.00E-16 / ;'egion conduction
Subthreshold slope el V4 A
(1+0)60 mV/decade 1.00E—20 /
Typical iS 70-100 mV/deC ]'G[}E_Ezﬂ 0.5 1 1.5 ) 25 3
(60 mV/deC for o = 0) Gate-source voltage (V)

Figure 4.19 Subthreshold conduction in an NMOS transistor with Vyy = 1 V.
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Power Dissipation

Vs must drop significantly below V; to fully turn off
MOSFET (lower limit on V:~ 0.3 V)

Standby power significant in modern technology.
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Can turn off blocks of logic when not needed.

EE 331 Spr 2014

Microelectronic Circuit Design

© UW EE Chen/Dunham



» Threshold voltage actually changes with V,(x)

Threshold voltage (V)

Distributed Body Effect

rather than just V.
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Virnett = Vo + V(\/VCB + 2¢p — 2¢F)
= V5o + aveg(x)
= Vrny + aves(x)
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n-MOSFET Analysis (Triode)

VUps ® Goal: Find iD = f(vGS' vDS)
Vés ~ 0  whenvpsissmalland vgg = 0
ic ~ ‘ol - e Inversion charge line density at
m any point in the channel:
n%, Np v('x) i(c No Q' = —WCox(Wge — Vrn) =
7N 75 — WC(;;((VGS v(x) — Vry) @
o-type | > e Currentin the channel:
substrate () L X i(x) = Q' (x)(—unEy) @
I e Electric field:
L _ dv(x)
(0) = 0, v(L) = Vps o dx @
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e Combining @@@

i(x) = —upCoxW (vgs — v(x) — [Voy + av(x)])
v(0) = 0,v(L) = vps

11+ alv(x) — VTN)dv(x)

n-MOSFET Analysis (Triode)

Integrate between 0 and L:

L. I
fO i(x)dx = vaS —UnCoxW (vgs —

Current must be equal in the channel: i(x) = —ip

We get the triode region formula:

. , W
[lD :an(vcs—VTN—

[1+a]vps

dv(x)
dx

)v%_( where K; = u,Cox.

e The channel exists aslong as v = vgs — v(x) > Vipyeeforall 0 < x <
[1+ a]v()max + Vrn = vps + Vrn

L. This requires v;g =

Thus condition for triode region operation is:

Ugs —

[1 + a]UDS = VTN
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Saturation (Pinch-off) region

Ups > Vgs — Vrnerr(L) ® VpgaT = (Vgs — VTN)/[1 + a]

GS !
_ K /%4
.- ] = 1 (VGS — VTN)2

= TN tall

Example, V=1V, a =0.25 V*:
o V=1V, Vo =1V: cutoff
* V.=3.3V, V=1V: linear

Pinch-off point:
v(xpo) = VUgs — VTNeff(xpo)

p-type
substrate

* Vs=3.3V, V=2V: saturation
I Vp=1.3V < Voper(L) = 1 + (0.25)2 or
Vps > (Vgs— V) /(1 + )
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