6.012 - Electronic Devices and Circuits

Lecture 16 - Digital Circuits: CMOS - Outline

 Announcements
Handout; Web posting - Lecture Outline and Summary; two readings
Exam 2 - Wednesday, Nov. 5, 7:30-9:30 pm, Room 10-250; closed book
HSPICE - nice, but more useful when combined with insight and intuition

e Review - Inverter performance metrics
Transfer characteristic: logic levels and noise margins
Power: Pave, static + Pave, dynamic (= IONVDD/ 2+f CL\IDD 2)
Switching speed: charge thru pull-up, discharge thru pull-down
If can model load as linear C: dv, . /dt =1 ,(V,,)/C,; = Iyq(Vou)/C,
If can say iCH’ iDCH constant: ., = CL(VHI-VLO)HCH; HI-LO — CL(VHI'VLO)/IDCH
Fan-out, fan-in (often only 10 to 90% swings)
Manufacturability

CMOS

Transfer characteristic
Gate delay expressions
Power and speed-power product

e Digital circuits
Multiple input CMOS gates: NAND and NOR
Output buffering
Memory cells
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Transfer characteristic Voo
Node equation: ipp= ipy
0 Vin < Vrpp Pull-
ipp = Kpp(Vin-Vr,pp)?/2 VIN_VT,PD, < Vourt Up lipu

KPD(VIN'VT,PD “Vout/2) Vout ViN-V1pp > Vour

ipy: Depends on the device used

VIN _
VDD
Switching PLlJJ"-
transients P icharge
— OFF Lo
Hito LO

Charging cycle: icharge = ipy
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Vio Vie VuViu Vi
NM, NMy
Voo
Pull-
UP, jipy
| IDischarge
ON +
¥ HI _,CL
to “T1~
LOto HI . LO
— IpD|¥ —

Discharging cycle: ipischarge = Ipp — py
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Switching transients: summary of charge/discharge currents

_ Y Ve iDischarge
Resistor and E- Ry
mode pull-up >Voo)
(V4 on gate) +_{E . +_{E .
v _ W _
= Vpp =

E-mode pull-up L(E
(Vo5 on gate)

V-:;;_”E Vour
= VDD
D-mode pull-up
(called "n-MOS") ¥
+ - Vour
VDD -

CMOS ﬂE
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CMOS: transfer characteristic calculation

Voo Jout Jout y
A SDp
| Q,: Vg, = Q, linear. ’;
> Qp off: o [v EV ] o
—_— < 'l Qn Sat:,/' GSn Tn \ ,,/, : VGSp = IVTpI
¥ A . Qoff
L - 17 Q, sat. ! on
Vin Vour - ’\Qn linear \YAN Qp i
_ _ o > |
I Q, Vm Vin Q, [Vpo IVTpI] Vin
VAOUT Vesp = |VTp| Transistor operating condition
Vosn=Vrn - Vepp = in each region:
[ii o ool Region|  Q, Q,
+ 7 Vog, = | cut-off linear
1 Jd n . .
LN [Vesn -Vl | saturation Imeal_'
Il | saturation | saturation
+ v Vv \Y, linear | saturation
| V) \Y linear cut-off
VTn DD
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CMOS: transfer characteristic calculation, cont.

Vb Vout Vesp = IVl
A P
L VGSI’] = VTn j,/ VSDp =
|| i o [VSGp -|V-|-p|]
> Qp 1 I : II ,', : e
i ’ i,//, VDSn =
" L{ Ho, + %, || I :f [Vesn -Vl
VIN — VOUT _L,,' i ,,/ i
] IV Vv
— — = ——+—Viy
=i VTn VDD
Region I: Vop  Vour)
. . pp  Your
Ip, =0 and le = Kp VDD VN ‘VTP‘ (VDD VOUT)

Ipn =lpy  Vour =Vop

Region V:

.
. OUT
I =K, viv Vo,

Vour and i, =0

‘b =lpp  Vour = 0
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CMOS: transfer characteristic calculation, cont.
VDD

Vour
s L
— Vo] 4
~ Q, Lo
+u‘m+ p A
Vine 79 Vour L
| IV
— _ | Y,
I I I IN
= Vin Vbp

| n . K 2

an
2
. _Vm V| + VioJK, /K,
Dn Dp IN 1+ \/m
To achieve symmetry, make K =K, and ‘VTP‘: V.

With this: v, = V% and %- Ve Vour V% +‘VTp‘

Regions Il and IV: parabolic sections connecting smoothly with

straight line sections (see course text).
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CMOS: transfer characteristic calculation, cont.
Vout
Our calculation says that 4
the transfer characteristic Vo
is vertical in Region lIl. .

We know it will have some __—

slope, but what is it? _

— > ViN
To see, calculate the small Vo Vo/2 V
. . . Tn Y DD DD
signal gain about the bias
point: Spo ' =
Vin = Vour = Vpp/2 (= Vy) T QmpV gsp
Vgsp = Vin Jop
Begin with the small 9o — do
signal model: |
gnA . d +
f + GV ’
Vin Vgsn = Vin e Jon Vour
o * Sn
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CMOS: transfer characteristic calculation, cont.

Redrawing the circuit, we get

; 9”:,9"+ f - +0n,b
OmnVi Vi
Vin  Vgsn = Vgsp an ) ¢gmp " Z9on S9p  Vour
F O - . -0
Sn,Sp Snisp
from which we see immediately that:
A = aVOUT — vout — [gmn T gmp]
aVIN 0 vin [gon + gop]

Writing the conductances in terms of the bias point, as
gmn - \/2KnIDn7 gmp - VZKp‘IDp :gmn’ gon - nIDn’ gop = pIDp = pIDn

we get our final result:

4 = Pour| _ 22K, _ 22K
' aVIN 0 [ n+ p]IDn [ n+ p]'\/g
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CMOS: transfer characteristic calculation, cont.

Vour
Returning to the transfer characteristic, y
we see that the slope in Region lllis Voo
not infinite, but is instead: -
4 = Hour| _ 22K,
aVIN 0 [ n+ p]\/IDn -

Final comment: A quick and
dirty way to approximate the

transfer curve of a CMOS gate  Vpp

is to simply draw the three
straight line portions in
Regions [, lll, and V:
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CMOS: switching speed; minimum cycle time

The load capacitance, C,
e Assume to be linear

¢ |s proportional to MOSFET gate area

® In channel: p, =2 p, so to have K, = K, we must have W,/L, = 2W,/L,
Typically L, = L, = Lyn, and W, = W, so we also have W, = 2 W,;...

C, n|W,L,+W,L|C, =n[W_.L. +2W_L.1C, =3nW_L.C,

min~—“min min~—“min min"~min

Charging cycle

VDD
vy: Hi to Lo; Q, off, Qp on; vy r: Lo to Hi
* Assume charged by constant i g,
: : K 2 K, 2
lenarge = tpp TP[VDD ‘VTp H = T[VDD VTn] —| s Qp
th arge = CL VDD

+ | n )
Acharge 2C V
Charge — .Ch == Lo %Qn — CL

2 V m—
ten arge K [VDD Tn ] " Vour
—_— 6 n Wmln Lmln Cox V —_ 6 n Lman — —
- W . % 2 B

2 -l
ZJmm e Cox [VDD VTn ] ¢ [VDD VTn ] =

min
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CMOS: switching speed; minimum cycle time, cont.

Discharging cycle Vb
vy: Lo to Hi; Q, on, Q, off; vy i Hi to Lo

*Assume discharged by constant ip
: : K, 2
lDisch arge — an 7 [VDD VTn ] Qp
QDisch arge = CL VDD + +
QDisch arge 2 C VDD ¢ Qn __C L
Disch arge = = 2 VIN Vour — T
Lpisch arge K [VDD Tn ]
—_ 6 n Wmln Lmln CO)C V —_ 6 n Lilll’lv - —
o o 2 =
Vl‘,/min CoilVor Vi) © Ve Val

min

Minimum cycle time
v+ Lo to Hi to Lo; vy, Hito Lo to Hi

1202V, ,
e [VDD VTn ] ’

Min.Cycle = Ch arge + Disch arge
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CMOS: power dissipation - total and per unit area

Average power dissipation
All dynamic

P ve = CL V;D f = 31’2 Wmianin C:xng f

Average power at maximum data rate
Maximum f will be 1/

Min Cycle

Voo Vil
Pave@Maxf — 3n‘llmml’mmci VDD 12 Dz VT

1 W 2
=—— Vo lVer Vil =
4 Lmin e " ox [ Tn]

1 2
ZKn VDD [VDD VTn]

Average power density at maximum data rate
Assume that the area per inverter will be proportional toW, . L

min=min
2
PD _ Pave@Max.f Pave@Max f e ox DD [VDD Tn]
@Max.f — o
we@M S Inverter area W L 41
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CMOS: design for high speed

Maximum data rate
Proportional to 1/ . cycle s . AV VTn]2
max ““ / Min.Cycle ~— 12nL2 VDD

Teaches us to make L ;. small and/or V,, large

Note: As we reduce L, we must also reduce t,, but t,,
doesn't enter directly in f ., so it doesn't impact us here.

Average power density at maximum data rate
Assumes area per inverter is proportional to W .. L

min—min
2
PD _ Pave @ Max. f Pave@ Max.f e oxVDD [VDD VTn ]
@Max. f — - 2
we@Mel " Inverter area = W L 4t L

Teaches us PD increases very quickly as we reduce L
unless we also reduce Vg, (which reduces f,..)-

Note: Now t_, appears so the impact of reducing L
and therefore also t_,, is even more dramatic!

min

min?’

ox?

How do we make f__, larger without melting the silicon?
Through CMOS scaling rules - the topic of Lecture 25.

Clif Fonstad, 10/03 Lecture 16 - Slide 13



6.012 - Electronic Devices and Circuits

Lecture 16 - Digital Circuits: CMOS - Summary
e CMOS

Transfer characteristic: symmetric
Vio=0, Vi = Vpp, Ioy =0
Ny, = Ny implies K, =K, [V 1=V, =V,
L,=L =L, W,=(J/ )W,

Gate delay expressions
rom = mrro = 2VppCr/K,(Vpp - Vo)
Gate delay (GD) = |y + prpo=4VppCr/K(Vpp - Vp)?
If CL = n(VVnLn + WpL )COX* =3n WaninCOX* (Assumes | =2 )

then GD=12nL_. 2 {7DD/ «(Vpp - V1)?>  (Shows merit of reducing L

min?®

min)

Power and speed-power product
Pave =f CL\IDD ?
P .@max.fu C, V,,2GD =K V, (Vpp - V1)*/4  (Shows merit of reducing V ;)

(NOTE: We will return to CMOS design trade-offs and scaling rules in Lecture 25)

e Digital circuits
Multiple input CMOS gates:
NOR: n-channels in series, p-channels in parallel
NAND: p-channels in series, n-channels in parallel
Output buffering (Problem 3 on PS #8)
Memory cells (Check out Sec. 15.4)
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