6.012 - Electronic Devices and Circuits

Lecture 25 - CMOS Scaling Rules - Outline

Announcements
Handouts - Lecture Outline and Summary; on web: CMOS scaling
Course evaluation - at the end of lecture today (approx. 11:45)
Final - Monday, Dec. 15, 9:00 am - noon, duPont Gymnasium

Review - Intrinsic high frequency limits for transistors: -
Short-circuit current gain: best can do from CE or CS
Unity gain frequency: BJT: w; 2D/Jwg? =2uV,/Wg?  (used Einstein rel.)
MOSFET: ; 3u(Vgs-V1)/2L2  (this needs discussion)
Revisiting the quasi-static assumption (~ same form; ain't it neat!!)

CMOS gate delay and power
Review of Lecture 16 results: Gate Delay =12 n L, 2Vpp/ w,(Vpp - V1)?
P..@max. f o« C, V,2/GD =KV (Vpp - V)24

ave

Power density issue: have to add this as well

CMOS scaling rules
The issues and challenges

Approaches: Dimension scaling
Scaling voltages as well
Summary of rules
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BJT short-circuit current gain, .. .(jw)
4109 [Bsc]

Low frequency value: B

3dB point, wg: g =g /(C +C)
Unity gain point, o,: =g, /(C+C)
Zero,w,: ®,=g,/C,

BF

Note: w,> w>>w; (= w,/Bg)

Wz log o
>

g

wtz[ En  _ Em _ 1

C,+ Cu] {gmrtrB +Copyp + ch,dp} { Typ + kT[Ceb,dp +Copp ]/qlc}

In the limit Of lal‘ge IC: w (BJT) ~ 1 — 2DeB — 2Au’e‘/thermal
t rtrB W; W123
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MOSFET short-circuit current gain, g..(jw)

log |Bsc
|ﬁA | Unity gain pOint, (Dt . (Dt = gm/(CgS+ng)
Zero,w,: w,=g / ng
Note: w,> w,
W5 log o
‘ >
%% x
—uC |V..-V
©,(MOSFET) ~ — 81 8n _ L HCol Vos Vi Ve =Ve] 1
t 2
[Cgs + ng] Cgs ?)WLC:X 2 5 Fr
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Looking more at w; for BJTs and MOSFETsSs:

For a MOSFET we have

a)t(MOSFET) ~ é U, [VGS - VT]
2 r

The average E-field in the channel, E,, is E, =~ [VGS _ VT]
So we can also write w, as L

o,(MOSFET) = % " [VGSL— V,] %

oY
L T

trChannel

This is identical to the form we have for w; in a BJT

1 2D 2uV
Cl)t (BJT) ~ = ;B — ‘ue tgermal
TtrB WB WB

hdddbbbbddddd ek

What happens when we have velocity saturation?

sat

S

o,(MOSFET) ~ SL , w,(BIT)
Wp
wy still decreases with L and wg, but not as quickly!
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CMOS: transfer characteristic calculation, cont.

Vour
Returning to the transfer characteristic, 0
we see that the slope in Region lllis Voo
not infinite, but is instead: -
4 = Pour| ___ 242K,
N |, [)\,n + Ap]\/IDn i

Final comment: A quick and
dirty way to approximate the

transfer curve of a CMOS gate Voo

Is to simply draw the three
straight line portions in
Regions [, lll, and V:

Clif Fonstad, 10/03

VAR 2 S| S

VDD'{ 2 Vpp

VIN
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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: . =2 p, so to have K, = K, we must have W, /L, = 2W,/L,
Typically L, = L, = Ly, and W, = W, so we also have W, = 2 W,;..

C,=n|W,L,+W,L,|C, =n[W, Ly, +2W,, L 1C, =3nW, L. C,

min~—min min"~min

Charging cycle

VDD
vy: Hi to Lo; Q, off, Q, on; v r: Lo to Hi
e Assume charged by constant ip
: : K 2 K, 2
leharge = tpp = TP[VDD - ‘VTp ‘] = 7[VDD - VTn] —| > Qp
QCh arge = CL VDD +_ +
T _ tharge — 2CL VDD Qn __(3|_
e iCharge K [VDD _VTn]2 o Vour T
_ 6 nWmlanmcoxV _ 67’l Lman — —
= =

2 —l
2 — =
min Mecox [VDD - VTn] Me [VDD VTn]
min
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CMOS: switching speed; minimum cycle time, cont.

Discharging cycle Voo
viy: Lo to Hi; Q, on, Q, off; vy r: Hito Lo

*Assume discharged by constant ip ,;
: : K, 2
Upischarge = lpn = T[VDD - VTn] Qp
Apischarge = C. Voo + s
qusch arge 2 CL VDD € Qn __C;L
tDischarge = = 5 VIN Vour —T—
lDzsch arge K [VDD - VTn]
— 6 nWmlanlnCOXV 6 n Lfmnv — —
= 2 =
‘l/‘jmin Mecox [VDD - VTn]2 Me [VDD - VTn]
Minimum cycle time
v,v: Lo to Hito Lo; vy, Hito Lo to Hi
12nL2 .V
tMin.Cycle = TCh arge + TDisch arge = o0

u, [VDD -V ]2
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CMOS: power dissipation - total and per unit area

Average power dissipation
All dynamic

P = C VDDf = 3nWmm min :xVD20f

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

2
W |\ Vop = Vo,
Pave@Maxf = 3nWm1an1n C VDZD 1£ L VT ]

w

1 . 1
Z me uC..Vop [VDD - VTn]2 =

ZKn VDD [VDD - VTn ]2

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

min=min
* 2
Pave@Max.f Pave@Max f AueCoxVDD [VDD - VTn ]
PDave@Max.f = x = 2
Inverter area W . L. 4L .
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CMOS: design for high speed

Maximum data rate
Proportional to 1/ty, cycle Pl w, Voo —VT,Q]2
oC T, =
max / Min.Cycle 12 n LZ 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 ..
2
2 U, [VDD ~ VTn]
Pave = CLVDD f and fmax x 1/T'Min.Cycle = lanilinVDD
2
Pe@max. s o CLV1§D J max o He €,V [VDD ~ VTn]
Inverter area w . L t L
Teaches us PD increases very quickly as we reduce L ..
(and t,,) unless we also reduce Vy (which reduces f

PD

ave @ Max. f =

max)'

How do we make f_ . larger without melting the silicon?

Through CMOS scaling rules - the topic of today's lecture.
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e Summary:
Transfer characteristic: symmetric
VLO =0, VHI = VDD’ ION =0, IOFF =0
Ny, =Ny =K, =K, and |V, [=V.
Ln = Lp = Lmin’ Wp = (lun/lup )Wn’ Wn = Wmin

Gate delay expressions v, C,

TCh arge = IDisch arge = 2
K, Voo = V3]

min~—~“min

12nL}. V,,
uw, [VDD - VTn]Z

and Power Density (dissipation per unit area)
W Wi, C:xVDD [VDD - VTn]

C,=n(W,L,+W,L,)C, =3nW, . L.C,. (Assumesy,=2p)

TMin.Cycle = TCh arge + TDisch arge =

Average power at f

max?
2

2 2
P ave @ Max.f — CLVDD max > CLVDD / T\ in Cycle =

Lmin
P P ?
ave @ Max. f ave @ Max. f Aue goxVDD [VDD - VTn ]
PD ave @ Max. f = x = 2
Inverter area w._.L_. |
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Scaling Rules - making CMOS faster without melting Si

e General idea:
Reduce dimensions and/or voltages by factor 1/s: s>1
Evaluate impact on speed, power, power density

e Scaling dimensions alone:

Lin = Lpin/S w > Wwi/s t, — t,/s
this yields
K-> sK Cox* -> SCox* (Also stay in grad. channel regime)
and ultimately
T —> 1§ F)ave ->S Pave I:)density -> s I:)density
Scaling dimensions alone can yield melted silicon!!
« Scaling dimensions and voltages in concert:
Add: Vion => Vpp/S Vi => V/s
still have b ob ! '
K-> sK C —>sC.
but now
T —> /s I:)ave -2 Pave s I:)density -2 I:)density

When scale both get: faster, lower power, same power density!!
Note: scaling the voltages is not as easy as scaling the dimensions.
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6.012 - Electronic Devices and Circuits

Lecture 25 - CMOS Scaling Rules - Summary

e CMOQOS gate delay and power

Three key performance metrics: (We want to make them all smaller)

TMin.Cycle = 12 n LfninVDD /Aue [VDD - VTn]
Pave@Max.f = CLVDzD max x “‘eC:xVDD [VDD - VTn]2[Wmin /Lmin]

2

2
Pave@Max.f Pave@Max.f Aue goxVDD [VDD - VTn]
P D ave @ Max. f = x - 2
’ Inverter area w_.L_. t, L.

e CMOS scaling rules

Summary of rules: best to reduce all dimensions and all voltages by 1/s

Scaling as: Results in:
Lmin g Lmin /S I*( - SK*
Wmin g Wmin / S COX — SCOX
tox — tox /S TMin.cycle — TMin.cycle /S
VDD — VDD /S Pave g Pave /S2
VT%VT/S PDave%PDave
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