
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: wT 
Short-circuit current gain:  best can do from CE or CS 
Unity gain frequency: BJT: wT  2De/wB

2 = 2m 2 (used Einstein rel.) eVth/wB 
MOSFET: wT  3me(VGS -VT)/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 Lmin / mn(VDD - VT)22 VDD

P @max. f µ CLVDD
2/GD = KnVDD (VDD - VT)2/4ave

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, b jw)
sc(

bF 

wb: wb = gp/(Cp+Cm) 

wt : wt @ gm/(Cp+Cm) 

Zero, w z : w z = gm/Cm 

Note: w z > wt >> wb (= wt /bF) 

log w 

log |b | 

bF 

wb wt 

wz 

Low frequency value: 

3dB point, 

Unity gain point, 

sc 

w ª 
gm = 

gm = 
1 

t [C p + C m ] {gmt trB + Ceb ,dp + Ccb,dp } { t trB + kT Ceb,dp + Ccb,dp ][
 qIC } 

In the limit of large IC: w t (BJT) ª 
1 2DeB = 

2meVthermal= 2 2t trB wB wB 
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MOSFET short-circuit current gain, b jw)
sc(

wt : wt @ gm gs +Cgd) 

Zero, w z : w z = gm/Cgd 

Note: w z > wt 

log w 

log |b | 

wt 

wz 

Unity gain point, /(C 
sc 

W * 

L 1 
w (MOSFET) ª 

gm ª 
gm =

meCox [VGS -VT ]
= 

3 me [VGS -VT ] ª t 

3
[Cgs + Cgd ] Cgs 

2 
WLC* 2 L2 t trCh 

ox 
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Looking more at wT for BJTs and MOSFETs: 

For a MOSFET we have 

-VT ]w (MOSFET) ª 
3 me [VGS 

t L22


[VGS -VT ]The average E-field in the channel, Ey, is  E ª y LSo we can also write wT as 

3 -VT ] 1 sy 1 
w (MOSFET) ª m

[VGS ª ª t 2 e L L L t trChannel 

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

1 
w t (BJT) ª = 

2DeB = 
2meVthermal 

2 2t trB wB wB 

******************

What happens when we have velocity saturation? 

ssatw (MOSFET) ª 
ssat , w t (BJT) ª t L wB 

w still decreases with L and wB, but not as quickly! T 
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CMOS: transfer characteristic calculation, cont.


not infinite, but is instead: 

2 2Kn∂vOUTA ≡ = 
-v 

Q [ln + lp ]∂vIN IDn 

V V

V

V

AV 

v

Returning to the transfer characteristic, 
we see that the slope in Region III is 

Tn DD 

DD 

DD/2 

OUT 

vIN 

Final comment: A quick and v

VV

AV

DDDD/2 

OUT 

dirty way to approximate the

transfer curve of a CMOS gate VDD


is to simply draw the three

straight line portions in


VDD/2 
Regions I, III, and V: 

vIN 

Clif Fonstad, 10/03 Lecture 25 - Slide 5




CMOS: switching speed; minimum cycle time 

The load capacitance, CL 
• AAssume to be linear 
• IIs proportional to MOSFET gate area 
• IIn channel: µe = 2 µh so to have K = Kp we must have Wp/Lp = 2Wn/Lnn 

Typically Ln = Lp = Lmin, and Wn = Wmin, so we also have Wp = 2 Wmin. 

* *CL ª n W L + WpLp ]C* [[ n n ox = n Wmin Lmin + 2Wmin Lmin ]Cox = 3nWmin Lmin Cox 

Charging cycle VDD 

Hi to Lo; Qn off, QP on; vOUT: Lo to Hi vIN: 
• AAssume charged by constant iD,sat 

2 2K 
ª p n QpiCh arg e = iDp 2 

[VDD - VTp ] = 
K

[VDD -VTn ]2

qCh arg e = CL VDD ++ qCh arg e = 

2CL VDD Qn =tCh arg e iCh arg e Kn [VDD -VTn ]
2 v IN vOUT 

* – –6 nWmin LminCoxVDD = 
6 n L2

minVDD= 2
2Wmin m C* 

e ox [VDD -VTn ] me [VDD -VTn ]
Lmin 
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CMOS: switching speed; minimum cycle time, cont. 

Discharging cycle VDD 

Lo to Hi; Qn on, QP off; vOUT: Hi to Lo vIN: 
•AAssume discharged by constant iD,sat 

K 2 QpnªiDisch arg e = iDn 2 
[VDD -VTn ]

qDisch arg e = CL VDD + + 
Qn 

t
qDisch arg e = 

2 CL VDD

Disch arg e = v IN
 vOUTiDisch arg e Kn [VDD -VTn ]

2


*
 – –6 nWmin LminCoxVDD = 
6 n L2

minVDD= 2
2Wmin m C* 

e ox [VDD -VTn ] me [VDD -VTn ]
Lmin 

Minimum cycle time

Lo to Hi to Lo; Hi to Lo to Hi
vIN: vOUT: 

t
12nL2

minVDD 
Min.Cycle = tCh arg e + tDisch arg e ª 2 

me [VDD -VTn ]
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CMOS: power dissipation - total and per unit area 

Average power dissipation 
All dynamic 

2 * 2 fPave = CL VDD f = 3nWmin Lmin CoxVDD 

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

2 
* 2 me [VDD -VTn ]

12 n L
Pave @ Max. f = 3 nWmin Lmin CoxVDD
 2

minVDD


21 Wmin m C* 2 1 
= 

4 Lmin 
e oxVDD [VDD -VTn ] = 

4 
Kn VDD [VDD -VTn ]

Average power density at maximum data rate 
Assume that the area per inverter will be proportional to Wmin Lmin 

P * 
ave @ Max. f Pave @ Max. f meCoxVDD [VDD -VTn ]

2 

PD = =
ave @ Max. f Inverter area 
µ 

Wmin Lmin 4 L2
min
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CMOS: design for high speed 

Maximum data rate 
2Proportional to 1/tMin Cycle 

=fmax µ1 tMin.Cycle 

me [VDD 
2 

-VTn ]
12 n LminVDD 

Teaches us to make Lmin small and/or VDD large 
Note: As we reduce Lmin we must also reduce t , but tox ox

doesn't enter directly in fmax so it doesn't impact us here. 

Average power density at maximum data rate 
Assumes area per inverter is proportional to Wmin Lmin 

2 

2 =


P

12 n L
Pave = CLVDD f  and fmax µ 1 tMin.Cycle 

me [VDD -VTn ]
2
minVDD 

2 
ave @ Max. f CLVDD fmax me eoxVDD [VDD -VTn ]

2 

PDave @ Max. f = 
Inverter area 

µ 
Wmin Lmin 

µ 
tox L

2
min 

Teaches us PD increases very quickly as we reduce Lmin 

(and tox) unless we also reduce VDD (which reduces f max). 

How do we make f larger without melting the silicon? max 

Through CMOS scaling rules - the topic of today's lecture. 
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• Summary: 
Transfer characteristic: symmetric 

= 0, = VDD , = 0, = 0VLO VHI ION IOFF 

NML = NMH fi Kn = Kp  and VTp = VTn 

L = Lp = Lmin, W = (mn mp )Wn , Wn = Wminn p 

Gate delay expressions 

C

K
t

2V

( 

DDCL 
Ch arg e = tDisch arg e ª 

n [VDD -VTn ]
2 

* * 
L = n WnLn + WpLp )Cox = 3nWmin Lmin Cox (Assumes mn = 2mp) 

t
12nL2

minVDD 
Min.Cycle = tCh arg e + tDisch arg e ª 2 

me [VDD -VTn ]

Average power at fmax, and Power Density (dissipation per unit area) 
* 

2 2 meWmin CoxVDD [VDD -VTn ]
2 

= 
L

Pave @ Max. f = CLVDD fmax µ CLVDD tMin.Cycle 
min 

Pave @ Max. f Pave @ Max. f me eoxVDD [VDD -VTn ]
2 

PD = =
ave @ Max. f Inverter area 
µ 

Wmin Lmin tox L
2
min


* 
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Scaling Rules - making CMOS faster without melting Si


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

• Scaling dimensions alone: 
w -> w/s  t -> tox/sLmin -> Lmin/s ox 

this yields 
*K -> sK  C * -> sC (Also stay in grad. channel regime) ox ox 

and ultimately 
t -> t/s2 Pave -> s Pave Pdensity -> s3 Pdensity !!! 

Scaling dimensions alone can yield melted silicon!! 

• Scaling dimensions and voltages in concert: 
Add: VDD -> VDD/s VT -> VT/s

still have 
*K -> sK  C * -> sCox ox 

but now 
t -> t/s  Pave -> Pave /s2 Pdensity -> Pdensity 

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 

• CMOS gate delay and power 
Three key performance metrics: (We want to make them all smaller) 

t
2


Min.Cycle =12 n L2
minVDD
 me [VDD -VTn ]

P 2 * 2 

ave @ Max. f = CLVDD fmax µmeCoxVDD [VDD -VTn ] [Wmin 

P

Lmin ] 
ave @ Max. f Pave @ Max. f me eoxVDD [VDD -VTn ]

2 

PD = =
ave @ Max. f Inverter area 
µ 

Wmin Lmin tox L
2
min


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

Scaling as: Results in: 
K Æ sKL s

Wmin ÆWmin

min Æ Lmin * *C Æ sCs ox ox 

st Æ t s tMin.cycle ÆtMin.cycleox ox 
2s P Æ P sVDD ÆVDD ave ave 

s PD Æ PDVT ÆVT ave ave 
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