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rPUN = rSDP 
rSDP = 1/(kp*(VDD-|Vtp|))



vINVDD

t



vINVDD

vOUTVDD

t

t



CMOS Inverter

VDD

vIN

VDD

vOUT



vIN

VDD

CMOS Inverter

vOUT

VDD



vIN

VDD

CMOS Inverter

vOUT

VDD



vIN

VDD

CMOS Inverter

vOUT

C



vOUTvIN

VDD

CMOS Inverter

rPDN

vOUT

vIN = VDD
vOUT = 0
QP: Cutoff
QN: Triode small vDS
rPDN = rDSN

VDD

rPUN

vOUT

vIN = 0
vOUT = VDD
QP: Triode small vSD
QN: Cutoff
rPUN = rSDP



vOUTvIN

VDD

CMOS Inverter

rPDN

vOUT

vIN = VDD
vOUT = 0
QP: Cutoff
QN: Triode small vDS
rPDN = rDSN

VDD

rPUN

vOUT

vIN = 0
vOUT = VDD
QP: Triode small vSD
QN: Cutoff
rPUN = rSDP

C

C



CMOS Inverter

rPDN

vOUT

vIN = VDD
vOUT = 0

VDD

rPUN vOUT

vIN = 0
vOUT = VDD

C C



vIN(t), vOUT(t) = ?

t=0

rPDN

vOUT(t)=?

VDD

rPUN vOUT(t)=?

C C
t=0-

t=0+

t



vIN(t), vOUT(t) = ?

t=0

rPDN

VDD

rPUN vOUT(0)=VDD

C C
t=0-

t=0+ vOUT(t)=?

t



vIN(t), vOUT(t)

t=0

rPDN

vOUT(t)/rPDN + C∙vOUT’(t) = 0

vOUT(t) = A1∙exp(-t/(rPDN∙C)) + A2

vOUT(0)=VDD,  vOUT(∞)=0

vOUT(t) = VDD∙exp(-t/(rPDN∙C))
VDD

rPUN vOUT(0)=VDD

C C
t=0-

t=0+ vOUT(t)

t



vIN(t), vOUT(t)

t=0

rPDN

vOUT(t)=VDD,       t < 0

vOUT(t) = VDD∙exp(-t/(rPDN∙C))  t > 0VDD

rPUN vOUT(0)

C C
t=0-

t=0+ vOUT(t)

t

rPDNC is the exp time constant
C/(kn*(VDD-Vtn)) is the time constant



vIN(t), vOUT(t)

rPDN

vOUT(t) = VDD∙exp(-t/(rPDN∙C)) 

ir = vOUT/rPDN = (VDD/rPDN)∙exp(-t/(rPDN∙C))

PPDN = vOUT
2/rPDN

PPDN = (VDD
2/rPDN)∙exp(-2t/(rPDN∙C))

VDD

rPUN vOUT(0)

C C
t=0-

t=0+ vOUT(t)

t

rPDNC is the exp time constant
C/(kn*(VDD-Vtn)) is the time constant



vIN(t), vOUT(t)

t=0

rPDN

VDD

rPUN vOUT(0)=?

C
C t=0+

t=0- vOUT(t)=0

t



vIN(t), vOUT(t)

t=0

rPDN

VDD

rPUN

CC
t=0+

t=0- vOUT(t)

t

vOUT(t) = 0,         t < 0

vOUT(t) = VDD – VDD∙exp(-t/(rPUN∙C))  t > 0

vOUT(t)=0



vIN(t), vOUT(t)

t=0

rPDN

VDD

rPUN

CC
t=0+

t=0- vOUT(t)

t

vOUT(t) = 0,         t < 0

vOUT(t) = VDD – VDD∙exp(-t/(rPUN∙C))  t > 0

vOUT(t)=0

rPUNC is the exp time constant
C/(kp*(VDD-|Vtp|)) is the time constant



vIN(t), vOUT(t)

rPDN

VDD

rPUN

CC
t=0+

t=0- vOUT(t)

t
vOUT(t) = VDD – VDD∙exp(-t/(rPUN∙C))

ir = (VDD – vOUT)/rPUN = (VDD/rPUN)∙exp(-t/(rPUN∙C))

PPUN = (VDD
2/rPUN)∙exp(-2t/(rPUN∙C))

PSUPPLY = (VDD
2/rPUN)∙exp(-t/(rPUN∙C))

vOUT(t)=0

rPUNC is the exp time constant
C/(kp*(VDD-|Vtp|)) is the time constant



vIN(t), vOUT(t)

rPDN

vOUT(t)=?

VDD

rPUN vOUT(t)=?

C C

t



iC(t), iSUPPLY(t)

t

vIN(t), vOUT(t)

t

PSUPPLY, PPUN,PDN

t



PSUPPLY, PPUN,PDN
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PSUPPLY = (VDD
2/rPUN)∙exp(-t/(rPUN∙C))

PAVG = (1/T) ∫T (VDD
2/rPUN)∙exp(-t/(rPUN∙C) dt

PAVG = - (1/T) rPUN∙ C (VDD
2/rPUN)∙exp(-t/(rPUN∙C) | 0 to T

PAVG = (1/T) C (VDD
2)  if  rPUNC << T

vIN(t), vOUT(t)

t

PAVG = f∙C∙VDD
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τPHL = t50 on top plot
τPLH = t50 on bottom plot
τTHL = t10 – t90 on top plot
τTLH = t90 – t10 on bottom plot

t90 t50        t10

t10 t50        t90

0.9VDD
0.5VDD
0.1VDD

0.9VDD
0.5VDD
0.1VDD



vIN(t), vOUT(t)

t=0
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-t90/(rPDN∙C) = ln(9/10)
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τTHL = rPDN∙C∙(ln(10) – ln(10/9)) = rPDN∙C∙ln(10∙9/10)

t

τPHL = rPDN∙C∙ln(2)
τTHL = rPDN∙C∙ln(9)



vIN(t), vOUT(t)

t

t

t90 t50        t10

t10 t50        t90

0.9VDD
0.5VDD
0.1VDD

0.9VDD
0.5VDD
0.1VDD

τPHL,τPLH = rPDN,PUN∙C∙ln(2)
τTHL,τTLH = rPDN,PUN∙C∙ln(9)

This is for the simple model of  a resisitor and capacitor.
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t=0

vOUT(t) = VDD∙exp(-t/(rPDN∙C))

kn = 130 mA/V
Vtn = 1.62 V
VDD = 5 V
C = 200 nF

rPDN = rDS = 1/(.130*(5-1.62)) = 2.27 Ω
rPDN∙C = 454 nsec

vOUT(t) = 5∙exp(-t/(454x10-9))
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vIN(t), vOUT(t)

t

PAVG = f∙C∙VDD
2

τPHL,τPLH = rPDN,PUN∙C∙ln(2)
τTHL,τTLH = rPDN,PUN∙C∙ln(9)

fmax ~ 1/τT ~ 1/(rPDN,PUN∙C) 

rSD,DS = 1/(k’(W/L)(VDD-Vt))

For this model the minimum clock period is 
proportional to τTHL or τTHL.



vIN(t), vOUT(t)

t
PAVG = N∙f∙C∙VDD

2 fmax ~ (2/C)∙k’∙(W/L)∙(VDD-Vt)

Performance (fmax) vs. Power Dissipation (PD) vs. Area/Number (A,N)
(assume always operating at fmax)
1. Increase VDD (Power vs fmax)

• fmax goes up by VDD-Vt
• Power goes up by (VDD-Vt)∙VDD

2

2. Increase W/L (fmax vs A)
• fmax goes up by W
• Power goes up by W (because of  fmax)
• Uses more area on the IC

3. Find a better process that has
• Larger k’
• Smaller C, but k’=µCox, so maybe higher mobility.
• Smaller Vt

fmax

PD A

A = N∙W∙L
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vIN(t), vOUT(t) = ?

t=0

rPDN

vOUT(t)=?

VDD

rPUN vOUT(t)=?

C C
t=0-

t=0+

t
For this model, the output voltage would 
be a 2nd order differential equation.
 a. overdamped.
 b. underdamped (ringing)
 c. critically…
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