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Static and Dynamic CMOSStatic and Dynamic CMOS
In static circuits at every point in time (except 
when switching) the output is connected to 
either GND or VDD via a low resistance path.

fan-in of n requires 2n (n N-type + n P-type) 
devices

Dynamic circuits rely on the temporary 
storage of signal values on the capacitance of 
high impedance nodes.

requires only n + 2 (n+1 N-type and 1 P-type) 
transistors
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Static and Dynamic  CMOS Circuit FamiliesStatic and Dynamic  CMOS Circuit Families
Static:

Complementary CMOS
– (robustness, low power, large fan-in expensive in terms of area and 

performance)
Ratioed Logic (pseudo-NMOS, DCVSL)

– (simple and fast at the expense of reduced NM and static power)
Pass-Transistor Logic (Transmission Gate)
-attractive for specific circuits: MUX, XOR-dominated logic such as 
Adders)

Dynamic: 
good for fast and complex gates, design process is harder due to
parasitic effects, leakage puts an upper limit on the operating 
frequency of the circuit

– Domino Logic
– np-CMOS

Which style is best?  

……depends on ease of design, performance, power, area 
and robustness. 
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Complementary CMOS LogicComplementary CMOS Logic
Full rail-to-rail swing; high noise margins
Logic levels not dependent upon the relative 
device sizes; ratioless
Always a path to Vdd or Gnd in steady state; 
low output impedance
Extremely high input resistance; nearly zero 
steady-state input current
No direct path steady state between power 
and ground; no static power dissipation
Propagation delay function of load 
capacitance and resistance of transistors
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Static Complementary CMOSStatic Complementary CMOS
VDD

F(In1,In2,…InN)

In1
In2

InN

In1
In2
InN

PUN

PDN

PMOS only

NMOS only

PUN and PDN are dual logic networks
…

…
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Inverter ThresholdInverter Threshold
Inverter switching 

threshold:
Point where voltage 
transfer curve intersects 
line Vout=Vin
Represents the point at 
which the inverter 
switches state
Normally, VM ≈ Vcc/2Vcc

Vin

Vout

VOH

VOL

Vout=Vin

VM
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Noise MarginsNoise Margins
VIL and VIH measure 
effect of input voltage 
on inverter output
VIL = largest input 
voltage recognized as 
logic ‘0’
VIH = smallest input 
voltage recognized as 
logic ‘1’
Defined as point on 
VTC where slope = -1

Vcc

Vin

Vout

VOH

VOL
VIL VIH

Slope = -1
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Noise Margin (cont)Noise Margin (cont)

VOH

VOL

VIH

VIL

“1”

“0”

NMH

NML

Noise margin is a measure 
of the robustness of an 
inverter

NML = VIL - VOL

NMH = VOH - VIH

Models a chain of inverters.  
Example:

First inverter output is VOH

Second inverter recognizes 
input  > VIH as logic ‘1’
Difference VOH-VIH is “safety 
zone” for noiseIdeally, noise margin should be 

as large as possible

interconnect
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Noise Margin (cont)Noise Margin (cont)
Why are VIL, VIH defined as unity-gain point 
on VTC curve?

Assume there is noise on input voltage Vin

( )noiseinout VVfV +=

( ) noise
in

out
inout V

dV
dVVfV +=

– First-order approximation (Taylor Series):

– If gain (dVout/dVin) > 1, noise will be amplified.
– If gain < 1, noise is filtered.  Therefore VIL, VIH

ensure that gain < 1  

Note: dVout/dVin = 0 occurs only 
at the beginning and at the end 
of the VTC curve, elsewhere it 
is negative
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CMOS Inverter Operation (summary)CMOS Inverter Operation (summary)
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CMOS Inverter VTCCMOS Inverter VTC

Vout

Vin0.5 1 1.5 2 2.5

0.
5

1
1.

5
2

2.
5

NMOS res
PMOS off

NMOS sat
PMOS sat

NMOS off
PMOS res

NMOS s at
PMOS res

NMOS res
PMOS sat

In which state 
do the 
transistors 
spend most 
of their time?
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Switching Threshold as a function Switching Threshold as a function 
of Transistor Ratioof Transistor Ratio
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Analytical Expression: Equate the NMOS and PMOS 
currents around VM , and solve for VM

VM is relatively insensitive to 
variations in device size ratio

Shifts the transient region of VTC
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Inverter GainInverter Gain
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Gain is mostly determined by 
technology parameters, 
especially channel length 
modulation, but also by VDD

Note: approximately DDM VV ∝

0.25 um CMOS, VDD = 2.5V
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Inverter SkewInverter Skew
HI-skewed

LO-skewed

unskewed
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Propagation DelayPropagation Delay
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CMOS inverter capacitancesCMOS inverter capacitances

Vin

Vcc

Gnd

Cgd,p

Cgs,p

Cdb,p

Csb,p

Cgd,n

Cgs,n Csb,n

Cdb,n Cint Cg

f

Cap on Node f:

• Junction cap: Cdb,p and Cdb,n
• Gate (overlap) capacitance

Cgd,p and Cgd,n (beware of 
Miller effect)

• Interconnect cap: Cint
• Receiver gate cap: Cg
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Transient ResponseTransient Response

tp = 0.69 CL (Reqn+Reqp)/2

?

tpHL
tpLH

Vin

Vout

?

Symmetric inverter has 
tpHL=tpLH

Due to Cgd of transistors: directly couples voltage at input to 
output before the transistors can even start to react to 
changes at the input----can affect gate performance
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Design for PerformanceDesign for Performance
Keep load capacitances (CL) small

Recall that three major components 
contribute to the load cap.

– internal diffusion + overlap caps
– interconnect cap.
– fan-out (gate cap)

Increase transistor sizes 
watch out for self-loading!

Increase VDD (??)
watch out for reliability issues!
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Delay as a function of VDelay as a function of VDDDD
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Same as the ON resistance of a transistor….

Trade off energy dissipation vs performance…..

Reliability concerns 
at high VDD….

Note: for VDD >> VTn + VDSATn/2, tp is almost 
independent of VDD

Some improvement due to 
channel length modulation

This region 
should be 
avoided



Lecture 3, ECE 225 Kaustav Banerjee

2 4 6 8 10 12 14
2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8
x 10

-11

S

t p(s
ec

)

Device SizingDevice Sizing

(for fixed load)

Self-loading effect:
Intrinsic capacitances
dominate

S= sizing factor 
for NMOS/PMOS
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NMOS/PMOS ratioNMOS/PMOS ratio

tpLH improves with 
increasing Wp

tp
β = Wp/Wn

If symmetry and noise margins are not of prime concern, inverter delay can 
be reduced by reducing the width of PMOS….

tpHL degrades with increasing 
Wp (larger parasitic cap)

βopt = 1.9
β = 2.4 yields symmetrical transient response

CMOS inverter loaded by identical gate
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Designing CombinationalDesigning Combinational
Logic CircuitsLogic Circuits
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Analysis of CMOS gatesAnalysis of CMOS gates
Represent “on” transistors as resistors

1 1

1
RW

W

W

R

R

• Transistors in series → resistances in series
• Effective resistance = 2R
• Effective width = ½ W

Note: 1) As transistor width increases, its on resistance (R) decreases

2) If transistor channel length increases, R increases



Lecture 3, ECE 225 Kaustav Banerjee

Equivalent InverterEquivalent Inverter
CMOS gates: many paths to Vcc and 
Gnd

Multiple values for VM, VIL, VOL, etc
Different delays for each input combination

Equivalent inverter
Represent each gate as an inverter with 
appropriate device width
Include only transistors which are on or 
switching
Calculate VM, delays, etc using inverter 
equations
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Switch Delay ModelSwitch Delay Model

A
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A

Rp
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Rn CL

A
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B
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B
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Rn Cint

B
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A
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A

Rn

B

Rn CL

Cint

NAND2 INV
NOR2
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Input Pattern Effects on DelayInput Pattern Effects on Delay

Delay is dependent on 
the pattern of inputs
Low to high transition

both inputs go low
– delay is 0.69 Rp/2 CL

one input goes low
– delay is 0.69 Rp CL

High to low transition
both inputs go high

– delay is 0.69 2Rn CL

CL

A

Rn

A

Rp

B

Rp

B

Rn Cint

2-input NAND

M1

M2

M3 M4
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Delay Dependence on Input PatternsDelay Dependence on Input Patterns
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57A= 1→0, B=1
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35A=B=1→0

50A= 0→1, B=1

62A=1, B=0→1

69A=B=0→1

Delay
(psec)

Input Data
Pattern

NMOS = 0.5μm/0.25 μm
PMOS = 0.75μm/0.25 μm
CL = 100 fF

2-input NAND
Simulated Low to High delay for a

Note: worst case L-H delay depends on which input (A 
or B) is driven low (due to internal node cap of PDN 
stack: source of M2)
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High to Low Delay depends on the 
initial state of the internal nodes
Example: when both inputs 
transition from 0 to 1, it is important 
to know the state of the internal 
node (between M1 and M2) 
Worst case: when internal node is 
initially charged up to VDD- Vtn. This 
can be ensured by pulsing the A 
input from 1-0-1, while B only 
makes the 0-1 transition.

Delay Dependence on Input PatternsDelay Dependence on Input Patterns

CL

A

Rn

A

Rp

B

Rp

B

Rn Cint

2-input NAND

M1

M2

M3 M4

Bottom Line: Delay estimation can be a fairly complex affair and requires 
careful consideration of the internal node caps. and data patterns
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Transistor SizingTransistor Sizing
Sizing for switching threshold

All inputs switch together

Sizing for delay
Find worst-case input combination

Find equivalent inverter, use inverter 
analysis to set device sizes
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Transistor SizingTransistor Sizing
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2-input NAND 2-input NOR

What sizing will lead to a 2:1 equivalent inverter?

Avoid stacking 
PMOS transistors 
in series….

For effective Rp = Rn, 
we need Wp = 2Wn

Also, since two PMOS 
are in series, each 
should have Rp/2

Hence, Wp of each 
should be 4WnFor effective Rp = Rn, we 

need Wp = 2Wn

Since two NMOS are in 
series, each should have 
Rn/2, hence each NMOS 
size, Wn =2

Each PMOS should be 
such that Rp = effective Rn
(which corresponds to Wn
=1)

Hence, Wp = 2 (effective 
Wn) = 2
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Transistor Sizing a Complex Transistor Sizing a Complex 
CMOS GateCMOS Gate

OUT = D + A • (B + C)

D
A

B C

D

A
B

C

1

2

2 2

4

4
8

8

What sizing 
will lead to a 
2:1 equivalent 
inverter?

Note:  here we ignored internal caps.

1. Start with a transistor in the PDN, that 
is (preferably) isolated (i.e., it can pull 
down the output node on its own)----D 
in this case

2. Assign a minimum size to this transistor 
(W=1 for D)

3. Now identify other paths in the PDN 
that can also discharge the output 
node: AB and AC in this case.

4. Size A, B, and C such that: each path 
will be electrically equivalent to the path 
through D (i.e., with same resistance), 
hence A, B and C should have W=2

5. Repeat the same for the PUN, keeping 
in mind that i) effective resistance of 
any path must equal the effective 
resistance of any path in the PDN, and 
ii) PMOS transistors will have to be 
sized (twice as large in this case) 
appropriately.Note: A= 3 and 

B=C=D=6 will also 
give a 2:1 inverter but 
that will give higher 
output parasitic 
capacitance (due to 
larger D)
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CMOS gate design: summaryCMOS gate design: summary
Designing a CMOS gate:

Find pulldown NMOS network from logic 
function or by inspection
Find pullup PMOS network

– By inspection
– Using logic function
– Using dual network approach

Size transistors using equivalent inverter
– Find worst-case pullup and pulldown paths
– Size to meet rise/fall or threshold requirements


