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CMOS inverter capacitancesCMOS inverter capacitances
Vcc

Cgd,p Cdb,p
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Cgs,n Csb,n

Cdb,n Cint Cg

Cgs,p Csb,p

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

Vin

Gnd
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CMOS inverter capacitancesCMOS inverter capacitances

gatepgdngdpdbndbload CCCCCCC +++++= int,,,,

oxdrawn

gate

CWL

C =

oxD

pgdngd

CWL

CC

2

, ,, =

jsweqswjeq

pdbndb

CPKCAK
CC

+

=

0

,, ,

Miller effect For each gate



Lecture 5, ECE 225 Kaustav Banerjee

CMOS Inverter Propagation DelayCMOS Inverter Propagation Delay
Approach 1Approach 1
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CMOS Inverter Propagation DelayCMOS Inverter Propagation Delay
Approach 2Approach 2

VDD

Vout

Vin = VDD
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= 0.69 RonCL
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CMOS InvertersCMOS Inverters

Polysilicon

In
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Transient ResponseTransient Response

0 0.5 1 1.5 2 2.5

x 10
-10

-0.5

0

0.5

1

1.5

2

2.5

3

t (sec)

V
ou

t(V
)

tp = 0.69 CL (Reqn+Reqp)/2

?

tpHL
tpLH

Vin

Vout

?

Symmetric inverter has 
tpHL=tpLH

Due to Cgd of transistors: 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!



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
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Device SizingDevice Sizing
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(for fixed load)

S= sizing factor 
for NMOS/PMOS

Self-loading effect:
Intrinsic capacitances
dominate
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NMOS/PMOS ratioNMOS/PMOS ratio
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tpLH improves 
with increasing Wp

tp

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)

β = Wp/Wn
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Impact of Rise Time on DelayImpact of Rise Time on Delay
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Inverter SizingInverter Sizing
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Load capacitanceLoad capacitance

Internal Caps of Driver (Cint):
= Junction caps: Cdb,12 + 

Gate caps: Cgd,12 (including Miller Caps.)

External Caps (Cext):
= Interconnect cap: Cw
+ Receiver gate caps: Cg,43

CL = Cint + Cext

Vin

Vcc

Gnd

Cgd,12

Cdb,2

Cdb,1 Cw

M2

M1

Cg,4

Cg,3

Vout Vout2

M4

M3

Driver Receiver Vcc
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Intrinsic delay of CMOS inverterIntrinsic delay of CMOS inverter
Let Req be the equivalent resistance of the gate (inverter), 
then delay (tp) is defined as:
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Impact of sizing on gate delayImpact of sizing on gate delay
Let S be the sizing factor

Rref be the resistance of a reference gate (usually a minimum size gate)

Ciref be the internal capacitance of the reference gate
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Hence:

1. Intrinsic delay is 
independent of gate 
sizing, and is determined 
only by technology and 
inverter layout

2. If S is made very large, 
gate delay approaches 
the intrinsic value but 
increases the area 
significantly
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Inverter ChainInverter Chain

CL

In Out

If CL is given:
- How many stages are needed to minimize the delay?
- How to size the inverters?

May need some additional constraints.
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Inverter DelayInverter Delay
• Minimum length devices, L=0.25µm
• Assume that for WP = 2WN =2W 

• same pull-up and pull-down currents
• approx. equal resistances RN = RP
• approx. equal rise tpLH and fall tpHL
delays

• Analyze as an RC network

2W

W

tpLH = (ln 2) RPCLtpHL = (ln 2) RNCLDelay (D):

unit
unit

gin C
W
WC 3=Load for the next stage:
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Inverter with LoadInverter with Load
Delay

RW

RW

Wunit = 1

CL

Load (CL)tp = k RWCL

k is a constant, equal to 0.69

Assumptions: no load       zero delay?
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Inverter with LoadInverter with Load
Delay

Cint Cext

CN = Cunit

CP = 2Cunit

2W

W

tp

tp0

CL
Load

Delay (tp) = kRW(Cint + Cext) = kRWCint + kRWCext = kRW Cint(1+ Cext /Cint)

tp0 (intrinsic delay)
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Delay Formula: inverter chainDelay Formula: inverter chain
Let Cint = γCgin with γ ≈ 1
f = Cext/Cgin - effective fanout
tp0 = 0.69ReqCint
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Apply to Inverter ChainApply to Inverter Chain
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Optimal Tapering for Given Optimal Tapering for Given NN

Delay equation has N - 1 unknowns, Cg,2 …. Cg,N

Minimize the delay, find N - 1 partial derivatives

Result: Cg,j+1/Cg,j = Cg,j/Cg,j-1  With j = 2,…..,N

Size of each stage is the geometric mean of two neighbors

- each stage has the same effective fanout (fj = f = Cext/Cg,j)
- each stage has the same delay: tp = tp0 (1 + f/γ)

1,1,, +−= jgjgjg CCC
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Optimum Delay and Number of StagesOptimum Delay and Number of Stages
When each stage is sized by f and has same eff. fanout f:
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/, F is the overall effective fanout of the 
circuit

N Ff =Effective fanout of each stage:

( )γ/10
N

pp FNtt +=

Minimum path delay:
If N is too large, intrinsic delay of 
stages dominate, while if N is small, 
effective fanout of each stage (f) is 
large and the second term dominates

How to choose N?
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ExampleExample
If N is given….

CL= 8 C1

In Out

C1
1 f f2

CL/C1 has to be evenly distributed across N = 3 stages:

283 ==f
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Optimum Number of StagesOptimum Number of Stages

For a given load, CL and given input capacitance Cin
Find optimal sizing f

f
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For γ = 0, f = e, N = lnF ( )ff γ+= 1exp
If self-loading is ignored….



Lecture 5, ECE 225 Kaustav Banerjee

Optimum Effective Optimum Effective FanoutFanout ff
Optimum f for given process defined by γ

( )ff γ+= 1exp

fopt = 3.6
for γ=1

γ

fopt

Optimum 
tapering factor:

If self-loading included
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Impact of SelfImpact of Self--Loading on Loading on tptp

With Self-Loading γ=1

f ~ 4
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x= effective fanout of circuit

Optimal number of stages, N= ln(F) If f<fopt (too many stages) will result in 
delay to increase
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Normalized delay function of Normalized delay function of FF
( )γ/10

N
pp FNtt +=

tpopt/tp0 for γ=1
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Buffer DesignBuffer Design f = F1/N

N f tp

1 64 65

2 8 18

3 4 15

4 2.8 15.3

1 64

1 8 64

1 4 6416

1 642.8 8 22.6
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Sizing Logic Paths for SpeedSizing Logic Paths for Speed
Frequently, input capacitance of a logic path 
is constrained
Logic also has to drive some capacitance
Example: ALU load in an Intel’s 
microprocessor is 0.5pF
How do we size the ALU datapath to achieve 
maximum speed?
We have already solved this for the inverter 
chain – can we generalize it for any type of 
logic?
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Buffer ExampleBuffer Example
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For given N: Cg, j+1/Cg,j = Cg,j/Cg, j-1

Optimal fanout (f): Cg, j+1/Cg, j ~ 4 
How to generalize this to any logic path?
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Designing CombinationalDesigning Combinational
Logic CircuitsLogic Circuits
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Static Vs Dynamic CircuitsStatic Vs Dynamic Circuits
At every point in time (except during the switching 

transients) each gate output is connected to either
VDD or Vssvia a low-resistive path. 

The outputs of the gates assume at all times the value 
of the Boolean function, implemented by the circuit 
(ignoring, once again, the transient effects during 
switching periods). 

This is in contrast to the dynamic circuit class, which 
relies on temporary storage of signal values on the 
capacitance of high impedance circuit nodes. 

Static Circuits

Resulting gate is simpler and faster, but increased 
sensitivity to noise….
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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

In1
In2

InN

In1
In2
InN

PUN

PDN

…
…

PMOS only

F(In1,In2,…InN)

NMOS only

PUN and PDN are dual logic networks
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Dual NetworksDual Networks

B

A

Dual networks: parallel 
connection in PUN = 
series connection in 
PDN, vice-versa

If CMOS gate 
implements logic 
function F:

PUN implements function 
F
PDN implements function 
G = F

Example: NAND gate

parallel

F

series
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Key Properties of Complementary CMOS Key Properties of Complementary CMOS 
Gates: SnapshotGates: Snapshot

High noise margins: 
VOH and VOL are at VDD and GND, respectively. 

No static power consumption:
There never exists a direct path between VDD and 
VSS (GND) in steady-state mode. 

Comparable rise and fall times:
(under appropriate sizing conditions) 
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