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T i t R l tiT i t R l tiTransistor RevolutionTransistor Revolution
T i t B d (B ll L b ) i 1947Transistor –Bardeen (Bell Labs) in 1947
Bipolar transistor – Schockley in 1949
First bipolar digital logic gate – Harris in 
1956
First monolithic IC – Jack Kilby in 1959
First commercial IC logic gates –First commercial IC logic gates –
Fairchild 1960
TTL 1962 into the 1990’sTTL – 1962 into the 1990’s
ECL – 1974 into the 1980’s
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MOSFET TechnologyMOSFET Technologygygy
MOSFET transistor - Lilienfeld (Canada) in 
1925 and Heil (England) in 19351925 and Heil (England) in 1935
CMOS – 1960’s, but plagued with 
manufacturing problemsmanufacturing problems
PMOS in 1960’s (calculators)
NMOS in 1970’s (4004, 8080) – for speed
CMOS in 1980’s – preferred MOSFET C OS 980 s p e e ed OS
technology because of power benefits
BiCMOS Gallium-Arsenide Silicon-GermaniumBiCMOS, Gallium-Arsenide, Silicon-Germanium
SOI, Copper-Low K, …
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The First ComputerThe First ComputerThe First ComputerThe First Computer

The BabbageThe Babbage
Difference Engine
(1832)
25,000 parts
cost: ? 7,470
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ENIAC ENIAC -- The first electronic computer (1946)The first electronic computer (1946)p ( )p ( )
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The First Integrated CircuitsThe First Integrated CircuitsThe First Integrated Circuits The First Integrated Circuits 

Bipolar logic
1960’s1960 s

ECL 3-input Gate
Motorola 1966
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Intel 4004 MicroIntel 4004 Micro ProcessorProcessorIntel 4004 MicroIntel 4004 Micro--ProcessorProcessor

1971
1000 transistors1000 transistors
1 MHz operation
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Intel Pentium (IV) microprocessorIntel Pentium (IV) microprocessor( )( )
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Intel Core i7Intel Core i7--980X Processor980X ProcessorIntel Core i7Intel Core i7 980X Processor980X Processor
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Moore’s LawMoore’s LawMoore s LawMoore s Law
In 1965, Gordon Moore predicted that the 
number of transistors that can be integrated onnumber of transistors that can be integrated on 
a die would double every 18 to 14 months (i.e., 
grow exponentially with time)grow exponentially with time).
Amazingly visionary – million transistor/chip 
barrier was crossed in the 1980’sbarrier was crossed in the 1980 s.

2300 transistors, 1 MHz clock (Intel 4004) -
19 11971
16 Million transistors (Ultra Sparc III)
42 Million, 2 GHz clock (Intel P4) - 2001
140 Million transistor (HP PA-8500)

EE141© Digital Integrated Circuits2nd Introduction

140 Million transistor (HP PA 8500)
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Electronics, April 19, 1965.

StateState--ofof--the Art: Lead Microprocessorsthe Art: Lead MicroprocessorsStateState ofof the Art: Lead Microprocessorsthe Art: Lead Microprocessors
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Evolution in ComplexityEvolution in ComplexityEvolution in ComplexityEvolution in Complexity
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Transistor CountsTransistor CountsTransistor CountsTransistor Counts
1 Billion1 Billion

1,000,000
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ProjectedProjected

Courtesy, Intel

Moore’s law in MicroprocessorsMoore’s law in MicroprocessorsMoore s law in MicroprocessorsMoore s law in Microprocessors
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Transistors on Lead Microprocessors double every 2 years

Courtesy, Intel

Evolution in DRAM Chip CapacityEvolution in DRAM Chip Capacity
h
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Die Size GrowthDie Size GrowthDie Size GrowthDie Size Growth
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Courtesy, Intel

Clock FrequencyClock FrequencyClock FrequencyClock Frequency
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Courtesy, Intel

Power DissipationPower Dissipation

100

Lead Microprocessors power continues to increase
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Power delivery and dissipation will be prohibitive

Power will be a major problemPower will be a major problemPower will be a major problemPower will be a major problem
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Power densityPower densityPower densityPower density
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Courtesy, Intel

Not Only MicroprocessorsNot Only MicroprocessorsNot Only MicroprocessorsNot Only Microprocessors

C llCell
Phone

Small 
Signal RF

Power
RF

Digital Cellular Market
(Phones Shipped)

1996 1997 1998 1999 2000
Power

Management

1996  1997 1998  1999  2000

Units 48M   86M  162M  260M  435M Analog 
Baseband

Digital Baseband
(DSP + MCU)

(data from Texas Instruments)(data from Texas Instruments)
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Technology Directions: SIA RoadmapTechnology Directions: SIA Roadmap
Year 1999 2002 2005 2008 2011 2014

Feature size (nm) 180 130 100 70 50 35Feature size (nm) 180 130 100 70 50 35
Mtrans/cm2 7 14-26 47 115 284 701
Chip size (mm2) 170 170-214 235 269 308 354
Signal pins/chip 768 1024 1024 1280 1408 1472
Clock rate (MHz) 600 800 1100 1400 1800 2200
Wiring levels 6-7 7-8 8-9 9 9-10 10Wiring levels 6 7 7 8 8 9 9 9 10 10
Power supply (V) 1.8 1.5 1.2 0.9 0.6 0.6
High-perf power (W) 90 130 160 170 174 183
Battery power (W) 1.4 2.0 2.4 2.0 2.2 2.4

For Cost-Performance MPU (L1 on-chip SRAM cache; 32KB/1999 ( p ;
doubling every two years)

http://www itrs net/ntrs/publntrs nsf
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Wh t i thi ll b t?Wh t i thi ll b t?What is this course all about?What is this course all about?
Introduction to digital integrated circuits.

CMOS devices and manufacturing technology. g gy
CMOS inverters and gates. Propagation delay, 
noise margins, and power dissipation. Sequential 
circuits Arithmetic interconnect and memoriescircuits. Arithmetic, interconnect, and memories. 
Programmable logic arrays. Design 
methodologies.

What will you learn?
Understanding, designing, and optimizing digital 
i i i h diff li icircuits with respect to different quality metrics: 

cost, speed, power dissipation, and reliability

EE141© Digital Integrated Circuits2nd Introduction
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Di it l I t t d Ci itDi it l I t t d Ci itDigital Integrated CircuitsDigital Integrated Circuits
Introduction: Issues in digital design
The CMOS inverter
Combinational logic structures
Sequential logic gates
Design methodologies
Interconnect: R, L and C
Timing
Arithmetic building blocks
Memories and array structures
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Challenges in Digital DesignChallenges in Digital Design
Why is designing digital ICs different today than it was 

before?

DSM 1/DSM

before?
Will it change in future?

“Microscopic Problems” “Macroscopic Issues”

∝ DSM ∝ 1/DSM

Microscopic Problems
• Ultra-high speed design
• Interconnect
• Noise, Crosstalk

p
• Time-to-Market
• Design complexity: Millions
of Gates Noise, Crosstalk

• Reliability, Manufacturability
• Power Dissipation and supply 
rail drop

• High-Level Abstractions
• Design for testability
• Reuse & IP, Portabilityp

• Clock distribution.

Everything Looks a Little Different

• System on a chip (SoC)
• Predictability
• Tool interoperability

d Th ’ L t f Th !?
EE141© Digital Integrated Circuits2nd Introduction
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…and There’s a Lot of Them!?
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Challenges in Digital DesignChallenges in Digital Design
Digital integrated circuits experience 

ti l th i l itexponential growth in complexity 
(Moore’s law) and performance
Design in the deep submicron (DSM) 
era creates new challengesera creates new challenges

Devices become somewhat different
GGlobal clocking becomes more challenging
Interconnect effects play a more significant 
role
Power dissipation may be the limiting factor

EE141© Digital Integrated Circuits2nd Introduction
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Design ProductivityDesign Productivity TrendsTrendsDesign Productivity Design Productivity TrendsTrends
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Courtesy, ITRS Roadmap

Why Scaling?Why Scaling?Why Scaling?Why Scaling?
Technology shrinks by ~0.7/generationTechnology shrinks by 0.7/generation
With every generation can integrate 2x more 
functions per chip; chip cost does not increasefunctions per chip; chip cost does not increase 
significantly
Cost of a function decreases by 2xCos o a u c o dec eases by
But …

How to design chips with more and more functions?How to design chips with more and more functions?
Design engineering population does not double every 
two years…

Hence, a need for more efficient design methods
Exploit different levels of abstraction
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Design Abstraction LevelsDesign Abstraction Levelsgg
SYSTEM

MODULE

+

GATE

MODULE

CIRCUIT

GATE
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DEVICE

n+n+
S
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Design MetricsDesign Metricsgg
How to evaluate performance of a digital circuit (gate, 
block, …)?

Functionality
Cost

NRE (fixed) costs - design effort
RE (variable) costs - cost of parts, assembly, test

Reliability, robustness
Noise marginsg
Noise immunity

Performance
Speed (delay, operating frequency)
Power consumption; energy to perform a function

EE141© Digital Integrated Circuits2nd Introduction

p ; gy p
Time-to-market

Cost of Integrated CircuitsCost of Integrated Circuitsgg
NRE (non-recurring engineering) costs: one time cost factor

Fixed cost to produce the design
– design effort
– design verification effort

mask generation– mask generation
Influenced by the design complexity and designer productivity
More pronounced for small volume productsp p

Recurring costs – proportional to product volume and chip area
silicon processing

– also proportional to chip area
assembly (packaging)
testtest

fixed cost
cost per IC = variable cost per IC + -----------------

EE141© Digital Integrated Circuits2nd Introduction

cost per IC =  variable cost per IC  +  
volume



NRE Cost is IncreasingNRE Cost is IncreasingNRE Cost is IncreasingNRE Cost is Increasing
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Di C tDi C tDie CostDie Cost

Single dieg

WaferWafer

Going up to 12” (30cm)
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C t T i tC t T i tCost per TransistorCost per Transistor

cost: cost: 
¢¢--perper--transistortransistor

0.010.01

0.10.1
11

¢¢ perper transistortransistor

Fabrication capital cost per transistor (Moore’s law)

0.00010.0001

0.0010.001

0.010.01

0.0000010.000001

0.000010.00001

0.00000010.0000001
19821982 19851985 19881988 19911991 19941994 19971997 20002000 20032003 20062006 20092009 20122012
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Recurring CostsRecurring Costs

per aferchipsgoodofNo

gg
cost of die + cost of die test + cost of packagingvariable cost =  ----------------------------------------------------------------

final test yield

%100
per wafer chips ofnumber  Total

per wafer chips good of  No. ×=Y

W f
yield Dieper wafer Dies

costWafer cost Die
×

=

2( )
area die2

diameterwafer 
area die

diameter/2wafer per wafer Dies
2

×
×π−×π=
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DefectsDefectsDefectsDefects

α−
⎞⎛ ×diitd f t
⎟
⎠
⎞

⎜
⎝
⎛

α
×+= area dieareaunit per  defects1yield die

α is approximatel 3α is approximately 3 

4area)(diecostdie f=
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area) (die cost  die f=

Yield ExampleYield ExampleYield ExampleYield Example
Example

wafer size of 12 inches, die size of 2.5 cm2, 1 
defects/cm2,      α = 3 (measure of manufacturing 
process complexity)process complexity)
252 dies/wafer (remember, wafers round & dies 
square)
die yield of 16%
252 x 16% = only 40 dies/wafer die yield !y y

Die cost is strong function of die area
proportional to the third or fourth power of the dieproportional to the third or fourth power of the die 
area
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Examples of Cost Metrics (1994)Examples of Cost Metrics (1994)Examples of Cost Metrics (1994)Examples of Cost Metrics (1994)
Chip Metal 

l
Line 
id h

Wafer Def./ 
2

Area 
2

Dies/
f

Yield Die 
layers width cost cm2 mm2 wafer cost

386DX 2 0.90 $900 1.0 43 360 71% $4

486 DX2 3 0.80 $1200 1.0 81 181 54% $12

Power PC 4 0.80 $1700 1.3 121 115 28% $53
601

$ $

HP PA 7100 3 0.80 $1300 1.0 196 66 27% $73

DEC Alpha 3 0.70 $1500 1.2 234 53 19% $149

Super Sparc 3 0 70 $1700 1 6 256 48 13% $272Super Sparc 3 0.70 $1700 1.6 256 48 13% $272

Pentium 3 0.80 $1500 1.5 296 40 9% $417
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ReliabilityReliability
Noise in Digital Integrated CircuitsNoise in Digital Integrated CircuitsNoise in Digital Integrated CircuitsNoise in Digital Integrated Circuits

Noise – unwanted variations of voltages and 
currents at the logic nodescurrents at the logic nodes

v(t)

from two wires placed side by side
capacitive coupling v(t)capacitive coupling

- voltage change on one wire can                                              
influence signal on the neighboring wire

t lk
i(t)

- cross talk
inductive coupling

- current change on one wire can

V

current change on one wire can                                                
influence signal on the neighboring wire

VDD

from noise on the power and ground supply rails
can influence signal levels in the gate

EE141© Digital Integrated Circuits2nd Introduction



Example of Capacitive CouplingExample of Capacitive Couplingp p p gp p p g
Signal wire glitches as large as 80% of the supply 
voltage will be common due to crosstalk between 
neighboring wires as feature sizes continue to scale

Crosstalk vs TechnologyCrosstalk vs. Technology

0.12m  CMOS
Pulsed Signal

0.16m  CMOS

0.25m  CMOS
Black line quiet
Red lines pulsed

0.35m  CMOSGlitches strength vs technology 
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From Dunlop, Lucent, 2000

Static Gate BehaviorStatic Gate BehaviorStatic Gate BehaviorStatic Gate Behavior
Steady-state parameters of a gate – static behavior –
tell how robust a circuit is with respect to both variations 
in the manufacturing process and to noise disturbances.
Digital circuits perform operations on Boolean variables  

{ }x ∈{0,1}
A logical variable is associated with a nominal voltage 
l l f h l i t tlevel for each logic state

1 ⇔ VOH and 0 ⇔ VOL

V(y)V(x)
VOH = ! (VOL)

VOL = ! (VOH)

Difference between VOH and VOL is the logic or signal 
swing V

VOL  ! (VOH)

EE141© Digital Integrated Circuits2nd Introduction

swing Vsw

DC Operation DC Operation 
V lt T f Ch t i ti (VTC)V lt T f Ch t i ti (VTC)Voltage Transfer Characteristics (VTC)Voltage Transfer Characteristics (VTC)

Plot of output voltage as a function of the input voltage

V(y) V(y)V(x)

f
VOH = f (VIL)

V(y)=V(x)V(y)=V(x)

S it hi Th h ldSwitching Threshold
VM

VOL = f (VIH)

V(x)VIL VIH

VOL  f (VIH)

EE141© Digital Integrated Circuits2nd Introduction

Mapping Logic Levels to the Voltage DomainMapping Logic Levels to the Voltage Domain
The regions of acceptable high and low voltages are 
delimited by VIH and VIL that represent the points on the y IH IL p p
VTC curve where the gain = -1

V(y)
Slope = -1

V
"1" VOH

VOH

Undefined

VIH

Slope = -1
V

Region

VIL

V(x)

VOL

VIL VIH

"0" VOL
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Noise MarginsNoise Margins
F b t i it t th “0” d “1” i t l t bFor robust circuits, want the “0” and “1” intervals to be a s 
large as possible

"1"VOH

VDD VDD

Undefined

VOH

VIHNoise Margin High
NMH = VOH - VIH

Region
VIL

V

Noise Margin Low
NML = VIL - VOL

"0"
VOL

Gnd Gnd
Gate Output Gate Input

EE141© Digital Integrated Circuits2nd Introduction
Large noise margins are desirable, but not sufficient …

N i B d tN i B d tNoise BudgetNoise Budget

Allocates gross noise margin to 
expected sources of noiseexpected sources of noise
Sources: supply noise, cross talk, 
interference, offset
Differentiate between fixed andDifferentiate between fixed and 
proportional noise sources

EE141© Digital Integrated Circuits2nd Introduction
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K R li bilit P tiK R li bilit P tiKey Reliability PropertiesKey Reliability Properties
Absolute noise margin values are deceptive

a floating node is more easily disturbed than a g y
node driven by a low impedance (in terms of 
voltage)

Noise immunity is the more important metric –
the capability to suppress noise sources
Key metrics: Noise transfer functions, Output 

impedance of the driver and input impedance of the 
receiver; 
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Conditions for RegenerationConditions for Regeneration

v = f(v ) ⇒ v = finv(v )

v0 v1 v2 v3 v4 v5 v6

v1 = f(v0)   ⇒ v1 = finv(v2)

v3 f(v) finv(v)

v1

3 ( )

finv(v)

v1

v3

finv(v)

vv

finv(v)

v v

f(v)

v0v2

Regenerative Gate

v0 v2

Nonregenerative Gate

To be regenerative, the VTC must have a transient 
region with a gain greater than 1 (in absolute value) 
bordered by two valid zones where the gain is smaller

EE141© Digital Integrated Circuits2nd Introduction

bordered by two valid zones where the gain is smaller 
than 1.  Such a gate has two stable operating points.



Regenerative PropertyRegenerative PropertyRegenerative PropertyRegenerative Property

v0 v1 v2 v3 v4 v5 v6

A chain of inverters
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t (nsec)

Noise ImmunityNoise Immunity
Noise margin expresses the ability of a circuit to 
overpower a noise source

noise sources: supply noise cross talk interference offsetnoise sources:  supply noise, cross talk, interference, offset

Absolute noise margin values are deceptive
a floating node is more easily disturbed than a node driven by a 
low impedance (in terms of voltage)

Noise immunity expresses the ability of the system to 
process and transmit information correctly in the 

f ipresence of noise

F d i i i h i l i (i hFor good noise immunity, the signal swing (i.e., the 
difference between VOH and VOL) and the noise margin 
have to be large enough to overpower the impact of

EE141© Digital Integrated Circuits2nd Introduction

have to be large enough to overpower the impact of 
fixed sources of noise

DirectivityDirectivity
A gate must be undirectional:  changes in an output 
level should not appear at any unchanging input of the 
same circuit

In real circuits full directivity is an illusion (e.g., due to 
iti li b t i t d t t )capacitive coupling between inputs and outputs)

K t i t t i d f th d i d i tKey metrics: output impedance of the driver and input 
impedance of the receiver

ideall the o tp t impedance of the dri er sho ld beideally, the output impedance of the driver should be 
zero
input impedance of the receiver should be infinityinput impedance of the receiver should be infinity

EE141© Digital Integrated Circuits2nd Introduction

FanFan--In and FanIn and Fan--OutOutFanFan--In and FanIn and Fan--OutOut
Fan-out – number of load gates 
connected to the output of theconnected to the output of the 
driving gate

gates with large fan-out are slowerg g
N

M

Fan-in – the number of inputs to 
the gate Mthe gate

gates with large fan-in are bigger 
and slower

EE141© Digital Integrated Circuits2nd Introduction



The Ideal InverterThe Ideal Inverter
The ideal gate should have

infinite gain in the transition region
a gate threshold located in the middle of the logica gate threshold located in the middle of the logic 
swing
high and low noise margins equal to half the swingg g q g
input and output impedances of infinity and zero, resp.

Vout

Ri = ∞

g = - ∞

Ro = 0

Fanout = ∞

NMH = NML = VDD/2

EE141© Digital Integrated Circuits2nd Introduction
Vin

An OldAn Old--time Invertertime InverterAn OldAn Old time Invertertime Inverter
5.0

NML4.0

3.0

NM
V
out
(V)

VM

2.0

NMH
1.0

Vin (V)

0.0 1.0 2.0 3.0 4.0 5.0
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in

Delay DefinitionsDelay Definitions
Vin Vout

Vin

Propagation delay
input
waveform

tp = (tpHL + tpLH)/2

Propagation delay

50%

t

V
tpHL tpLH

Vout

output
f 50%

90%

signal slopeswaveform

t

50%

t
10%

t

signal slopes
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Ring Oscillator CircuitRing Oscillator CircuitRing Oscillator CircuitRing Oscillator Circuit

v1 v2v0 v3 v4 v5

v v vv0 v1 v5

T = 2 × tp × N
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Modeling Propagation DelayModeling Propagation Delayg p g yg p g y
Model circuit as first-order RC network

R

vout (t)  =  (1 – e–t/τ)V

R

C

vout
where τ = RC

C

vin
Time to reach 50% point is

t = ln(2) τ = 0.69 τ

Time to reach 90% point is
t = ln(9) τ = 2 2 τt  ln(9) τ  2.2 τ

Matches the delay of an inverter gate
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Power and Energy DissipationPower and Energy Dissipationgy pgy p
Power consumption: how much energy is consumed per 
operation and how much heat the circuit dissipates

supply line sizing (determined by peak power)supply line sizing (determined by peak power)
Ppeak = Vddipeak

battery lifetime (determined by average power dissipation)
p(t) = v(t)i(t) = Vddi(t)             Pavg= 1/T ∫ p(t) dt = Vdd/T ∫ idd(t) dt
packaging and cooling requirements

T i t t t t ti d d iTwo important components:  static and dynamic

E (joules) = CL Vdd
2 P0→1 + tsc Vdd Ipeak P0→1 + Vdd Ileakage

P (watts) = CL Vdd
2 f0→1 + tscVdd Ipeak f0→1 + Vdd Ileakage

f0→1 = P0→1 * fclock 
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P Di i tiP Di i tiPower DissipationPower Dissipation

Instantaneous power: 
p(t) = v(t)i(t) = V i(t)p(t) = v(t)i(t) = Vsupplyi(t)

Peak power:Peak power: 
Ppeak = Vsupplyipeak

Average power: 
V ( )∫ ∫

+ +
==

Tt
t

Tt
t supply

supply
ave dtti

T
V

dttp
T

P )(1
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Power and Energy DissipationPower and Energy Dissipationgy pgy p
Propagation delay and the power consumption of a gate 
are related 
Propagation delay is (mostly) determined by the speed 
at which a given amount of energy can be stored on the 
gate capacitorsgate capacitors

the faster the energy transfer (higher power 
dissipation) the faster the gatedissipation) the faster the gate

For a given technology and gate topology, the product of 
the power consumption and the propagation delay is a 
constant

Power-delay product (PDP) – energy consumed by the gate per 
switching eventswitching event

An ideal gate is one that is fast and consumes little 
energy so the ultimate quality metric is
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energy, so the ultimate quality metric is
Energy-delay product (EDP) = power-delay 2



E d EE d E D lD lEnergy and EnergyEnergy and Energy--DelayDelay

Power-Delay Product (PDP) =

E =  Energy per operation = Pav × tp

Energy-Delay Product (EDP) =

quality metric of gate  = E × tp
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A Fi tA Fi t O d RC N t kO d RC N t kA FirstA First--Order RC NetworkOrder RC Network

vout
R

vin CL

T T Vdd
E0 1→ P t( )dt

0

T
∫ Vdd isupply t( )dt

0

T
∫ Vdd CLdVout

0
∫ CL Vdd• 2= = = =

Ecap Pcap t( )dt
0

T
∫ Vouticap t( )dt

0

T
∫ CLVoutdVout

0

Vdd
∫

1
2
---C

L
Vdd• 2= = = =
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SummarySummary
Digital integrated circuits have come a 
long way and still have quite somelong way and still have quite some 
potential left for the coming decades
Some interesting challenges ahead

Getting a clear perspective on the g p p
challenges and potential solutions is the 
purpose of this course

Understanding the design metrics that 
govern digital design is crucialgovern digital design is crucial

Cost, reliability, speed, power and energy 
dissipation
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dissipation


