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Technical Challenge

More Complicated
Signal Integrity Problems

More Complicated
Signal Integrity Problems

ProblemsProblems

High-Speed, High-DensityHigh-Speed, High-Density
Technical TrendTechnical Trend

• Inductance-Dominant System

• Longer and Tighter Spacing

• Inductance-Dominant System

• Longer and Tighter Spacing Delay, X-talk, Ringing, GlitchDelay, X-talk, Ringing, Glitch

Accuracy?
Computation Time?

Stability?
• New Paradigm(TWA-Based)

• Fast, Accurate, Analytical
Signal Integrity Models

• New Paradigm(TWA-Based)

• Fast, Accurate, Analytical
Signal Integrity Models

Research GoalResearch Goal
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Problems

System Function of a Single Transmission Line
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Unit Step Response in a Single TL
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Dominant Pole Approximation(using 3-Dominant Poles)
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Problems of 3-Pole Approximation
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Dominant pole approximation 
does not reflect “Inductance-Dominant” effects.

How to Incorporate 
the High-Frequency Effect?

How to Incorporate 
the High-Frequency Effect?
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Traveling-Wave-Based Waveform Approximation(TWA)
[Y. Eo, et al., “Traveling-wave-based ~,” will be published in IEEE T-CAD ]

Combining?Combining?

Frequency Domain
Approximation

Time Domain
Approximation

TWA-
Technique
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TWA-Based Time-Domain Transient Signal Characterizations

• Linear Approximation

• Modified RC Approximation

for Modal Basis Vector

• Linear Approximation

• Modified RC Approximation

for Modal Basis Vector

Frequency Domain 
System Response

Frequency Domain 
System Response

Modal Decoupling 
with B.C.

Modal Decoupling 
with B.C.

3-Pole Approximation 
for Basis Vector

3-Pole Approximation 
for Basis Vector

Completed Time Domain ResponseCompleted Time Domain Response
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Effective Time of Flight : Loading Effect

Capacitance-Loading Effect

Increase the effective time of flight ( )0ft

f line linet L C− =

( )0f line line Lt L C C≅ +

. . .

. . .
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Frequency-Domain Characteristics
(Low-Frequency Characteristics)

with 3-Pole-Based Frequency Domain Response
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“Reflection” means “fast transient”.
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Time-Domain Characteristics
(High-Frequency Characteristics)
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We can determine the analytical form of expressions
Since we know two points.
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Verification of TWA in a Single Line

TL Parameters
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Step Responses

Capacitance-DominantCapacitance-Dominant Inductance-DominantInductance-Dominant
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Unlike the 3-pole approximation,

TWA is accurate for inductance-dominant lines.
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Application of TWA to Multi-Coupled Lines

Simple 
Isolated Lines

TWA-Tech.

Too 
Complicated!

!

Too 
Complicated!

!

Decoupling

in

Vin

Vin

V

Vin

Vin

Vin
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TWA-Based Multi-Coupled Line Transient Analysis

3-Pole Approximation
for Each Mode

Time-Domain Approximation 
for Each Mode

Decoupling
the Multi-Coupled Lines

TWA-Technique

Multi-Coupled Line 
Equations

Require 
Some Algebra

Modal Analysis

Linear Combination
of Modal Responses

Time-Domain
Signal Transients
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Verification of TWA for Multi-Coupled Lines
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Signal Transients and Crosstalk
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TWA-Based Analytical Signal Integrity Models

50% Delay

Overshoot

Peak X-talk

Glitch Effects

Switching
Dependency

Closed Forms
of Models

TWA-Based
Transient Signal

Analysis
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Frequency-Domain Response
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TWA-Based Approximation 
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Closed Form of Delay Model 
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Delay Model for Linear Region 
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Delay Model for RC-like Region
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Closed Form of Overshoot 
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Closed Form of Peak X-talk 
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Closed Form of Glitch Signal 
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Verification of Analytical Signal Integrity Models

[ ] [ ]
7.160 4.924 3.838
4.924 7.010 4.924 /
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C pF cm
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Verification Data(1)

0↑0 Switching0↑0 Switching

Approximately
2% error

Approximately
5% Error

Line
Length

Active Line 
Delay [psec]

Active Line 
Overshoot [V]

Quiet Line 
Crosstalk [V]

SPICE TWA SPICE TWA SPICE TWA

1mm 19.2 17.4 3.5913 3.3854 0.5807 0.6821

2mm 35.5 33.7 3.5868 3.4848 0.5762 0.6592

5mm 85.2 83.6 3.4601 3.4139 0.53 0.5652

10mm 168.8 166.8 3.2548 3.2060 0.5192 0.4446

Switching 
Patterns

Active Line Delay 
[psec]

Active Line 
Overshoot [V]

Quiet Line 
Crosstalk [V]

SPICE TWA SPICE TWA SPICE TWA

0 ↑ 0 168.8 166.8 3.2548 3.2082 0.5192 0.4446

↑ ↑ ↑ 167.6 165.7 4.0301 3.9860  

↑ 0 ↑ 170 165.9 3.5262 3.5822 1.0153 1.0275

• Line Lengths• Line Lengths
VariableVariable

• Switching Patterns• Switching Patterns
VariableVariable
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Verification Data(2)

Line
Length

↑0↑ crosstalk [V] ↑↑0↑↑ crosstalk [V]

SPICE TWA SPICE TWA

1mm 1.176 1.5712 1.6705 2.1156

2mm 1.2022 1.5201 1.7357 2.0934

5mm 1.0829 1.3040 1.6241 1.8696

10mm 1.0153 1.0275 1.3867 1.5456

Approximately
15% Error

(Overestimation)

50 / 0.1pFΩ

100 / 0.1pFΩ

200 /1pFΩ

Items

(driver/load)

SPICE
[psec]

TWA-based
[psec] Error[%]

168.8 166.8

203.2 219.5

582.2 589.3

1.2

8

1.2

• Input Driver
• Output Load
• Input Driver
• Output Load

VariablesVariables

0↑0 Switching0↑0 Switching

• Line Lengths• Line Lengths
VariablesVariables
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Verification Data(3)

Line
Length

Delay [psec] Glitch Peak [V]

SPICE TWA SPICE TWA

1mm 10.7 9.5 2.452 3.0690

2mm 18.9 16.9 2.4743 2.9691

5mm 51 46.4 2.2505 2.5470

10mm 258.4 275.6 1.8435 2.0068

Approximately
15% Error

(Overestimation)

Glitch Signal
(↓↑↓ Switching)

Glitch Signal
(↓↑↓ Switching)

model
items SPICE TWA-based Error[%

]
50% delay 158.6 psec 155.7 psec 1.8

Overshoot 3.2265 V 3.2855 V 1.8

Crosstalk 0.5014 V 0.5215 V 4.0

Approximately
5% Error

Non-Identical LinesNon-Identical Lines

• Line Lengths• Line Lengths
VariablesVariables

• Line Width
• Spacing
• Line Width
• Spacing

VariablesVariables
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Execution Time Computation

Crosstalk0.060.03Eq. (19)

Overshoot0.060.03Eq. (18)

50% delay0.060.03Eq. (14)

Waveform19778SPICE

Output5-lines
[sec]

3-lines
[sec]

Items
model

2500~3000 Times Faster than SPICE !!

AMD Athlon 750MHzSUN Ultrasparc-10

ModelSPICEExecution
Environment

Execution
Environment

Execution
Time

Execution
Time
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Summary of the Presentation

0.0 0.1 0.2 0.3 0.4 0.5

0

1

2

3

tf
_
(n) tf0(n)+ δ

real

last mode

50%

t[nsec]

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5V0(t)
[V]

t [ nsec ]

 TWA-based
 HSPICE

Time-Domain ApproximationTime-Domain Approximation

model
items SPICE TWA-based Error

[%]

50% delay 158.6 psec 155.7 psec 1.8

Overshoot 3.2265 V 3.2855 V 1.8

Crosstalk 0.5014 V 0.5215 V 4.0

VerificationVerification

Frequency Response
(Telegrapher Equation)
Frequency Response

(Telegrapher Equation)

( ) [ ][ ][ ]
2

2 ( )
d V x

Z Y V x
dx
   =

[ ] [ ] [ ]Z R s L= +

[ ] [ ] [ ]Y G s C= +

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

 3-pole
 HSPICE

0V  ( t )
[ V ]

t [ nsec ]

3-Pole Approxi. In Freq.-Domain3-Pole Approxi. In Freq.-Domain

0.0 0.2 0.4 0.6 0.8 1.0

0

2

4V0(t)
[V]

mode1

mode2

mode3

real

t[nsec]

Analytical Signal Transient ModelAnalytical Signal Transient Model

Multiple LinesMultiple Lines Modal DecouplingModal Decoupling

Delay, X-talk, Overshoot, GlitchDelay, X-talk, Overshoot, Glitch
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Conclusion

New Analytical Signal Integrity Models.

Excellent Agreement with Approximately 5% Error.

Considered to be a Good Conservative Estimation.

2500 ~ 3000 times Faster than SPICE Simulation.
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