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Outline

 Common transmission media

 Modeling uniform interconnects

 Interconnect parasitics and their physical significance

 EM-effects: skin effect, proximity effect, edge and Indy 
effects

 From lumped circuits to distributed circuits
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Common Transmission Media

 Uniform Interconnects 
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(Hewlett-Packard's RF Design and Measurement Seminar, 2000)
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Common Transmission Media (cont.)

 Practical interconnects can be decomposed in segments of 
uniform interconnects (usually necessary) 

Components
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(H. Heck, 2005)
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Common Transmission Media (cont.)

 Practical interconnects have discontinuities and imperfections 

(M. Resso, 2016)
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Common Transmission Media (cont.)

 High-speed BGA (Ball Grid Array) packages
Chip

Board

Flip chip 
interconnect (bump)

Signal layer

Signal layer

Power/ground 
plane

Power/ground 
plane

Through via

Burried via

Complete signal 
path (chip to board)

Chip carrier 
(substrate)

BGA ball

Blind via



High-Frequency Effects on Transmission Media
Dr. José Ernesto Rayas-Sánchez

January 20, 2020

4

7Dr. J. E. Rayas-Sánchez

Modeling Uniform Interconnects

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)

8Dr. J. E. Rayas-Sánchez

Modeling Uniform Interconnects (cont.)

 Parasitic effects associated to each transmission media

– Capacitance between conductors, C

– Resistance of conductors (conductor losses), R

– Inductance of conductor loops, L

– Dielectric conductivity (dielectric losses), G

 R, C, L, and G must be determined per unit length
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Interconnect Shunt Capacitance

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Fringing Capacitance Effect

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)



High-Frequency Effects on Transmission Media
Dr. José Ernesto Rayas-Sánchez

January 20, 2020

6

11Dr. J. E. Rayas-Sánchez

Interconnect Series Inductance

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Interconnect Series DC Resistance

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Skin Effect

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)

14Dr. J. E. Rayas-Sánchez

EM-Simulation of Conductor Current Distribution

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Proximity Effect

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Proximity and Skin Effects

E. Bogatin, “Essential principles of signal integrity,” IEEE Microwave 
Magazine, vol. 12, pp. 34-41, Aug. 2011.
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Edge and Indy Effects – Example 

W = 10 mil L = 40 mil
H = 5 mil r = 4.2
dielectric loss tan = 0.017
PCL-FR-226 Polyclad Laminates

EM simulation using Sonnet
At 1 MHz:
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Edge and Indy Effects – Example (cont.)

W = 10 mil L = 40 mil
H = 5 mil r = 4.2
dielectric loss tan = 0.017
PCL-FR-226 Polyclad Laminates

EM simulation using Sonnet
At 10 MHz:
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Edge and Indy Effects – Example (cont.)

W = 10 mil L = 40 mil
H = 5 mil r = 4.2
dielectric loss tan = 0.017
PCL-FR-226 Polyclad Laminates

EM simulation using Sonnet
At 100 MHz:
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Edge and Indy Effects – Example (cont.)

W = 10 mil L = 40 mil
H = 5 mil r = 4.2
dielectric loss tan = 0.017
PCL-FR-226 Polyclad Laminates

EM simulation using Sonnet
At 1 GHz:
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Interconnect Shunt Conductance

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Loss Tangent of Typical Materials

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)



High-Frequency Effects on Transmission Media
Dr. José Ernesto Rayas-Sánchez

January 20, 2020

12

23Dr. J. E. Rayas-Sánchez

Equivalent Circuit Models for Interconnects

 On-chip Interconnects
– lumped C if very short
– lumped RC if very short and significant losses
– cascaded lumped RC if short and significant losses
– distributed LC if long
– RLGC distributed line (high speed/frequency ICs)

 Off-chip Interconnects (→ usually distributed models)
– LC line if losses can be ignored
– RLC line on low dielectric loss PCBs
– RLGC line (if dielectric loss is significant)
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Lumped Equivalent Circuit Models
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From Lumped Circuits to Distributed Circuits

(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Transmission Line Model 

The interconnect is modeled using an infinite number 
of RLCG sections

(R. Ludwig and P. Bretchko, RF Circuit Design, Prentice Hall, 2000)
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Transmission Line Model (cont.) 

The interconnect is modeled using an infinite number 
of RLCG sections

(R. Ludwig and P. Bretchko, RF Circuit Design, Prentice Hall, 2000)


