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= 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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Common Transmission Media (cont.)

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

deliar

networking

i S
processor

PCB
(add-in card)

agp___ g N
graphics | W~ serial bus

f?obnt =side bus
chipset

memory

bus

motharboay edsign “m

Components
(Chip + Pkg)

PCB -<— Connector

(Motherboard)
Dr. J. E. Rayas-Sanchez (H HECk, 2005) A



High-Frequency Effects on Transmission Media
Dr. José Ernesto Rayas-Sanchez
January 20, 2020

Common Transmission Media (cont.)

= Practical interconnects have discontinuities and imperfections
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Common Transmission Media (cont.)

= High-speed BGA (Ball Grid Array) packages
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Modeling Uniform Interconnects

Physical Description Electrical Description
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(A. Weisshaar, Tutorial on High-Speed Interconnects, IMS June 2004, Fort Worth, TX)
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Modeling Uniform Interconnects (cont.)

Cross-sectional view of typical uniform interconnects:

= 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
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Fringing Capacitance Effect
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Interconnect Series Inductance
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Interconnect Series DC Resistance

* DC resistance
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Skin Effect

« Skin depth in conductor
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* High-frequency approximation (W,T >> 3,)
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EM-Simulation of Conductor Current Distribution

(with currents in same direction)

W=T=10um
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Proximity Effect

« Opposing high frequency (HF) currents in
close proximity are drawn to each other

O OO

HF current distribution HF current distributions
in an isolated wire in two wires in close proximity

carrying opposing currents
l% Return current in ground plane
close to signal trace

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

Dr. J. E. Rayas-Séanchez 15

Proximity and Skin Effects

Figure 9. Current distribution in the signal and return
conductors at 100 MHz for copper traces is driven by two
forces: current within each conductor wants to spread out
as much as possible, while the signal and return current
want to get as close together as possible.

E. Bogatin, “Essential principles of signal integrity,” IEEE Microwave

5, Ry S Magazine, vol. 12, pp. 34-41, Aug. 2011. y
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Edge and Indy Effects — Example

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

L EM simulation using Sonnet
W At 10 MHz:
H 56
0 i ‘
W=10mil  L=40mil Zj:l

H=15mil =42
dielectric loss tan = 0.017
PCL-FR-226 Polyclad Laminates
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Edge and Indy Effects — Example (cont.)

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

L EM simulation using Sonnet
W At 1 GHz:
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Interconnect Shunt Conductance

* shunt loss due to

- ohmic losses (free charge carriers)

- out-of-phase polarization (power loss due
to frictional damping forces)

* simple model loss tangent:
| tano,; = G/ow(
dlelect-rlc C G /g
material
where g =g'— j&'

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

Dielectric Material Loss Tangent Dielectric Constant
Ceramic (Alumina) 0.001 9.4
Glass-epoxy 0.03 4.0
Glass (Quartz) 0.00006 3.8
Polyimide 0.01 3.5
Silicon (100 Q-cm) 0.51 11.8
Silicon (10 Q-cm) 51 11.8
Teflon 0.00015 2.1

at 3GHz

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

Dr. J. E. Rayas-Séanchez

Lumped Equivalent Circuit Models

unbalanced balanced
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From Lumped Circuits to Distributed Circuits

Lumped Model

T I
I T
Cascaded Lumped Model
T I 1
T T T

Transmission Line Model
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Transmission Line Model

[») ) 1

The interconnect is modeled using an infinite number
of RLCG sections

Dr. J. E. Rayas-Sanchez
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Transmission Line Model (cont.)
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The interconnect is modeled using an infinite number
of RLCG sections
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