Compact Behavioural Modelling
of Electromagnetic Effects
in On-Chip Interconnect

Invited presentation at
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Why?

o — Find limiting factors in
P —high-speed digital circuit

_ ' & B — Reference for validation
* — of future design rules

— = Reference for validation
of alternative models

= Source: Maly
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Maxwell Equations

“FDTD” gives V(t), I(t)

Fit a linear dynamic model

Our generalized formalism

==
mmmmmmw PoOst-optimize & generate
syntax for simulation model

Circuit Simulation
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-DTD method
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FDTD: CPU time = f(mesh)
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Using FDTD

Mesh: 250,000 cells @ 2500 time points

Lett make things better

PHILIPS

Voltage step:
0.05 ps delay +

| 0.25 ps risetime

SINSQ Pstar

T=5ps
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Using FDTD
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Using FDTD

— t=10.2 picosecond
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Side view
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-GHz ref

Reflections give

overshoot and

affect wave shape
purce side

[N
— Analyze beyond ' \J

- Measiuremer optiol

—— Resultssanity check:
~0.41as40r£01niﬂerj| :
1.5 x 108 m/s ~=c/ V3.9,
3.9 is rel. perm: SiO;)

patrogepide
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Maxwell Equations

FDTD gives V(t), I(t)

Circuit Simulation
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Linear State Space Modelling

Matrix equations  x'(t) = A x(t) + B-u(t)

\*/

y(t) =Cx(1) + D u(t)

given inbut vector: @gandgautp"r

ex:tarsyﬂ})sudﬂhﬁt}b st fitis obtained

~ MOESP/4SID class of

subspace identification algorithms
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_inear State Space Modelling (

eps:

« Initial order sufficiently high, e.g.,

'D plot to estimate # time constants

uce order to desired value, e.g., 10
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toros | S Using MOESP/4SID
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Singular value plot
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Maxwell Equations

FDTD gives V(t), I(t)

Linear state space modelling
to get linear dynamic model

Circuit Simulation
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Generalized Modelling Formalism

 Map linear state space model + parameters
- to our neural network modelling formalism

Constructive and mathematically exact!

— + Post-optimize to deal with numerical artefacts
— of MOESP/4SID (instability & no implicit DC]

- Automatically generate lumped linear circuit
models for Pstar, Spectre, VHDL-AMS, ...
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Basic multilayer-perceptron-theory +-extensions{Meijer 1996)

FAY
Sip = Wik Y1 —

Nk 3] Nk—l

dy.?ak 1
Z Wik Yjk—1 — sz + Z Viik Welghted%um ik

Differential-equatic
forneuron-outputy;,

Feedforward neural network
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Neural Networks for Device and Circuit Modelling

Learning (=Optimization)

- Define cost function, e.g., 2. (model - data)?

Discretize and apply optimization algorithm*

involving combinations of

—— =0 R and AC small signal analysis

- DC, TR and AC sensitivity (for gradients)

*Con

jugate gradient, BFGS, ...
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~ Applying Generalized Formalism

Fix MOESP/4SID artefacts:
ensure stable model &
fit with DC initial state

a—Hetuork NETO:
e 7 neurons, 5 paraneters
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TR: targets solid, black
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Maxwell Equations

FDTD gives V(t), I(t)

Linear state space modelling
to get linear dynamic model

Our generalized formalism

ENNS—— 000 00 |

Post-optimize & generate
syntax for simulation model
(lumped linear circuit model)

Circuit Simulation
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Sep 27, 2000 Pztar analog test bench generated by MEUREKA 1.24++

19339307 FDTD results and Neureka/Pstar NN model results

B o
WINL

- yt-axisz -
TARGET®
TCWIRESO_1%T00

Analysziz: TR

Circuit simulation results vs FDTD
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Verify model generalization

~ Linear model: modelling for one signal with all

relevant) frequencies should suffice - in theory!

» Verify: define a different stimulus and check if

the FDTD simulation still matches results for the

If so, that will confirm that the circuit model

indeed applies to all stimuli - and not just t

s) used during modelling
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'erify model generalization [1]

Pstar analog test bench generated by MEURERA 1,24++

ope /=10
-~ applied tc
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'erify model generalization [2]

Pstar analog test bench gernerated by NEUREKA 1,24++

ew -stimulus
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FDTD simulation of - Lumped linear dynamic

Maxwell Equations ———— circuit simulation model
in space and time ]
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xfdtd — FDTD GUI |

= LD @ ¢ W i es -l

s Example 2: Two wires with cross-talk
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Twoport modelling: —
dynamic load effects including cross-talk
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xfdtd — FDTD GUI

Ez displayed

OcdB= Z.94e+08%./m

dB scale,
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- NMEUREKA =linear —display = 10 —restore —nolearn —gmax 200"

Hetwork HETO: Hax
10 neurons, 108 paraneters

S [

TR: tarpets solid, black Lear

HEUREKR: Func
Heural Hetwork Circuit Hodeling

Software for Analog Behavioral

{Hacro=-}Hodeling of Honlinear

Dynamic Sub=Circuits & Devices

fc} P.B.L, Heijer 1991 - 2001
Digital Desipn & Test

Philips Research Laboratories
Eindhoven, The Hetherlands.

#=x% YERSTOH 1.2d++ ==

TR: input wawves {shared}
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Cgap 3.2 (c) Philips Electronics MN.v. 2002
File Edit Data Windows

status: measure ¢ \PH Scale automatic
Pstar analog test bench generated by MEUREKA 1,24++

FDTD results and Neureka/Pstar NN model resultsm
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s generated
fgaussian.ntest.sdif’ is read.
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-~ Verify t oe - model generalization

Cyjap 3.2 (o} Philps Elacironics B, 202
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Conclusions

New numerical interconnect analysis options
going well beyond 100 GHz

Many/All RF4D parasitics can be included:
capacitive and indugctive effects, skin effect

Reference for validationiof'new design rules

Reference for valigatiogmitalternative models
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