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“Efficient” modeling: Elimination of conductors from
solution domain via surface impedance

exterior, =0

problem domain interior EXACT:

EXCLUDED #surface equivalence
theorem

interior S
. . sStandar surftface
cons:tltutl\{e ext — E impedance boundary
relationship, Zs condition

o#0

_ » definition of surface impedance:
exterior “standard” surface impedance
conductor constitutive boundary condition (SIBC)

relationship,
5=0 . — surface current such that
interior fields are exactly zero
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Utility of surface impedance BCs

e simplifies problem only if known a priori
— how well can the boundary condition be approximated?
— most common approximation for SIBC.:
(1+7)
oD
« valid only at high frequency where E/H is a local

property
* requires conductor dimensions >> skin depth

— fails at “low” frequency and when line-to-line coupling is
strong

ZS:
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Alternative definition of conductor surface
iImpedance: Ell

e ‘“effective” internal impedance
boundary condition (Ell)

problem domain — Interior of conductor
replaced with non-
terior conducting exterior medium

constitutive — Interior magnetic field is not

relationship, Identically zero
0%0

. int Can also be EXACT!
exterior Hi"# 0

conductor constitutive interior

relationship, INCLUDED
o=0 o=0 ’

~ effective
E, internal impedance

shell
Ze|i
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Alternative definition of conductor surface
impedance: Ell

« “effective” internal impedance boundary condition (Ell)
() _E(r)
P - H) ()

— E, and Hext from the solution of

Zgi(w,r') =

m
Zjﬁr%r'Gé (r,r)jauHE fdr[G rhr')—0a53(r-r') ][@E )+ 0 cbq) 0

q=1
— Hiin from the solution of

ferlrr)JwH fdr[G r,r')+0.55(r —r') ]E

« utility of impedance boundary condition determined by how easily it
can be approximated

— Isolated conductor impedance is easier to estimate than coupled
line surface impedance
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Surface impedance comparisons

simple circular twin lead 2 mm
all tend to 1/od at high frequency

Ell well approximated by isolated conductor surface
impedance at low frequency

6x107

5x107
. SIBC
\ L 2

-5 .
4x10 Ell N 0

31075 isolated \,
\ *
2x107 '

-5
1x10 Low Frequency: & = 2r
Low Frequency: & = 2r

| L | L | L L | L | L |
45 90 135 45 90 135
Position (degrees) Position (degrees)
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Dependence on coupling

normalized to magnitude of isolated conductor surface
iImpedance

2 mm radius circular conductors
1.5
1.4
1.3

low frequency ' high frequencly

outside face,
2\
ﬁ

inside face, Ell

>
inside face, Ell

outside face, SIBC
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Normalized Impedance

outside face, SIBC
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Twin Lead Gap (mm) Twin Lead Gap (mm)
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Circular twin lead comparisons
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e techniques used

— boundary element
method (BEM)

— “surface ribbon”
technique (SRM)

Series Inductance (uH / m)
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10 100 1000
Frequency (kHz)

0.1 number CPU time
10000 Method of
unkowns | (assemble)

BEM 573 468

BEM with 290 18
SIBC

SRM with 287
Ell
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Ell approximations for rectangular conductors :
"Transmission line" model

« decompose bar into rectangular
and square sections

e central rectangular regions:
simple skin depth in "flat" plate

wide plate approximation:
_ (@+j)/(old)

Zpite = anh((L+ ) (200)] w

e corner regions: decompose t/2
corner into N triangles

— exact dc resistance in limit of
N large

— high frequency behavior

» effective thickness > t/2,
current crowds toward
"corner" at lower frequency
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Surface ribbon method for rectangular
“twin lead”

minimum ribbons:

e at most five ribbons used for
“wide” faces

e oneribbon used for “narrow”
faces

Percent error: inductance
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Parallel plate errors using minimum
surface ribbons

« only one ribbon per face
required with appropriate
Ell model
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Applications: Minimum ribbon segmentation for
coupled microstrip over finite ground plane

e signal lines : 4 segments each signal line

(one per face) — [ -

e ground plane : 7 ~ 9 segments
e unknowns - VFM : 492 : SRM : 15
e run time - VFM : 39 sec: SRM : 0.023 sec

20
10 g
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5000 pm X 2 um

o
H

Resistance [Q/cm]
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Darpa Electronic Packaging and P SARPALY

12 D. Neikirk Interconnect Design and Test Program & >y




13

Effects of the frequency dependencies on
time domain waveforms

o
o)

— full

= |0ssless

Voltage(V)
S O o ©
AP APV AP TP

o
@

time(ns)

e line 1 excited with 0.1ns
rise and fall time

e measured far end of
line 4 (length=0.1 m)

* Rs=50Ohm, C, =10 pF
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= Rdc-Lhigh
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time(ns)

must include both
R and L
dependence on
frequency / time
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Time domain simulation using surface impedance
BCs

conventional approach: convert surface impedance
from frequency domain to time domain

— can use Prony’s method or Chebyshev approximation to
find time domain exponential form

e tends to produce many terms

alternative: use compact ladder circuit to formulate
time domain surface impedance boundary
condition

— use circuit to determine time domain exponential form

— leads to time domain formulation very similar to lossless
result

 matrix containing finite conductivity effects is time
iIndependent, requires inversion only once
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Equivalent circuit modeling for Ell: transforming
frequency domain Ell into time domain

e each “isolated conductor” cross-section
divided into 4 parts

e each part represented with 1 resistor and 1
inductor

e rules to determine values of circuit elements:

- additional constraints: correct DC
resistance and inductance

- RR and LL are empirically determined
constants unique to the geometry of the
conductor

bss® +b,s2 +bys +b,

ass® +a,s? +ajs +a,
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Compact circuit model as a replacement
for the ElI

e constraints generate:

RR’+ RR* + RR+(1-ag) =0

DlDZ+SL+1D21+E|]1E'2+1 f %+

O L0 RRO LL HRRE RR+1E ~IL

1@2 BDZ
+1 =0
RREERRO |

5max RjC

* pistheconductor depth parameter, C, and C, depend on
geometry:

— triangle for corners: p = height, C; = 0.56, C, = 0.315
— half plate for mid regions: p =thickness, C; =10.8,C,=0.2
— circular conductors: p=r, C; =0.53,C,=0.315

« ladder values completely determined for each ribbon on
conductor surface

WmaxHoO

_ P R 2
aR _Cl 5max =\/— aL :CZGR = de/l—l
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Time domain conversion using equivalent circuit
model

1x10* 4
e equivalent circuit model

- can be easily constructed

- rational function in s-domain,
exponential function in time
domain

- problem size can be reduced
using Pade approximation:
dominant pole reduction

20 pm
1X102 LI IIIIII| LI IIIIII| LI IIIIII| rrrrimm

- time domain convolution 1x107  1x10®  1x10° 1x10%° 1x10%!
problem can be solved using S
recursive properties blue: numerical result

red: circuit model
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Derivation of time domain equation

e frequency domain (s-domain) « application of recursive equation

equation [K]Z[l]+[L];[I]+[Vd5] = —a‘i[v]

o Bl = - 2 [v]

[ 211+ [Vas] = -2 V]
e transformation into time domain S S
(€1 VI+[eldv]=-—"[I]

L_ltbze,, O_ ER b,s® +b,s* +bs +b,
s B g's(as®+as®+as+a,)m]

=[R.Y Ke™]=[¢)] e lossless like equation with
3 3 3 additional voltage source
[Z(t)]DE[I]J'[L]E[I] - _E[V] « voltage source depends on poles,
residues, time step, and values from
* time domain convolution previous time step

Y (nAt) = X(nAt) OKeP ™) « different simulators can be used to
= KAt DX (nAt) + e O ((n - DAt) solve equations
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Example I time stepping solution (FDTD)

make finite difference approximation to the partial derivatives: extra
current source compared to lossless case

each voltage and adjacent current solution point separated by Az/2

At has to be kept small to satisfy stability condition: may not be
appropriate for electrically long lines

+1 n+l n+l 0
[ ]k 2 _ HD E[V]kﬂ [V]k +[Vds n+l
n+1 [V]n+1D

4 H [ ol

Ol D
= -2 gummm :
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Ell/Circuit approximation in FDTD

e test case geometry: two 20um square microstrip lines, 30um
pitch, all conductivities finite

20 pm

P
IZO pm

10 um i 10 um

200 pm T 20 pm

v

— 10cm length, 5Q source impedance, 50Q load

comparisons
— finite difference time domain method using Ell circuit derived BC
— FFT using frequency domain dispersion curve
« conventional current filament method (FM)
« surface ribbon method (SRM)
— simple RLC transmission line model (no skin effect)
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Driven and victim line comparisons

driven line victim line

= SRM+FDTD

o
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_ _ method pre- main calculation

* single input pulse, calculation | (FDTD or FFT)
0.1nsec rise & fall SRM-FEDTD 0.5 sec 89.5 sec
times, 1nsec on time SRM-FFT 149 sec 0.5 sec

FM-FFT 163,095 sec 0.5 sec
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Example Il: method of characteristics (MC)

Branin (1967) for single lossless line, Ho (1973) for multi-lossless
lines, Gruodis (1979) for multi-resistive lines(R-L-C)

objective: estimate waveform by applying Ho’s method to lossless-
like equation with similar efficiency as R-L-C circuit analysis

represent waveform as combination of incident and reflected wave

needs additional segmentation to include effect of distributed
resistance

additional voltage source needed for skin effect model

[Vale =Vl = [Zo] W
Vil =IVIR= +[20] Wk

L dwd]

[ER]Z = At m/P[Vds k+1

[Eil = 8t W [Vasi
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Four lines via method of characteristics

10 pm 20 pm « line 1 excited, Rs=5 Ohm, C, =10 pF

<> <=
10 . . . . %20 um run time comparison on Pentium |l
m—— SO0
pm
— SRM + FFT: 283 sec

s, =

blue: FFT, red: MC
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time(ns) time(ns)

o Darpa Electronic Packaging and LATEONNN
23 D. Neikirk Interconnect Design and Test Program ARP




Efficient interconnect modeling from dc to
the skin effect

 finite conductivity produces frequency dependent
Inductance and resistance

— Important for accurate loss or cross-talk modeling

« effective internal impedance and the surface ribbon
method for dispersive R & L calculation

— excellent approximation from dc to high frequency
— numerically very efficient
— applicable to n-conductor and 3-D systems

 small, frequency-independent R-L ladders can
provide excellent equivalent circuit for frequency
dependencies

» very efficient time domain conductor boundary
condition demonstrated
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