Simbeor Application Note #2008 06, September 2008 T gjﬂgﬁgﬁg

© 2008 Simberian Inc.

Modeling frequency-dependent
dielectric loss and dispersion for

multi-gigabit data channels
e [

@ Solution: "MicroVias" . .
= 8 o Simberian, Inc.

E‘EEL Materials
B "copper”, RRes=1, Rough=0.01 . b .
"dealMetal www.simperian.com
E "prepreg”, DK=4.7, LT=(
"wacuum"
"FR4", DK=4.2, LT=0.02 ———— GPBoard. TopTransiions. ThickMetal, §[1.1] — —— —
[+ Stal:kup: LL|=[IT|i|]J ML=15, T ——— EPEBoard. TopTranztions. ThickMetal, S[1.2] — —»— —
[_]3 TapTransitions Angle(s). [deg] Magnitude(S), [dE]
’ AN i SARataaa AL
- @ CircutData: LU=[mil] %%2 ATETEC oees
..I Mult.ipcurt: 2 inputs, 2 &0 Q.EB‘M _agl; N
. LatkiceBox %@_& and | 158 < 1
E|". GEOmetry 102 56> | e [ =N
H - £
- GeoComposite: 0 T %W i
EIR 4 TLines 2. 4—;2:%'1 3 o
- BE Inputs 50 X T
- ; S0t x M
w38 Thickmetal y et BRI
+-$# Collapsedietal ; oo X L
[+ Sy BottomTransition 1001/ 2244—%%
-5} Graphi{MultipartParameters vs. 21 Dec 2006, 153839, Simberian Ing. 5 1=D 1=5 ZIIJ 2=5 3=IJ
-G Graph2(MultipartParameters vs. Frequency) 21 Dec 2005, 13:37-14, Simberian Inc. Frequency, [GHz]

Simbeor®: Easy-to-Use, Efficient and Cost-Effective electromagnetic software...



Property of Simberian Inc.

O Copyright © 2008 by Simberian Inc., All rights
reserved.

» THIS DOCUMENT IS CONFIDENTIAL AND
PROPRIETARY TO SIMBERIAN INC. AND MAY
NOT BE REPRODUCED, PUBLISHED OR
DISCLOSED TO OTHERS WITHOUT PERMISSION
OF SIMBERIAN INC.

O Simberian® and Simbeor® are registered
trademarks of Simberian Inc.

= Other product and company names mentioned in this
presentation may be the trademarks of their
respective owners.

‘$ Simberian 10/7/2008 © 2008 Simberian Inc.
Electromagnetic Solutions




Overview

O Introduction

O Dielectric models available in Simbeor 2008
0 Wideband Debye or Djordjevic-Sarkar model
O Multi-pole Debye models

0 Which model to choose? — comparative study
O Experimental investigation

O Conclusion
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Introduction

O Models of transmission lines accurate over 4-5 frequency decades are
required to simulate multi-gigabit signals in PCB/packaging interconnects
= 10 Gb/s channel require models from 1 MHz to 20 GHz
m 20 Gb/s channel analysis require models from 1 MHz to 40 GHz
O Modeling of signal attenuation and dispersion due to dielectric polarization
properties requires broadband causal models based on measurements of
dielectric constant and loss tangent

O The most common dielectric model in electromagnetic software is model
with constant dielectric constant and loss tangent — such non-causal model
IS not suitable for broadband analysis of interconnects

o Wideband Debye and multi-pole Debye models are becoming more popular
as causal and accurate broadband alternatives

O Here we investigate and compare these models for analysis of broad-band
interconnects

O Simbeor 2008 built on September 9, 2008 has been used for all
computations

Simberian 10/7/2008 © 2008 Simberian Inc.
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Dielectric models in Simbeor 2008

O

O

Lossless
= Specified with dielectric constant (DK) only

Flat Non Causal Simbeor 2008 has the most
= Specified with DK and Loss Tangent (LT) advanced set of dielectric

models in the industry!
One Pole Debye 4

= Specified with DK, LT, Measurement and
Relaxation Frequencies

Wideband Debye (Djordjevic-Sarkar)
= Specified with DK, LT, Measurement, Low and High | \odels suitable for
frequencies — PCB/packaging

Multi-Pole Debye (uses real poles) applications

O Table of DK and LT at different frequencies
Multi-Pole Generic (uses complex poles if
necessary)

O Table of DK and LT at different frequencies

e
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Wideband Debye dielectric model

Complex dielectric constant:
1 10™* + if
gwd(f):‘gr(oo)—l_grd'l:d(f) Fd(f): In

(m,—m,)-In(10) | 10™ +if

O Suggested in two papers independently

= Djordjevic, R.M. Biljic, V.D. Likar-Smiljanic, T.K. Sarkar, Wideband frequency-domain characterization of FR-
4 and time-domain causality, IEEE Trans. on EMC, vol. 43, N4, 2001, p. 662-667.

= C. Svensson, G.E. Dermer, Time domain modeling of lossy interconnects, IEEE Trans. on Advanced
Packaging, May 2001, N2, Vol. 24, pp.191-196.

o Confirmed in multiple papers (see latest DesignCon papers, and IEEE
proceedings on EMC and Advanced Packaging)
O Can be specified with DK and LT at one frequency only

= Reproduces causal frequency-dependent dielectric loss and dispersion
= Very convenient for measurements and fitting the experimental data

O Can be easily used in any frequency-domain electromagnetic solver

O Requires approximation with the multi-pole Debye model for
electromagnetic time-domain solvers

o We will use this model here as a benchmark to illustrate possible problems
with the multi-pole Debye and flat non-causal models

Simberian 10/7/2008 © 2008 Simberian Inc. 6
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Wideband Debye dielectric model in
Simbeor

Specified with just one o . . -
Djordjevic, R.M. Biljic, V.D. Likar-Smiljanic, T.K. Sarkar,
measurement of DK and LT IEEE Trans. on EMC, vol. 43, N4, 2001, p. 662-667.
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Multi-pole Debye dielectric model

5 Ag
Complex dielectric constant for — K
Debye model with K poles :> 5( f) ér (OO) - kZ;‘ 1 f
Al —
O Suggested by P. Debye in fo

= P. Debye, Polar molecules, Dover, 1929

O Typically used in time-domain solvers because of convolution
Integrals in time-domain can be approximated with the fast recursive
convolution

O Can be used to approximate set of measured dielectric constant and
loss tangent if wideband Debye model does not provide good
accuracy

O Model with K poles can be built with K measurements of DK and LT

O At least 4 measurement points are required for good approximation
of broadband PCB/packaging interconnects (the proof follows)

é‘ Simberian  10/7/2008 © 2008 Simberian Inc. 8
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Example of 4-pole Debye model specified

with 4 measurements in Simbeor

DK and LT is specified at 4 frequency

points — DK&LT are approximated with 4-
pole Debye model as shown on the right

Inzulator I Appearance I

2

— Palarization Logz Maodel

Type: |MuliPoleDebye 7|

/

Yl SN
I Frequency [Hz] f | Relative F'ermittivit_l,l]‘ Lozz Tangent

I

43232
1000000000, 4.2
10000000000, 40768
50000000000 393

Add Row

| 0.01944
0.02
0.02043
0.02039

N

Bulk Conductivity: ID.

[Siemenz/meter]

Relative Permeability: |1.

o]

Cancel
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Example of 4-pole Debye model specified
with 4 measurements of DK only in Simbeor

DK is specified at 4 frequency points —

DK&LT are approximated with 3-pole

Debye model as shown on the right (loss

tangent is restored)

Inzulator | Appearance I

Marne; |lEbE

2l xi
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Which dielectric model to choose?

O Wideband Debye model is probably the best choice for
composite dielectrics in frequency domain

O If measured data can not be approximated with the
wideband Debye model, then multi-pole model is the
next best choice

O Multi-pole Debye models is the only choice for time-
domain electromagnetic solvers — it can be as accurate
as the wideband Debye with sufficient number of poles

O How many poles to use for broad-band analysis of
Interconnects?

O Let's investigate a simple strip line in homogeneous
dielectric

&\ Simberian  10/7/2008 © 2008 Simberian Inc. 11
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Strip line configuration

O 2.9 mil strip line in homogeneous dielectric (about 50 Ohm)
O Metal is simulated as lossless to see just the dielectric effects

O Compute and compare t-line parameters and 2-inch line segment S-
parameters with 1, 2, 3 and 4 pole Debye models

Stackup for “benchmark” strip lines
with wideband Debye dielectric model

._ Solution: "DebyeModels"
L_—_|- '...'...'[jleh':,.'e

=1 &L Materials

- "dealMetal”

"“whebye", Dk=4.2, LT=0.02, PLM="D
-4 StackUp: LU=[mil], ML=3, T=10531[mil]

-~ 1| Plane: "Planel”, Mat="IdealMetal", T=0,77, Ins="vVacuum"
. 2| Medium: T=4, Ins="wWDebwe"

-~-mmm 3| Signal: "signall®, T=0.77, Ins="wDebye"

~JJ 41 Medium: T=4, Ins="wDetre" Q(F)é

- 5| Plane: "Plane2", Mat="IdealMetal", T=0,77, Ins="vacuum 11 Sep 2008, 130348, Simberian Inc.

. Simberian 10/7/2008 © 2008 Simberian Inc. 12

| Electromagnetic Solutions




Strip line with 1-pole Debye model

O Attempt to approximate benchmark wideband Debye (WD) model with 1-
pole Debye model (assuming that real dielectric behaves as WD model)

O Effective dielectric constant and effective loss tangent correspond to actual
dielectric DK and LT

1 1 —%— Whebye Stnp. Simulation?, Mode[1] — % —
LOSS tangent appr0XImatI0n —a— MF'DE.IE:_I,I};IF'.gltjrip.lrﬁnimzl::tri-lnntI'I?ADEEEEEH — & —
1S gOOd Only over very Epskffective. [] EffectivelossT angent, []
| L 002
narrow frequency band — | ﬁ?&,ﬁ} MRSt RN | P
0.5 GHz to 1.5 GHz in this LN Mﬁ
case 414 % f{ 5 1 0.015
|| Benchmark LR« b:; 1-pole model
|| WD model - \:\ 40,01
(stars) < ; Moo oooeaasod
. . . 41t = »\o
Dielectric constant is B ﬁ@/ ) T 0.005
) 1]
approximated well over — | e %%%
1frequency decade Qe‘o_e::}o' S 1 i ' :?{:;::.:.
0.m 0.1 1 10 100
11 Sep 2008, 13:12:59, Simberian . Frequency, [GHz]

1 frequency point with DK=4.2, and LT=0.02 @ 1GHz is specified for both models

\ Simberian 10/7/2008 © 2008 Simberian Inc. 13

Electromagnetic Solutions



2-Inch segment of strip line with 1-pole
Debye model

O Magnitude and phase of transmission coefficient S[1,2]

O Such approximation is not acceptable even for 5 Gb/s channel
analysis (huge discrepancy starting from about 1.5 GHz)

1-pole model

——#— WDebye StipSegment Simulation, 5[1.2] (circles) whiebye.StipS egment Simulation, §[1,2] — %= —
—&—— MPDebyelP.StipSegment. Simulation1, 5[1.2] FMPDebye1P StipSeament. Simulation, 5[1.2] —& —
kW agnitude(5], [dE] /\ Angle(5]. [deaq]

e

1251
/
251 Benchmark WD +-100
/ model (stars)
3751
. / l 1 200
Huge digcrepancy! | ;
625] ' \ 1300
7T : : ' i : i i | ’ :.
5 10 15 20 25 30 35 40 - 3
11 Sep 2008, 14:43:37. Simberian Inc. Frequency, [GHz] 11 5ep 2008, 14:43:56, Simberian Ine. Frequency, [GHz]
Large difference in phase
Simberian 10/7/2008 © 2008 Simberian Inc. 14
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Strip line with 2-pole Debye model

O Attempt to approximate benchmark wideband Debye (WD) model with 2-

pole Debye model (points specified at 1 GHz and 10 GHz)

O Effective dielectric constant and effective loss tangent correspond to actual

dielectric DK and LT

This model is often used in time-domain and in some frequency-domain solvers

0.0z
0.0ma
pole model

0.m

0.005

—%— wWhebye Stip. Simulation, Mode[1] — % —
—— MPDebyezP Strip. Simulation?, Mode[1] —» —
EpsEffective, [] EffectivelozsT angent, []
Loss tangent approximation LS
| g pp sk S £t ]
iIs good only over 1 1411 i
>
frequency decade ¥ @
43"—)@(—)(—)(—)(—)(—)(—)(—&&-) ,?f , T
Benchmar N p \2'
“21"WD model i i
¥
(stars) N
Dielectric constant is 417 f X
. _— 1
approximated well over
2 frequency decades 41 4%
0.m o IZI‘I 1 o ‘IIII ””1'IfIIII
11 Sep 2008, 14:53:39. Simberian Inc. Frequemncy,
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2-Inch segment of strip line with 2-pole
Debye model

O Magnitude and phase of transmission coefficient S[1,2]

O Such approximation may be acceptable for 5 Gb/s but is not acceptable for
10 Gb/s channel analysis (large discrepancy starting from 12 GHz)

2-pole model

—#— WDebye.StipS egment. Simulation1, 5[1.2] (C rosses) ‘Whebye. StipSegment. Simulation?, 5[1.2] — #- —
——— MPDebpeZP.StipSegrment. Simulation, 5{1.2] MPDebyezF. StipSegment. Simulation, 5[1.2] — » —

agnitude(5]. [dB] /\ Anale(5], [deq]
y i §
1251 // ‘ ¢ i |
3 T 100
251 / 1t
| %
3,751 |
) | ¥-200
| Large discrepancy |
/’ |
ol Benchmark WD I
model (stars)
AT ' i ! : ' ' : : :
5 10 15 20 25 i 5 40 40
11 Sep 2008, 1%:07:13. Simberian Inc. Frequency, [GHz) 11 Sep 2003, 15:03:43, Simberian [nc. Frequency, [GHz]
Phases are very close
Simberian 10/7/2008 © 2008 Simberian Inc. 16
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Strip line with 3-pole Debye model

O Attempt to approximate benchmark wideband Debye (WD) model with 3-
pole Debye model (points specified a 1, 10 and 30 GHz)

O Effective dielectric constant and effective loss tangent correspond to actual
dielectric DK and LT

—#F— ‘whebye Strip Simulation?, Mode[1] — % —

LOSS tangent appr0X|mat|0n —+8— MPDebye3P Stip. Simulationd, Mode[1] — B —

. | ) | d EpzEffective, [] EffectivelozsT angent, []
IS relative ood over 1.5 O
yg Wﬂﬂﬂﬂ%ﬁﬂ%ﬂﬂg_ -
frequency decades 141 i
o 'iﬂ U B
i o]
4.3 ::::::::::"’._V.”/z:n 2—po|e model 0.015
—
Benchmark (squares)
21 WD moade L oo

Dielectric constant is
approximated well over
2.5 frequency decades

417

(Staﬁy

I BEEE
[']EI'DEPEH':]E' AR

0.01 0.

1

+ 0.005

10
Frequency, GHz

Simberian © 2008 Simberian Inc. 17
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2-Inch segment of strip line with 3-pole
Debye model

O Magnitude and phase of transmission coefficient S[1,2]

O Such approximation may be acceptable for 10 Gb/s and even 20
Gb/s channel analysis with appropriate arrangement of the
measurement points

—4*— Whebype. StipSegment. Simulation, 5[1.2]
—+H8— MPDebpe3P. StripSegment. Sinmulation , 5[1.2]

M agnitude(S ). [dB]

The phases and Berichmark WD
group delays for 1951 i ars)
two models are Hae /
) ] 25l . T About|5%
almost identical : | :
$ Rl / difference
75T S
o )|to 10%
a7 fifference
3+pole mode q
B2 (squares)
1}
AT } } } } } } } }
] 10 15 20 25 30 35 40
11 Sep 2008, 15:21:47, Simberan Inc. Frequency, [GHz]
: Simberian 10/7/2008 © 2008 Simberian Inc. 18
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Strip line with 4-pole Debye model

O Attempt to approximate benchmark wideband Debye (WD) model with 4-
pole Debye model (points specified at 1, 10, 30 and 40 GHz)

O Effective dielectric constant and effective loss tangent correspond to actual
dielectric DK and LT

— WDeh_l,le.Strip._Sim_uIatin:nr_ﬂ, Mode[1] — % —
Loss tangent approXimation g cpnen o e iveL s Tangent,
Is good almost over 2 N
frequency decade 441 — Q f**’l"'”'nz
It is sufficient because of 4 HJU /‘4
dielectric losses are much | dEmmmmae e a 4 Y oms
smaller than conductor losss Benchmark / —— 2-pole model (pJuses)
below 500 MHz 421 WD model i Lam
(stars) %
411 £

Dielectric constant is / e t oo

approximated well T %

almost over 3 frequency __Wﬁﬁfm” L LT

decades " f; 2008, 15:35:44, Simbatan 1 Frequency, [GHz]

\ Simberian 10/7/2008 © 2008 Simberian Inc. 19

Electromagnetic Solutions




2-Inch segment of strip line with 4-pole
Debye model

O Magnitude and phase of transmission coefficient S[1,2]
O Such approximation is good for 20 Gb/s channel analysis and even beyond!

Magnitude, phases and group delay are almost identical
Benchmark WD model — stars, 4-pole model - pluses

Magnitudes are red curves, and phases are blue curves

—4*— Whebpe StipSegment. Simulation, 5[1.2] — % —
—+—— MPDebpedP StipSeagment. Simulation?, 5[1.2] — + —
Magnitude(5]. [dB] Angle(5), [deq)

LI HET IR R
T

1.2587

251

4
375 &
b
;
%
1

[
|
TN
| s 1|
| % | ¥
I * | 1 | |
51 % %1 ‘E -
| | *l %I £| 1
! | | i! | 4l ; O | S
525 %. % AT % Ve 1300
{ 1
t i1
79T !g : i ) ! ' : : - |
5 10 15 20 25 30 35 40
11 Sep 2008, 154522, Simberian Inc. Frequency, [GHz]
‘ Simberian 10/7/2008 © 2008 Simberian Inc. 20

Electromagnetic Solutions




What about the most common flat non-
causal dielectric model?

O Assumes that DK and LT do not change with the frequency — it leads to
non-causality of the model with all consequences

O Cannot be used directly in time-domain solvers

O May provide good approximation for loss tangent but very bad
approximation of the real part of dielectric constant (as shown below)

—F— ‘Whebye Stip. SimulationT, Mode[1] — % —
—&—— FlathC . Strip. Sirmulationd, Maode[1] — & —

E pzEffective, [] EffectivelozsT angent, []

|4e-oTmn SO0 G gt uléﬁﬁ#ﬂ?ﬁ %ﬁ#—lr 0.02
4.4 e
Pt (A

Flat non-causal
)\ model (diamonds) oo

431

43 et S Gt G e S S S G G G S R G e g

10.01
Huge difference in DK at

I B h 'k \WD N i
111—Benchmark-WD —— all frequencies except

model (stars) 1™ around 1 GHz
'l |
o @1 1 1
Frequency, GHz
\ Simberian 10/7/2008 © 2008 Simberian Inc. 21
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2-Inch strip line segment with flat non-causal
model

O Good approximation of the transmission coefficient
magnitude |S[1,2]|, but extremely bad approximation of
phase and group delay!

Flat non-causal

——— WiDebye StipS egment Simulationd, 5[1.2] — % — model (circles) wiDebye. ShipSegment. Simulation?. S[1.2] — %= —
—=—— FlatMC.5tipSeagrment. Simulationt, 5[1.2] — & — /\ FlatMC.5tripSegment. Simulationd, 5[1.2] — = —
kW agnitude(5], [dE] Group Delay, [pz)] 7% = Angle(S). [deq]
% F
Benchmark WD /% % %E g 3 % %%ﬁﬁ%ﬁﬁ
1ol model (stars) —— B i M h,
1.25 > B4 [ | 9|l % Il |1
7 1w | 4l g g3 g : IE‘ ol : It | *lf ﬂ% 1100
251 / i | g |3 | |:§ [l | | i || T AN %
' v 1T it II 1k ||J;|1 || ||fI>*I *| 4
Fogeplenones R~ i e FEER IR AL 00 S A At A et o
3751+ Group 1% % EIBAEA 'Iﬁc”%H H% ||¢>="F||$ | I%
delay 7345 RIRTEY %ll I g:l S, cﬁll %‘l ¢1||$1| |"% |q°; +-200
51— RIETE Ik TR T R RN
I‘T/Iagnltuce EI VT T | ahy
£.251 % = 1340 al | | | % 1300
ﬁe*gkr.ﬁ_
.?.5-- T T T T | % ! ! |
0 5 10 1% 2 5 W 40 0 5 10 15 5 /fﬂ
11 Sep 2008, 16:01:55, Simberian Inc. Frequancy, [GHz] 11 Sep 2008, 16:02:43, Simberian Inc. Frequency, [GHZ]
Large difference in group delay Large difference in phase
‘él; Simberian 107772008 © 2008 Simberian Inc. 22
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Experimental investigation

o PLRD-1 board created and © 2008 by Teraspeed
Consulting Group

independently investigated by
Teraspeed Consulting Group

O Precise measurement, de-embedding
and material properties identification
methodologies with the board are
available from Teraspeed

= For more information contact to

Alfred Neves at
or Yuriy Shlepnev at

Line3 — 17 mil wide micro-strip line, 3-
inch long after TRL de-embedding,

All measurements and _ substrate 8.9 mil, solder mask 1.4 mil
corresponding Simbeor solutions for

PLRD-1 are available on request

\ Simberian 10/7/2008 © 2008 Simberian Inc. 23
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Experimental investigation

0 Group delay in 3-inch micro-strip Line 3

Substrate DK=4.15, LT=0.018 @ 1
Measured { T gy 9y GHz; solder mask DK=3.3, LT=0.02
—=— SetB . Line3. Simulationd, 5[1.2] @ 1 GHZ; roughness 05 um’ RF:Z

—#— FlatMC.Line3. Simulationt, 5[1.2]
Group Delay, [pz]

430 {7
- 3D full-wave model|with flat Error|is 10 pg or §5 mil in
non-causal /dielectric model trace|length with|flat non-
\ causal dielectric model!
47048 : N\ /
T 3I_D full-wave made_l with- \ M«y@w Measured and
e Wld§b|and Debye dielectric nwj‘ / / de-embedded
m *55{*; .
Ope wmwﬁ / data (filtered)
4607 %M%WW
4551
Sl T % A N SN S SR S S S S S S S S S N
125 25 275 5 25 75 875 10 1125 125 1375 15 1625 175 1875 20
11 Sep 2008, 10:16:43. Simberian Inc. Frequency, [GHz]
y Simberian 10/7/2008 © 2008 Simberian Inc. 24
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Experimental investigation

O Magnitude and angle of the transmission coefficient S[2,1]

Substrate DK=4.15, LT=0.018 @ 1
Measured — —*— Seullined_s2pSimulationl. 5121 —* -~ GHz; solder mask DK=3.3, LT=0.02
—#— SetB tl_lined_s2p Simulationd, 5[21] — # —

—=— SetB.Line3d Simulation, 5[2.1] —= —
Magnitude(5]. [dB]

@ 1 GHz; roughness 0.5 um, RF=2
—#— FlatMC.Line3.Simulation1, S[2,1] — * —
Angle(5], [deq)
i *‘-?i;; ! 11 Wideband Debye
i £ .
(-t S | — model is on top of
H i H: x| :: % 710 measured data
TE: TS TNk
I T | !: & 150 Flat non-causal
I ST ST 3
l AT T 5 — model
T BN AU I &0
| o | 3
It Gl T i
T W Ik | 1s0 64 deg. error in
L | e | " phase with the flat
&l | e 1 non-causal model
. 3 Gl gk of dielectric!
A | e, 1790
; 3 | % | ! E, . L . 1_.::"' | i . ! i . '|¢". . k T
125 25 375 & £25 75 87 10 1125 125 1375 15 1625 175 1875
11 Sep 2008, 11:43:14. Simberian Inc. Frequency, [GHz]
Simberian 10/7/2008
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Conclusion

O

Wideband Debye model is probably the best for FR-4 type
composite dielectric — simple, causal and easy to fit to experimental
data

Multi-pole Debye models may be completely equivalent to wideband
Debye model with sufficient number of poles
= |t can be used if measured data can not be fitted with the wideband Debye model

Flat non-causal models approximate attenuation well, but introduce
large errors into phase and group delay (dispersion) and causes
non-causality of extracted S-parameters

To investigate “What dielectric model is in your solver?”, extract
parameters of a line segment in frequency domain and compare
with precisely de-embedded measurements

Setting up all simulations and model building with Simbeor for this
notes took approximately 30 min
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Solutions and contact

0O Simbeor solution files used to illustrate these
notes are available for download from simberian
web site

O Send questions and comments to
= General:
= Sales:
= Support:

0 Web site
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http://www.simberian.com/AppNotes/Solutions/ModelingDielectrics_2008_06.zip
mailto:info@simberian.com
mailto:sales@simberian.com
mailto:support@simberian.com
http://www.simberian.com/
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