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Introduction

O Faster data rates drive the need for accurate models for data channels
and specifically for interconnects
= 10G Ethernet is practically mainstream now, 25-100G is coming...
O No models or over-simplified models may result in complete failure of
multi-gigabit channel
o Without the accurate modeling of interconnects, a design may require
= Test boards, experimental verification, ...
= Multiple iterations to fix or improve performance...
= May be not possible to fix (whack-a-mole game)
O Whatis the best way to analyze interconnects and how to validate
such analysis?
= |t depends on the problem to solve...
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Possible ways to analyze interconnects

O Static or quasi-static analysis as a whole

= Suitable for electrically small problems

= Not suitable for PCB applications due to >3
electrically large problem size ‘ -

o 3D full-wave analysis as a whole

o

= Suitable for EMI/EMC analysis (radiation/coupling)
= Prohibitive simulation time or low accuracy for PCB Sl analysis

O Decompositional electromagnetic analysis (diakoptics)
= Divide, build or find models for elements and unite the models

= Accurate and fast analysis of signal integrity (depends on
accuracy of the component models)

= May include coupling between nets and to parallel planes
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Elements of system decomposition

1) T-Line Segments: Segments of multi-conductor strip or micro-strip lines, periodic
structures, CPWs, SIWs, slot-lines ...

2) Local Transitions: Planar discontinuities, embedded passives, vias, non-uniform
interconnects...

3) Transitions Coupled to PDN: Vias with returns through PNDs, discontinuities with
changes in referencing, decoupling vias...

4) PDN: Transmission planes, strip lines,...

] Local Local Local |
Transitions Transitions Transitions
| | |
T-Line T-Line T-Line
o Segments Segments Segments
l | |
§ g Transitions Transitions Transitions |
&£ Couplecli to PDN Coupledl to PDN CoupledI to PDN
_—h
0
=
— Chip PDN — Package PDN —/ PCB PDN -
All things may be coupled...
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| ocalized channel model

= Connection of MULTIPORTS
§ 8 Local Chip | | Chip T-Line Tran;mllssmlp Ilgles (_m_ahy Ibe coupled?c and
8 & Transitions Segments mostly localizable via-holes, connectors,
=3 | bond-wires, bumps and ball transitions

®

Local Package Package T-Line
Transitions Segments
Local PCB PCB T-Line Local PCB

To enable pre- and post-
layout decompositional
analysis that correlates with
measurements,

Transitions Segments Transitions

Local Package| |Package T-Line

] Transitions Segments
make interconnects as close
to isolated wave-guiding g |
structure as possible! == Local Chip | | Chip T-Line

g- =4 Transitions Segments

'y

&
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Essential elements of analysis for
successful interconnect design

1. Quality of S-parameter models of components
(bandwidth, sampling and causality)

2.  Broadband dielectric and conductor roughness models
(important for analysis of transmission lines)

3. Localization property (vias) and de-embedding of
discontinuities (possibility to be analyzed in isolation)

4. Procedure to validate models with measurements on a
set of standard test structures (benchmarking)
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Multiport theory for interconnect

analysis
] ]

Basics of S-parameters
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What is multiport?

O Multiport is a natural and scalable black-box description of
linear time-invariant system (suitable for non-linear too)

m Reduces a system description to a simple input-output relationship
irrespective of possible complicated internal structure

= Suitable for systems smaller that, comparable with or larger than

wavelength (literally DC to daylight)

Suitable for internal (wave-guiding) as well as external (antenna) systems

Multiport
portl | 'mMPT1 | |MPT2

MPTN

port2
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Multiport descriptors: Z, Y and S-parameters

Impedance (open-circuit) and
Admittance (short-circuit) Matrices:

Terminal or wave-ports:

{ V= (Vl,Vz, VN )t - vector of port voltages
l [=(1,1,,..1, " - vector of port currents V=7.T IT=Y-1V
Zn @ ;

< e . Z,=diag{Z,,i=1,..,N} e C"" normalization impedances
e a, %_j = lZ‘l/2 (17 +7Z T) - vector of incident waves

—4 2 | 5 0"
e1,2 V2+ I Port 2 |
. %_e Zo_l/2 (17 ~Z, 7) - vector of reflected waves

| p— |
%)
| I— |
S
I

Scattering matrix (exists always):

(()‘D—H—ﬁ 7 b
by V,©  |PotN A — NxN -
gé b=S-a, SeCc"™, § =-L

’ a

Jla,=0 k=j

Frequency Domain (FD) Reflected wave at port i with unit incident wave
at port j defines scattering parameter S[i,j]

More in D.M. Pozar, Microwave engineering, John Wiley & Sons, 1998.
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S-parameters for 2-port structure

Port 1 Port 2
0 i) ]1 [2 0
b S,, S a | o [ ]
2 2,1 2,2 2 -
reflection %_e transmission
parameter parameter
b, b,
S, =— Sy =—
+ _ Z . . . 1,1 ’ a
V, =4/4, A, voltage of incident |, o 1a,=0
wave
_ 2
v, =\/Z, b,  voltage of reflected P" =|a,[" power of incident wave
1 1 wave 1 1
Vo=t - total voltage P = |b. 2 power of reflected wave
=V + V; g i i
! S © B
[ =— V;L _Vi_) total current ‘S ‘2 b1| R ‘Szl‘z _ |b2| _P_2
| = = 2 +
Z, af B la| A
FD: Magnitude is limited by 1 for passive systems!
2 2
S.i|= RG(SZ-]-) +III1(S,-J~) magnitude £S, :arctan(Im(Si’j )/Re(Sl.’j )) phase or angle

Si’j‘dB = 20-log(‘Sl.7j‘) magnitude in dB
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S-parameters are available in 2 forms

O Analytical models (equations)
= Circuit with lumped elements (N poles)
= Distributed circuits (Inf. poles or continuous spectrum)
= Rational macro-models (N poles or Inf. poles with delay)

O Tabulated Touchstone models (discrete) produced by:
= SPICE simulators
= Microwave analysis software

= Electromagnetic analysis software
= Measurements (VNA or TDNA)

O All models may have reciprocity, passivity and causality
violations
= Quality of such models must be verified and assured!
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Example: Terminator, one-port

a
—
<+ z is a complex impedance SeC™
]V] ]1 z
% N\
1 . —
a=——23V+7Z I z—2, Short-circuit:
1 220(1 0 1) bl_Z_l_ZO.al Z=O:>Sl’l=—1
b, :;(V1 -7, .[1) >a @ Open-circuit:
22, Z=00 = Sll =1
z—2, :
S =
I/l =Z']1 ] ’ Z+ZO
Passivity:
Reflection parameter is equal to
the reflection coefficient ‘S1 1‘ <1

. . . For real normalization
Alternatively we can transform Z into S with impedance Re(z) >0

S=(Z,-U)(U+Z2,)", Z,=2,"%-2-2;""

Always satisfied for nets
composed of passive elements
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Example: T-circuit, two-port

Z 0 Z

o 4 zl z2 ] 2

_) I] 2 %

=3 o z1, z2, z3 are ¢

1 Vl 73 V2 2 C0mp|eX
%< ; % impedances

We just use known Z and transform it to S

Z:[zl+z3 z3 } 7 :L[zl+z3 z3 }
0

z3 z2+ 23 NS z3 z2+2z3
B a1 —Z2+(Zl—22)-Z +B 2-23-Z,
§=(2y-U)-(U+2y) _Z{ : 2.23-Z, 0 —Zg—(zl—ZZ)-ZO+B}

A=Z7;+(z21+22+2-23)-Z,+B B=z1-22+22-23+z1-23

S is always symmetric (reciprocal system) and non-singular

Passivity: ‘eigenvalS[S]‘ <1 Always satisfied for nets composed of passive elements
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One-conductor line segment
Passivity: Characteristic impedance and

Z, a,
% O 1 Vi O
’{)‘E — 3 3 -
bov” Z,.T, v, 73 propagation constant must be causal
% % and positive-real

cth(F l) —csh

Y(w’l):Z{—cSh(rll z cth( } =" __LCZ’Z((FF?) _CCfZ}E(TFli)}

B -1 1 Z! -7, 2-Z,-Zy-csh(T,-1)
S(o) =Wk @ soi-gf, T TG

VS W
WV Rl
T

(i8]

2x2
SeC D=Z}+Z;+2-Z,-Z, cth(T, 1)

S-matrix is symmetric (S[1,2]=5S[2,1]) and skew-symmetric (S[1,1]=5S[2,2])

If normalization impedance is equal to the characteristic impedance of the mode, we get
generalized modal S-matrix:

Z,=2, |:> S(a),l) = pr(i)l“l .Z)exp(;)l"l l)} (anti-diagonal matrix)

Generalized modal S-parameters are useful for material parameters identification
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Example of a discrete S-parameter model

O Typical Touchstone model (see EIA/IBIS forum specs)

8] 6BX_Connector_HFSS_09_11.s4p - Notepad

Fle Edt Format View Help

=10l x|

! MODEL NOTES:
! QDD NUMBERED PORTS ARE ON DAUGHTERCARD SIDE
! EVEN-NUMBERED PORTS ARE ON MOTHERBOARD SIDE.

1
:
! 3
!
1

! Touchstone file from project
# GHZ 5 MA R 50.000000

! modal data exported

0.000000E+000 2.277480E-003 -6.586399e-012
-4.581085E-014
-1.800000E+002
-3.855960e-010

9.913290e-001
1.239760E-003
8.004990e-003
1.389990E-003

9. 882020E-001

2.657610E-003

1.254360E-002
2. 500000E-002 8.793398e-003
9. 881763e-001
7.090863E-003
1.275625E-002

7.174929e+001
-2.237145e+000
1.109145E+002
-1.557066E+001

9.913112e-001
8.B870114£-003
8.285609e-003
6.587524E-003
5.000000E-002 1.655724E-002
9. 881089e-001
1.291350E-002

7.810903E+001
-4.335198E+000
9.692954E+001

9.912634E-001
1.703495e-002
8.968387E-003

4

-1.614334-012
-1. 208094E-009
-4.782461E-010
-1. 800000E+002

2.408410e-003
1.108640E-002
4.104410E-003
9.8B81680E-001

-2.249271E+000
7.B863779e+001
-1.930202E+001
1.003235e+002

6.964542e-003
1.135253e-002
8.988501E-003
9.881487E-001

-4.359300E+000
8.074571E+001
-3. 584723E+001

1.280022E-002
1.200944E-002
1.589856E-002

1. 800000E+002
1.466451E-010
-8.476974E-011
-3.234273e-013

7.455810E-003
2.909600E-004
9. 893080e-001
6.383260E-004

1.090866E+002
-1.751430e+001
5.926026E+001
-2.152941e+000

7.699371E-003
6.294576€E-003
9.893073E-001
8.164894E-003

9.590867E+001
-3.296407E+001
7.11382BE+001

8.294138E-003
1.215979e-002
9.893039E-001

2.147607e-010
1. B800000E+002
1.302239e-013
2.496782e-010

-1.867774E+001
9.005198e+001
-2.152794E+000
8.264946E+001

-3.477074E+001
8.587763E+001

-4,172472E+000 _lj
| M4

=

GEX_Connector_HFS5_08_11.s4p;

Magnitude(S), ]
E

w’\/
AW
075 \K/ v\

05 /\ f’"’*\
a
¥

f E
0.25 B "
3
il 25 5 75 10 125 15
06 Dec 2012, 12:23:22, Simberian Inc. Frequency, [GHz]
+ 51,17 * S51,2]; + 51,31 501,41
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GB¥_Connector_HFS5_09

Angle(S), [deg]

4-port structure (all
ports have separate
reference terminal)

Common defects:
discreteness, bandwidth
deficiency, passivity &
causality

_11.34p;

"

¥ 4 a\

\

NN

\

|

e

i

I

\

|
i

-100 H‘
\ | \ r
0 2.5 5 75 10 125 15
0B Dec 2012, 12:23:49, Simberian Inc. Freguency, [GHz]
+ S5[1.17; + 51,21 + 51,31 + 5. 4];
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Example of BB SPICE S-parameter model

0 BB SPICE model in HSPICE format

4-port sub-
circuit with
LAPLACE
elements

Possible defects:
bandwidth deficiency,
passivity

< Simberian

Electromagnetic Solutions

8l GBX_Connector_HFSS_09_11.sp - Notepad
Hle Edit Format View Help

g (=]

[*SPICE macro-model file <C:“Repository'\Simbeor'Demos' Touchstone Models\GBX_Connector_HFS5_09_11.sp>
*Created on 06 Dec 12, at 12:43:04.

*Created with Simbeor 2012 of Simberian Inc. built on Jun 3 2012

#output from MultiportParameters of Simbeor.

*Multiport parameters: TotalPortCount=4 DataOrigin=DataFile DataoriginName="C:‘Repository"5imbeor‘Demos‘Touchstone Models
*Macro-model validity: frequency range from 0 to 1.5e+010 Hz, time-domain resolution 33.3333 ps

*Max RMS Error 0.0201911

.subckt 5_GBX_Connector_HFS5_09_11 pl p2 p3 p4 ref

=% W1=Fol*Il+2*sqrr(Zol)*bl
VIl pl pzl O

Rl pzl phl 50

vbl bl a1l 0

Hbl phl ref wbl 14.142135623731

=% pl=sum(s[1,3]1*aj)
EVl cl1 ref pl ref 0.0707106781186548
HI1 bl cl1 vI1 3.53553300593274

wwww sUM element S[1,1]®al

G5_1_1 pl al ref LAPLACE al ref 6547680035012.33 -28588.2495819592 / 7.5280013243837e+015 48048675. 9083538 1.0
G5_1 1 p2 al ref LAPLACE al ref 17152970783888.6 -©69851.1428047872 / 2.17069434660497e+017 52297945, 8196386 1.0
G5_1_1_p3 al ref LAPLACE al ref -25B898346017040 -423031.429543438 / 8.960727954093%e+017 102888031. 346001 1.0
G5_1_1_p4 al ref LAPLACE al ref -27101746.7370836 / 1097942069.238 1.0

G5_1_1_p5 al ref LAPLACE al ref -5.45323046949274e+015 614468.023648438 / 3.91426068858258e+018 286415546, 849572 1.0
G5_1_1_p6 al ref LAPLACE al ref 911695781.982254 / 4341193565.2357 1.0

G5_1_1_p7 al ref LAPLACE al ref -5.1960282026182e+018 192018750.252934 / 2.45879002391642e+019 7060670787.43836 1.0
G5_1_1_pB al ref LAPLACE al ref 1.04313783998109e+019 465676802. 502914 / 1.25031121056873e+020 7702185486. 04622 1.0
G5_1_1_p9 al ref LAPLACE al ref -7.77538854006353e+017 34898852. 5993026 / 1.68969281257735e+020 2490040008.25084 1.0

ref LAPLACE al
ref LAPLACE al
ref LAPLACE al
ref LAPLACE al

ref 1.12604303476214e+019 -2211382456.07342 / 4.48491968981673e+020 7196399665. 83938 1.0
ref 8.09081649809711e+019 5030679762.09104 / 5.23427028000852e+020 10824342676.9044 1.0
ref -1.21944476987558e+020 -62736901. 3777725 / 6.82B09627144288e+020 9303969734, 54248 1.0
ref 2.24835721409947e+020 2332926449.93934 / 1.13679571461211e+021 9821406713.30654 1.0

G5_1_1 pl0 al
G5_1_1 pll al
G5_1 1 pl2 al
G5_1 1 pl3 al

<

.
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Multiport theory for interconnect

analysis
] ]

Frequency-domain analysis with
S-parameter models
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Channel analysis with S-parameter models
in frequency domain (FD)

1. Convert S-parameters of components into admittance (Y) or
impedance (Z) parameters and use MNA (sparse matrices)

Y
2. Convert S-parameters of components into scattering T=T-T,-T,-..
T-parameters (or ABCD) and multiply T-matrices (concatenation)

3. Sparse S-matrix reduction techniques (Monaco/Tiberio, 1970...) (S-T)-a=¢
4. Unite S-parameters of components using Redheffer star product

star product

(AB) _ o(A) , o) [1 B g)]aB)gA)
Siv " =Su + S [I Sit S ] Sii 2 Redheffer, R., Difference equations and

g(AB) _ g(A) [I _ S(B)S(A)} g functional equations in transmission-line
12 = P12 11 222 12 " .
. theory," Modern Mathematics for the
SPB) gl [I - Sgg")sﬁ‘)] s Engineer,E. F. Beckenbach, ed., Vol. 12,

(AB) 282{337, McGraw-Hill, New York, 1961.

B B A) @] (4 (B
Sgg ' = ng) +Sgl) [I* Séa)sgl W S'(zz)sgz)

Interpolation and extrapolation may be needed for tabulated
S-parameters of components

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON” 19
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Interconnect simulation results
in frequency domain

O Single-ended (terminal) and mixed-mode S-parameters
= Reflection parameters (S]i,i], S[Di,Di])
= Transmission and coupling parameters (SJi,j], S[Di,Dj], i'=j)
= Mode conversion parameters (S[Di,Cj])

0 Compliance metrics (interconnects only)

= Insertion Loss (IL=-20log(|Sij|)), and Return Loss (RL=-20log(|Sii|))

= Fitted Insertion Loss or Fitted Attenuation

= Insertion Loss Deviation, Multiple Reflection

= Power Sum Crosstalk (PSXT)

= Near End PSXT (PSNEXT) IEEE 802.03ap - Annex 69B: Interconnect

= Far End PSXT (PSFEXT) O cation fo Enhanced Small
. . - ecifications for Enhanced Small Form

= Common to Differential PSXT (CDPSXT) Factor Pluggpable Module SFP+ - Appendix A: SFI

= Insertion Loss to PSXT Ratio (ICR) ghasr;?ftl.l,R\?F%?Ir:seunbdr?;:?annsian, J. De Geest, S.

= Transmitter and Receiver Mismatch Smith, Compliance Testing of Passive

Interconnects, DesignCon 2010
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 20

Electromagnetic Solutions



10000

T T T T T
|||||| F——mm—b—————t—m—— 4 ————— 4 - = - —— o
R R S S S S =
\\\\\ S E ﬂ
L 4+ 1 L B — =
...... Y A °
|||||| U A —_——— e - _————— -
| W A £
|||Im ||||||||||||| hr ||||| F==-——1 =
=
DN 1 s
B - S S S B — 5
I
S ! ¥ ]
I 1 [=]
L S _ | E =
% i _‘R oL o0
s 100 AN RO S _}.x Huum g M e
e S At E—— {8 L e =
\\\\\ N AU AN <N 7 DN B~ (-
|||||| M||||| oo __hw_o__ja4d __) L S (@) 0
! 127718 ® [t S
B I Ry A R - REEL SRR a
& A 8 £ c =
l u 2
! _ & o S
e |||||| A = T D 1 " — B
P ! ! o )] n—n
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII w
C (7)) f “ ! o .% D
cC O o | E 7
- — : “ A Y s " r
O '— g ® § =8 & =2 = 0
C e (gp) onel ¥|E}SS0ID O} SSO| UOIUBSU| c
o O . =
A — 3 g ~
= === 1 — : £
R R ﬂ =
= i =
c o .
_ O | [ ‘ ®BE D
T - = N
128 E 5 - N
Lo E g <
== .uluJWG = 2 B + ~
1O 2 x w RS (@]
F—3 5 & g g -8 = m S
2 of T @ . Yo o m
I W of [=} m = DO = d s
it befaptel et f2 5 |8 — &8 — s s 2 (0]
- — I 7 ® = g4 188 s () Q
— |||||” ||||||||||||||||||||| § I T 3= b n
© 3 i o= ¢
E g
O | [ fy (| 2 >0 @
» Lo 2 | a2l 84 OO m
m " e 2 s £ =
Fem et 3 B M o “‘\M‘ 2 -+ (@)
| k= W = =] @ O N
e ” £+ ——"—8 ¢ 03 g
n ! o o = 1
C - = g " —
C | I o 5
I o - 4 cC
“ i e (gp) uoijeIABp SSO| LOIUESU| a Lﬂlbu
N
s = E
| o , , ¢ 2§
- £ s
O [ N T ™
(@) I « c =
e I R A ¥ L B .Oo% 3
®© IR IR IR I g Eswn §
N £
g P w = a
™ = I g ¢ g £ 25 S
| - N R - e o ¥ s 2 A
O |I||,NG_||II,I||I,|||I_||I|,IIII_||I|w (=] H 7] \Z! c
ey | | | | | - = z < I @ Q W
. E R 3 E 8 g 1.2 % +
T — _ - do
AN LRl B A "Bz x> K¢
(@) N G T g £ 2 @S
(@) R 3 e ) Rt
(q0) Rl 2 g ¢ 09 V3
| 1 | | 1 | 1 o m w = [11] 4 4
| e B8 @ 2 D unw Q=
| 1 | | 1 | 1 £ 53] P — — D
(q0) A _ S S N S v Q¢
| \ | | | I 1 7] = 1g o (- =)
| | | | | | | | =] I ~ T
| 1 | | 1 | 1 o - m
i 2 D R R R R 2 -1 O mo
LLI O 72N R o HE BN = O s
1 | | 1 I 1 =1 - - - 1 [0}
! ! ! ! ! ! ! {=2] L L 1 f f 1 L -
o i ° © © © § & 8 ® ¢ i
5 2 g 8 g =2 g o E (ap) uojenuele pajd /
— (gp) sso| uoipasuy|




Example of channel compliance evaluation

-2 Circuits: one with tightly and one with
loosely coupled microstrip line segments

&
W 14 Plar 2112 124798 Gimbarian o de (press <E> o Edit.
01 Nov 2012.15:25: BB,S\WEEII\ESn‘Ic PB%VEWMME [press <E> to Edit]. 02PSE |O4
|
oz 101
N c
F&1 F&2 —
|2 102
102 PS4 103 03 =l 15
o2 1G] TU 104 103
101 ) S Sl 101 -y 131
— ::|< G >: ol oo | < lo5. 103 >I —
T pEE "los. |7
17 107
103 FSh
F59 106
102
R 51 Moy rov O 01
T 103 =, o
-
20 Feb 2012, OF:56:48, Simberian Inc. Hetwork Yiew Mode [press <E» to Edit).
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Return or Reflection Loss (RL)
0 Compliance with IEEE 802.03ap — Annex 69B

AProject] MEL Segment. Simulation?; B:Projectl . CompliantDif. SE;

C:Projectl MonCompliantDiff SE;
Magnitude(S), [dB]

L e
Compliance — | /ﬁﬁv V mmﬁwh
limit line = :>¥l\ v/\fMﬂW%'@ ///
:gh-\c;;fidyn&/m / | M/!Tﬂnnﬂn'nn,w/

region V \T[ )[ V wuw &

AT

- Failed

;Egssed

-1

Y T
11 Dec 2011, 11:05:51, Simberian Inc. Frequency, [GHZz]
—= A 5mm[01,01], —FHB B:Smm[D1,01], —— C:Smm[D1.017;
Differential reflection coefficients
Example #113 at
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http://kb.simberian.com/SimbeorExamples.php

Insertion Loss (IL)
0 Compliance with IEEE 802.03ap — Annex 69B

Example #113 at

AProject] MEL Segment. Simulation?; B:Projectl . CompliantDif. SE;

C:Frojectl MonCompliantDiff. SE;
Magnitude(S), [dB]
0t | |

4

101 g i ‘
| Fb%ft v {} :ﬁﬁ
\Q High-confidence
. —— region
Compliance _st——" oy
limit line N"m

B+

I/

—. _Passed

“_.«— Fdiled

0T \
0 1 2 3 4 5 5 7 B 3 10 11 12
11 Dee 2011, 11:37:40, Simberian Inc. Frequency, [GHZ]
—= A 5mm[0D1,02]; —H= B:Smm[01,02]; ——k C:Smm[D1.027];

Differential transmission coefficients

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 24
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http://kb.simberian.com/SimbeorExamples.php

Fitted Insertion Loss (Fitted IL) — same as
Fitted Attenuation

0 Compliance with IEEE 802.03ap — Annex 69B

A:Project] MSL Seqment. Simulation1; B:Projectl . CompliantDiff. SE;
C:Projectl MonCormpliantDiff, SE;
Fitted IL, [dB]
]

—
?Y\ T

o

FittedIL, ;=a+c- f

;:::&:::_ﬁ

;Z \\%L? High-confidence‘“& Passed
region
Compliance —= S

limit line AN

< Failed

S01] . . . . . . . . . K]
0 1 2 3 4 5 B 7 8 3 10
11 Dex 2011, 11:55:38, Simberian Inc. Frequency, [GHz]

—) A Smm[DN.02], —= B:Srmm[D1,02]; ——* C:Smm[D1.02];
Differential transmission coefficients
Example #113 at

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 25
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http://kb.simberian.com/SimbeorExamples.php

Insertion Loss Deviation (ILD)

0 Compliance with IEEE 802.03ap — Annex 69B

AProject] MEL Segment. Simulation?; B:Projectl . CompliantDif. SE;
C:Projectl MonCompliantDiff SE;

ILD,, =IL, - FittedIL, ; 1L Deviation, [dB]

| -
Compliance ]ﬁdence@
limit lines
\ J%J
n ! w7« Passed

High-confidence

regionTT

T 7 VFRailed TR

0 1 2 3 4 7 = 3 10

11 Dec 2011, 12:05:13, Simberian Inc. Frequency, [GHZ]
—= A 5mm[01,D2], —FHE B:Smm[D1,02], —— C:Smm[D1,027;

25T

Differential transmission coefficients

Example #113 at
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 26
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http://kb.simberian.com/SimbeorExamples.php

Power Sum Crosstalk (PSXT)

O Metric to set up crosstalk limit and compute ICR

AProject1.CoupledCompliant.SE; B:Project1.CoupledNonCompliant.SE;
2
PSXT, :10-1og[ > s ) PSXT, [dB]

0

JEQyxr

tLarge cross-talk
<. |(channel did not

Power-sum cross-talks:

PSXT - total differential or pass ICR)
single-ended crosstalk _

PSNEXT - near end PSXT __ <« Relatively small

PSFEXT - far-end PSXT cross-talk
CDPSXT - common to (Channe| passed
differential PSXT ICR specs)
70
0 i 5 3 i 2 £ 7 5 3 10
11 Dec 2011, 12:1%:40, Simberian Inc. Frequency, [GHz]
—# A:Smm[D1,D1]; —+ A:Smm[D2,D2]; —+ A:Smm[D3,D3];
—# A:Smm[D4,D4]; —©B:Smm[D1,D1]; —© B:Smm[D2,D2];
= B:Smm[D3,D3]; — = B:Smm[D4,DA4]; B:Smm[D5,D5];
—= B:Smm[D6,D6];
Example #113 at
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 27
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http://kb.simberian.com/SimbeorExamples.php

Insertion Loss to Crosstalk Ratio (ICR)
0 Compliance with IEEE 802.03ap — Annex 69B

Only differential transmission coefficients

]CRZ . = IL s PSH A:Project CoupledCormpliant. SE ; B:Project1. CoupledMonCaompliant. SE
J bJ ! ——k A:Smm[D1.02] #— — ; ——+ A Smm[DID4] ;. ——) B:Smm[D1.04] 0— —;
——<) B:Smm[D2D5] 0— — : ——&) B:Smm[D3DE] O — —
ICR, [dB] ICRiit, [dB]
B0 /T
Compliance 3\7 \_/\ X High-confidénce region
I'O 'tl?' /50 ] | Par i
IMIt line INEroe B
“o = = Passed
3|:| | = /
0t T
10t I
110
ol
Failed
. — 810
01 1 10
15 Oct 2012, 081215, Simberian Inc. Frequency, [GHZ]
Example #113 at
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON“ 28
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< Simberian

Electromagnetic Solutions

Multiport theory for interconnect

analysis
] ]

Time-domain analysis with
S-parameter models

1/25/2013 © 2013 Simberian Inc. DES'G”GONi 29



System response computation requires frequency-

continuous S-parameters from DC to infinity

Frequency domain is

of interconnects

preferable for analysis S(ia)) _ ]‘O S(l‘) ) e—ia)t -dt, S(ia)) c CNxN

FD

TD

« Simberian 1/25/2013

Electromagnetic Solutions

-

N

N

b(iw)=S(iw)-a(iw)

N

N

Fourier Transforms

4 I

a(ie) S (i)
stimulus scattering matrix system response - frequency domain (FD)
N - J

N\

4

o

stimulus {mpulse response matriﬂ%f system response - time domain (TD)
a(1) S(¢) b(e)= [ S(t-)-a(c)-de

—00

1 0

S(1)=— [ S(iw)-¢” -da, S(t)eR™"

© 2013 Simberian Inc.
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Possible approximations for discrete models

O Inversed Discrete Fourier Transform (IDFT) and convolution
(uncontrollable error)

= Slow and may require interpolation and extrapolation of tabulated S-
parameters

= See more on typical problems with IDFT in

P. Pupalaikis, “The Relationship Between Discrete-Frequency S-Parameters and Continuous-Frequency Responses”,
DesignCon, Santa Clara CA, 2012

O Approximate discrete S-parameters with frequency-continuous rational
functions (controllable error)
= Accuracy control over defined frequency band (RMS error)

= Causal functions (with passivity enforcement) defined from DC to infinity with
analytical impulse response

= Fast recursive convolution algorithm to compute TD response
= Results consistent in time and frequency domains

O Not all models are suitable for either approach

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 31
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Rational approximation of S-parameters as
the frequency-continuous model

=S, (i0)=|d,+3| - ’3 4- ’3 __||.¢#% Continuous functions
i\ 0= p;, 1O-p;, of frequency defined
from DC to infinity

b=S-a, S, =-—L

7]

J a,=0k#j
s =im, dl.j —values at w, N, - number of poles,

1, . —residues, p,  — poles(real or complex), T, —optional delay

O Impulse response is analytical, real and delay-causal:

S, (1)=0, t<T, N
S, (0)=d,8(e=T,)+ 3| 1y exp( 2y (=T, )41 -exp(p, - (1-T,)) | 227,
n=1

0 Stable Re(p,,)<0
O Passive if eigenvals| S(0)-S"(w) |<1 Vo, fiom0tow

. : May require
O Reciprocal if S.;(@)=5,,(®) enforcement
< Simberian 1/25/2013 © 2013 Simberian Inc. DesicnCon’ 32
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Circuit analysis with S-parameter models in
time domain

o T.Dhaene, L. Martens, D. De 0 V. Dmitriev-Zdorov’s algorithm
Zutter, IEEE Trans. On Circuit and

(DesignCon 2006):
%’Stzems’ v. 39, N 11, p. 928-937, Rational macro-model+Recursive

ion+
IFFT+Convolution+MNA convolution+MNA

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

! Original network
Ilnpu of circuit and device parameters I !
I I L 201
Evaluate the scatl :nngparamelcrs of the inter- Port 1 > ' L
S "“' . , x ‘ sugnmetcd
l -702 networ '
Port 2 > — |
| Initialise circuit parameters (gﬂ " E— |
Vi Vs l E le i
g=g+! E___,______,____,_,____,_, ___,_,____,‘:
Sl " . L
Calculate d iscretised ¢ l
(r volta, g ) Fig. le. Original and augmented network
hp(s) (p=1,. M)
l R, coupled port p —1 -1
LBuild an extended Thevenin equi alJ —-— o I - Z Z V
. I Model _ 0 0
V(8 285 () . -1 -1 -
gt e sy stamp: [0] | Z; 4y Y, X
equations: iy(g), ¥, (&) (p=1,..M) =
Fig. 3. Extended (time-domain) Theve equivalent of coupled port p
at time g
l _ J' -1/2 -1/2
Y,v= 5 — Z ;' +H(s), where Hs) ——EZ SZ,

Fig. 5. Flow chart of simulation algorithm.

- Simberian 1/25/2013 © 2013 Simberian Inc. : 33
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Interconnect simulation results
INn time domain

A:Projectl LongDifChannel Simulation ;
— e ZmmD1.01]:

O Step response, TDR/TDT o
O Impulse or pulse responses .. T/ T\

o ””WJ(’ :

=

0 nze 0g 07s 1 1.25 15 175 2

D Eye diagrams 24.Jan 2013, 1317106, Simberian Inc. Tirne, [ris]
= Bath tub diagram, Bit Error Rate, ...
= Jitter, Inter Symbol Interference (ISl) noise

Pattern ;
generator \ Interconnect ‘ Oscilloscope

Ma; at;ﬁe not usable due to high losses
Analysis with Tx/Rx models may be required (not covered in this tutorial)

,,\OIOOOIUPRBS

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 34

Electromagnetic Solutions




Example of TD interconnect analysis

O X-talk between 10 G channels

Project]. CoupledonCaompliant. SE[1];

o Vomi4Dn) = Eye diagram without x-
i . talk (no signal in
coupled channels)

Inputd

<

Inputh

025

0.5 " " s n n n n f
0 0.025 0.05 0.075 01 0128 015 0178 0z
24 Jan 2013, 13:02:16. Simberian Inc. Timelnterval, [nz] Input3

Projectl. CoupledM anCompliant SE[1];
WEmm[D1];

24 Jan 2013, 13:06:29, Simberian Inc. Editor Mode [preszs <E> for Metwork, Wiew).

aggressor

<= Eye diagram with
asynchronous 10G signal in
coupled channel (FEXT)

0.025 0.05 0.07% 0.1 0125 015 0175 0.2
24 Jan 2013, 130717, Simberian Inc. Timelrterval, [ns]

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 35
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< Simberian

Electromagnetic Solutions

Multiport theory for interconnect

analysis
] ]

Quality of S-parameter models
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Common S-parameter model defects

O Model bandwidth deficiency
= Limited capabilities of solvers and measurement equipment
= Need DC point or allow extrapolation
= High frequencies must be defined by the signal spectrum

O Model discreteness
= Touchstone models are matrix elements at a set of frequencies

= Interpolation and extrapolation may be needed both for time and
frequency domain analyses

O Model distortions due to
= Measurement or simulation artifacts
= Passivity violations and local “enforcements”
= Causality violations and “enforcements”

O Human mistakes of model developers and users
O How to estimate quality of the models?

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 37
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Good models of interconnects

O Must have sufficient bandwidth matching signal spectrum
O Must be appropriately sampled to resolve all resonances

O Must be passive (do not generate energy)

P,=a |[U-5'S|-a >0 m) ecigenvals[s-S]<1 from DC to infinity!

O Must be reciprocal (linear reciprocal materials used in PCBs)
S, =8, 0orS=58
O Must be causal (have causal step or impulse response or satisfy KK
relations) 5. ()

" < Slio ,
S, (1)=0, t<T, /\ S (i) =— Pij( w) de

T

l,]

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 38
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Model bandwidth and sampling

O If no DC point, the lowest frequency in the sweep should be
= Below the transition to skin-effect (1-50 MHz for PCB applications)
= Below the first possible resonance in the system

- - : A c c
(important for cables, L is physical length) L<l=—_ = f<——
s a ey ey
O The highest frequency in the sweep must be
defined by the required resolution in time-domain 1 ©
or by spectrum of the signal (by rise time or data rate) Sy N Su> K T

7

O The sampling is very important for DFT and convolution- .
based algorithms, but not so for algorithms based on fitting df<—4L.\/;
= There must be 4-5 frequency point per each resonance S v

m The electrical length of a system should not change more than 125 b f\\
quarter of wave-length between two consecutive points ; \ /\ /\ \[

JY Y

175

17 18 19 20
13 Mov 2009, 10:31:01, Simberian Ifeequency, [GHz]

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 39
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Model quality metrics (0-100%)

First introduced at IBIS forum at DesignCon 2010

O Passivity Quality Measure:
PM, —1.00001
0.1

POM :max{ﬂ(Nt l_Nimij,o}% PW =01if PM,k6 <1.00001; otherwise PW =
N ota. = n

total

should be >999%, PM, =\/max[eigenvals(g*(fn).S(fn))]
O Reciprocity Quality Measure:

100 RM, —107°

Ntatal
ROM =ma>{ [Nwm, = ZRWJ,O}% RW =0if RM,K <107°; otherwise RW, =
n=l1

0.1

total

1
should be >99% RMn=VS;\Sw(JZ)—Su(ﬂ)\

O Causality Quality Measure: Minimal ratio of clockwise rotation
measure to total rotation measure in % (should be >80% for
numerical models)

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 40
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Preliminary quality estimation metrics

O Preliminary Touchstone model quality can be estimated

with Passivity, Reciprocity and Causality quality metrics
(PQM, RQM, CQM)

Metric/Model Icon | @ - good @ - acceptable | @ - inconclusive | @ - bad
Passivity [100, 99.9] (99.9, 99] (99, 80] (80, 0]
Reciprocity [100, 99.9] (99.9, 99] (99, 80] (80, 0]
Causality [100, 80] (80, 50] (50,00 | --—---
Color code Passivity (PQM) Reciprocity (RQM) | Causality (CQM)
Green — good [99.9, 100] [99.9, 100] [80, 100]
Yellow — inconclusive | [80, 99) [80, 99) [20, 50)

« Simberian 1/25/2013 © 2013 Simberian Inc.
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Example of preliminary quality estimation in
Simbeor Touchstone Analyzer™

Small passivity & reciprocity violations in most of the models
Low causality in some measured data due to noise at high frequencies

% Simbeor - [ Touchstone Analyzer] - | O |i|

Touchstone Anahrzer| b x
& Refresh | 'E=| Tree-view |.j Table-view A.Connector_12t012 548p; B:GBx*_Connector_HFSS1.s4p;
Fassivity Measure, []
File name | Quality | Passivity | Reciprocity | Causality |;| | 05 I
T — — = 5t

2 3coupleddifipaird74J76t0J7... - 959 993 0 “MW\’{\J\J
2 3coupleddifipairt74J76t0J8... - 96 992 0
2 /beattystandard25ohm. 52P - 100 955 127 ! e L/j / J{‘;

? |beattystandard80chm.S2P - 100 956 0 A
onnector_12t012.548p - 826 100 805 \f L’\](\
2 Jcrosstalkstriptobroadsidec... - 964 992 0 ¥ fﬁ
.2 crosstalkstriptobroadsidec... - 96.3 992 0 0951 W \J
2 Jcrosstalkstriptobroadsidec... - 96.1 993 0
2 Jcrosstalkstriptobroadsidec... - 96.1 99 0
2 Jcrsstalkstriplinedpair 34P - 973 992 352 nat |
? Jexample calibration. 2P - 99.2 995 0
BX_Connector_ HFSS1.s4p - 995 9N 96.2 j
& IConectszp - 99.4 526 734
&9 J104.494-J105495.54p - 99.3 100 977 0&sT U
@MMJ%JQ?J%?% i — — — 0 105 25 375 5 625 75 875 10 1125 125 1375 15
D 120424-121.25-6in.s4p - 994 100 943 13 Oct 2011, 15:43:28, Simberian Inc. Frequency, [GHz]
& J20024-J2125.54p - 99.4 100 943 —* A5 —* B5;
) 126.30-127.31-3in s4p - 995 999 92.7 B == il
D J26.30-127031.54p - 995 999 927 |
Ready X ‘@ “v
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON“ 42
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Final quality estimation with rational
approximation

O Accuracy of discrete S-parameters approximation with frequency-
continuous macro-model, passive from DC to infinity

RMSE = IIllaj.X|:\/ Z‘/y Sl]‘(\a)n

original tabulated data S, (iw)=|d, +z( T _ H,eﬂi

io— pj za)— Dijn

O Can be used to estimate quality of the original data

Q =100-max (1- RMSE,0) %

Model Icon/Quality Quality Metric RMSE

@ - good [99, 100] [0, 0.01]
@- acceptable _ (0.01, 0.1]
2 - inconclusive [50, 90) (0.1, 0.5]
S bus I -
2] - uncertain [0,100], not passive or not reciprocal

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 43
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Example of final quality estimation in
Simbeor Touchstone Analyzer®

All rational macro-models are passive, reciprocal, causal and
have acceptable accuracy (acceptable quality of original models)

% Simbeor - [Touchstone Analyzer] ;lglil
Touchstone Analfzer| g b =
= Refresh | CEe| Tree-view |.jTab4e—view AGEX_Connector_HFS5(1).sdp: B:GEX_Connector_HFEE.s4p;

tagnitude(3), [dE]
File name | Quality | Passivity | Reciprocity | Causality |;| o
VJUUUPIHUUIIIPHII\Jf‘+d."DlUd."... Jo0.2 J42.0 J0.0 -
l03::oupIet:lt:IiprairJ7'-51-.J7'{-}t0.J7'... 958 959 993 A
@ 3coupleddifipair)74J76to.3.. (1862 9 992 107 Wi ]
lobeatrystant:lart:lﬂSohm.SEF’ 981 100 955 f/‘ & Y
lobeatrystant:lart:IErDohm.SEF’ 981 100 956 207 W -
(2 Connector_12012(1).s48p 100 100 93 ﬁ/}fw
laConr1ector_12tc:12.s-1-8[;: 927 826 100 \ ant /
acrosstalkstriptobroadsidec... 94.7 96.4 992 \\K g Q\Xx‘——u@-____é
acrosstalkstriptobroadsidec... 948 96.3 992 “‘e-——hﬁ_____f
acrosstalkstriptobroadsidec... 949 96.1 993 -0t \;\
acrosstalkstriptobroadsidec... 953 96.1 99 #ﬁ N I m p I"OVGd ta b u Iated
acrsstalkstripl.ined.pair.Sd-F’ 9630 973 992 -50 #/ models| (re-sampled)
aexample calibration. S2P 975 992 995 - —1
@GBX_Connector_HFSSﬂ).s... = 999 100 977 = | 01t
EGBX_COHHECKJLHFSSE% %82 995 7l . 0 2I5 5 ?IE 1ID 12I 5 1l5 1?| 5 2IIZ| Zé 5 2l5 2?| 5 3IIZ|
@ Conects2p SIS 2l 13 Det 2011, 15:51:25, Sirberian Inc. ' '  Frequency, [GHz]
laJ11}-1-J9-‘4-—.J1[!5.]‘5*5.54[;: 926 99.8 100 = ASmm[D1.01]: Asmm[D1.02); —= ASmm[D1.C1]; —= ASmm[D1.CZ]:
0J1D4J94~—J97J99.s4p 958 100 100 —# B:Smm[D1.01], ——* B:Smm[D1.02] —* B:Smm[D1.C1], —* B:Smm[D1.C27;
@ 120024-J21425-6in.s4p 949 994 100 - e | [+] | = | il
&2 120J24-J21J25 s4o 949 994 100 hd

= X|® e s
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON“ 44
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< Simberian

Electromagnetic Solutions

Basics of signal propagation in

Interconnects
e I

Signal degradation factors
Modeling transmission lines

Modeling via-holes and other
discontinuities
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Major signal degradation factors

Attenuation, [dB /m]

- Attenuation

Transmission lines: [J“ni'rt.'?;h“:i:!‘j\
Attenuation and dispersion due to physical

conductor and dielectric properties m Q ﬁ(
High-frequency dispersion, coupling 1 xm’% s

AN T

=

I M ielectric
Loss Only
01
0.m 0.1 1 10
§ 15.Jan 2007, 16:41:39, Simberian Inc. Frequency. [GHz]

System_level PhaseDelay, [ns/m]

GroupD elay, [ns/m]

0432

. . B . .
VC( ) O radiation TR | Dispersion |,
O 0 LTI

B51 © 5738
\&1\18< ‘D&D!;ENO T 5675
g 0 D%M Flald
%M4%Q Sepoe 1 55
1 " ek

55T

—#—— Project].Difviaz. Simulation, 5[1.2] — —%— —
AnglefS),

Magritude{S). [dB]

O Rx o
16 May 2007, 08:12:49, Simberian Inc.
O —#—— Project].Difiaz. Simulationd, 5[1.1] — —#%— —

" —+—+
Frequency, [GHz]

deg]

— Pt

£

Via-hole transitions and discontinuities: sy *

s :j_:;z AT
| 4T o

2eflection

*

[

25T

k. 'y

Pl w |

- e e

T 50

TO

25 5 75 10 125 15 175 2

Reflection, radiation and coupling to parallel planes T et

50

16 May 2007, 08:05:27, Simberian Inc. Frequency, [GHz]

N Simberian 1/25/2013 © 2013 Simberian Inc. DES’GNGON(
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Effects of degradation factors on signal in
transmission line segment (simplified view)

Attenuation effect in frequency domain
4+ log—log

Re(T-1) Higher loss in high-
Metal loss frequency harmonics
~sqrt(f)
Dielectric |:|'>
/\ n :> loss ~f /\ ﬂ
F, 3F, 5F, > F, 3F, 5F,

f

Group delay dispersion effect in time domain
Pulse becomes wider
/\ /\ without energy loss

Combined effect in t-line segment

Loss, Distortion, ISI

/_\_/_\_/_\_/_\_/_\_/7@ T-line segment —> W\ /\/\/

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 47
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Building models for transmission lines

2D Static and Magneto-

Quasi-Static Solvers 3D Full-Wave Solver

2D Full-Wave Solvers

E=-Vo- jod VxE =—iouH VxE =—iouH
#H E=E, -exp(-T-l)

Generalized Telegrapher’s equations
(W-element or S-parameters)

5_V:_(R(a))+iwL(a)))-1
Ox

a_ —(G(w)+ioC(w))-V

Ox

Decompositional
Analysis

48
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Dielectric attenuation and dispersion effects

requency

i E F |
et e et e’
I

O Dispersion of complex dielectric constant
= Polarization changes with frequency
= High frequency harmonics propagate faster

= Almost constant loss tangent in broad frequency
range — loss ~ frequency

O High-frequency dispersion due to non-
homogeneous dielectrics
= TEM mode becomes non-TEM at high

frequencies ﬂ
= Fields concentrate in dielectric with high Dk or
lower LT At higher frequency

= High-frequency harmonics propagate slower E @j
= Interacts with the conductor-related losses

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON“ 49
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Metal attenuation and dispersion effects

O Current crowding below strips

= Around 10 KHz L]

= Increases R and decreases L at very low m
frequencies, effectively at DC ﬂ

o Skin-effect A+DR(fy) %0

= Transition frequencies from 1 MHz to 100 GHz
depending on technology -

= Wheeler’s formula works for well-developed
skin-effect - loss ~ sqrt(frequency) @

o Skin-effect on rough surface /\/\/\/\

= May be comparable with skin depth starting from
10 MHz

= Increases both R and L (and possibly C)

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 50
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Skin-effect: Maxwell's equations+Ohm’s law

Current cancelation:

Plane-wave view:

—(1+1)
Ey =Es -CXp TX

H 4 i
4 i
E Jy—O'Ey

Poynting’s vector

s X

1
0. =————Skin depth

’ f uoc

S Simberian 1/25/2013 © 2013 Simberian Inc. DES'GNGO”( 51
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Interconnect thickness or
width in micrometers

Conductor skin-effect and roughness

Transition from 0.5 skin depth to 2 and
5 skin depths for copper interconnects
on PCB, Package, RFIC and IC

110° s
-~ B3
e / [Well-c ewaﬂ!opec
: 1
i m_ = b
2.8 ‘ / o I TTT
- : o5
01 . S
S ST 0.1 1 10 100

« Simberian 1/25/2013
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Frequency, GHz
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Ratio of skin depth to r.m.s. surface
roughness in micrometers vs.
frequency in GHz

100

Hghnsss il
MA | L ’
1 Pl e ol
- A __;ﬂ- L -ar'
\ 1 - ol \ z.i 'fnf
4 \ A4 G L4400 GHz
s | N UYL \ } pe \
e 4 - -
5 Ho 1 , #@t
e I il .-’q |
. ﬂ":;_‘,r 5 Liilzas: P S um-
A ighness
-t i
| AT | ;
?-IEI:l 0.01 0.1 1 10 100 1-10

Fragquency, GHz

Roughness increases losses if rms value is
comparable with the skin depth
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Example of causal R, L, G, C for a simple
strip-line case (N=1)

8-mil strip, 20-mil plane to plane distance, DK=4.2,
LT=0.02 at 1 GHz, wideband Debye model.

Strip and planes are made of copper, analysis in

Simbeor SFS.

AProject(2). StripHLSFS;

No Simulation Model. To build it, wse "erify Simulation Model" command or FE, &x
Z. [urn) lane1
B00
250 ignall
1] lanez

*r, [urn]

780 1000 1250
30 Yiew Mode [press <E» to Edit)

-1250 1000 -760 600 -260 0 250 500
15 0ct 2012, 08:33:51, Simberian Inc

AProject(2). StripHL 5FS;

R, [Ohm/m] L, [nH/m]
- Resi$tance [Ohm/m] / 70+ X I [T
: / “DC \ 1/ (f
I /-/ 365 T .
1o0 3 R \(
- Ry BLiiia:
\ / et f Inductance [Ohm/m] \* L
L 36T ] ©
1eiib Tes  DO00T o naaT e ‘ 1w a0 1000 16006 1e-005 000071 0001 001 01 1 10 700 1000
15 0ot 2012, 06:31:17, Simberian Inc. Frequency, [GHz] L F
—— ARAT 15 Dt 2012, 08 36:47, Simberian Inc. requency, [GHz]
G, [Sm/m] —* AL
Conductance [S/m] | T T C, [fi"'_“l
! Pra 150 4}
/ \ Cw \ i n
001 P DC \ 1 107+ f
~In| ——
/< L 140 { 14 ~10 2
/ 10" + f
0.0001 //*/ ~1 \\
("1
§ Capacitance [F/m]
Te-008 P ]
1e-008 "i'é'-'nn_é "_'n'.ﬁ'nm' BT T RN T O ';'i'hn ' mnnGH ey T T B R e
15 0ct 2012, 08:33.46, Simbsrian Inc. . requency, [GHz] 15 0ct 2012, 08:434 4. Simberian Inc. Frequency, [GHz]
= = A . . —* ACM 1]
- Simberian 1/25/2013 © 2013 Simberian Inc.
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Example: Broadband characteristic impedance
and propagation constant for a simple strip-line

Mo Simulation Model. To build it. use "erify Simulation Model" command or FE. &_\‘

Z, (a)) = \/Z(a))/Y(a)) Complex characteristic impedance [Ohm]

- 2, [um] lanel
/ Attenuation Constant [Np/m] - _gnm
F(a)) = \/Z(CU)Y(CO) =a+if} «— Phase Constant [rad/m] 0 fane?

. [um]
-1260 1000 -750  -BOO -250 0 2a0 500 780 1000 1250
15 0ct 2012, 08:33:51, Simberian Inc. 30 View Made [press <E» to Edit),

8-mil strip, 20-mil plane to plane distance. DK=4.2, LT=0.02 at 1 GHz, wideband Debye model.
Strip and planes are made of copper, no high-frequency dispersion.

Characteristic impedance, [Ohm]

AProject(2). StripHL SFS; Propagation Constant
Real{Z o), [Ohm] Imaginary(2o). [Chm] A-Project(?).StripHLSFS:
reonl ﬂ,_—m————*K % = * 4+ 410 Tgna;;DCDDnStant [radm] : : SFS: @?ni EEJES?D]
>
\ / Inl(ZO ) 10000 B d / n/’-l o000
1-500 i \’ L 1

e
/

[Vﬂ
10001 \ L
100 3}/{ — 100
+-1000 1 _ . 1
5001 LY

/ \\ <— Re (ZO ) 0.01 = *’fﬁéﬁ h ik []Vp i 77’l] 0.01

N s * * * LN * 1e-006 Te-005 00001 0001 001 01 1 10 100 1000 10000
e T R iy TS0 S5 i e, 61
15 Oct 2012, 0G:57:57, Simberian Inc. Frequency, [GHz] AMadelT] :

—# Ahode[1] #——;
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Example of high-frequency dispersion

O 14 mil microstrip line on 8 mil dielectric
(Dk=4.2, LT=0.02 at 1 GHz, wideband |
Debye model), 2 Oz copper

S
AHFDIS[DEI’SIDHMSL3DML, BHFDISFJBI’SIDHMSLSFS 15 0ct 2012, 16:0335, Simberian Inc. 30 Wiew Mode [press <E» to Edit).
Magnitude(Zo), [Ohm] EpsEffective, []
135 ]
0 Full-wave analysis
* (Simbeor 3DML)
g5 0] e
! ) \ —r
51 [ mE..—n-
aﬁf e R
]
B05T Y o
| S - e Quasi-static analysis
| gl S O A H_*--’-»e---* s (Simbeor SFS)
4351 e BT T :
R e e e
1 2.9

25 3 75 10 125 15 176 20 22R 25 276 30 32F 35 3E 4D
15 Dt 2012, 09:28:08, Simberian Inc. Frequency, [GHz]
—# Abode[1] #=— — ; ——1 B:hode[1] O=— —;

< Simberian 1/25/2013 © 2013 Simberian Inc. 4 55
& gctromaggeg So!gons DES'GNCON



Transmission line modeling tasks

O Pre-layout tasks

Synthesize cross-sections with the target impedance

Estimate maximal possible line length (loss budget)

Estimate cross-talk and create design rules

Evaluate impact of manufacturing tolerances and weave effect

O Post-layout tasks
= |dentify transmission line segments
= |dentify coupled segments
= Build models and simulate with the other elements of a channel

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 56
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Modeling transmission lines (summary)

O

Broadband material models is the most important element for
transmission line models for data rates 10 Gbps and higher

Such models must be identified - frequency-continuous models are
not available from manufacturers

Advanced quasi-static or full-wave solver can be used for strip lines

Full-wave solver should be used for microstrip or CB-CPW lines
(dispersion)
Field solver for S| applications must have

= Appropriate set of frequency-continuous dielectric models (wideband and multi-
pole Debye for instance)

= Conductor models valid over 4-5 frequency decades in general (to account for
transition to skin-effect, skin-effect, skin-effect on rough surface)

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 57
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Modeling discontinuities:
Via-holes, breakouts, launches,...

)?’Mumlwa:||vmjemﬂuwa(1) [@[.@ ? [_M /’ )([
o Pre-layout tasks — I I I ¢
. .o | Stackup span_
= Synthesize geometry for transitions = =z o

[ input or conne

into different layers with minimal SR
reflection and localization over
the target frequency range

= Evaluate transitions impact on
compliance metrics

= Evaluate impact of manufacturing

tolerances
O Post-layout tasks . . T
= |dentify geometries of ”ag”“ﬁthhhhh
discontinuities B Y P Y ek b
. . . = "F inagn
= Build models and simulate with the WW
other elements of a channel
- Simberian 1/25/2013 © 2013 Simberian Inc. 246;;;;;’bom FIEMEEHZ]
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Models for discontinuities
(via-holes, breakouts, launches,...)

3D Static and Magneto-
Quasi-Static Solvers

E:—Vgo—ja)}i
ﬁlexZ
Y7,

models

Simple lumped or
distributed LC

3D Full-Wave Solver
VXE = —ia)yﬁ

VxH =iwcE+cE+J

Multiport
S-parameters

- Decompositional

« Simberian 1/25/2013

Electromagnetic Solutions

Analysis

© 2013 Simberian Inc.

Transmission
Plane Solvers

oJ
%-F—S}):—YD(O))‘V"FJZ

ox Oy

oV

—=-Z(w)-J
Ox (@) I
a_V:_ _(a)).L]T
oy - i

Hybrid 2D
transmission plane
+ circuit solvers
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Localization of single vias going through
multiple parallel planes

Hybrid system-level

O Planes are not terminated and the return BC analysis only
H “ ] ” ; BC
current is the “displacement” current between
the planes I

= The problem is non-localizable — requires
analysis of the whole board

Hybrid system-level
analysis only

BC

O Planes are terminated with the decoupling
capacitors and the return current is a BC
combination of the “displacement” currents
through capacitors and planes —

= Decaps have low impedance only in a narrow _*

band — thus the problem again is non-
localizable for broadband EM analysis

—> Y

. . . Local 3D EM
O Stitching vias are used to connect the analysis possible!
reference planes for the connected layers BC BC
and the return current is mostly conductive
= Problem can be localized (conditionally — IL 1_" _
localizable) and solved with any boundary iy
conditions
< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 60
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Localization of differential vias going through
multiple parallel planes

BC 4. BC
O Differential mode has two
opposite currents on the ll
via barrels s

O The vias can be isolated from the rest of the board for the
electromagnetic analysis with any boundary conditions
(PEC, PMC, PML, ABC)

m Distance from the vias to the simulation area boundaries should
be selected to reduce the effect of sidewalls

= |n that case, the differential mode S-parameters are practically
independent of the boundary conditions

O Common mode behavior is BC +4+ BC
similar to the single-ended via 1 |
case — see previous slide —_ T IT TI |

+ +

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON 61
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How estimate the localization?

0 Change simulation area or simulate with different boundary
conditions and observe changes

O Example of conditionally localized structure

A:Project(l).Localized(1).Simulation(1); B:Project(1) Localized(2). Simulation(1};
kMagnitude(3), [dB]

7 = > - . - n
|| : BT* 7( —— =g

]

-20 T+

=30+

=40+

-B0 1

-50 +

17 Dee 2002, 14:33:55, Simberian Inc. 3D View Mode [prese <E> to Edi]

*
ol

5 10 15 20 25 30 35 40 45 50
17 Dec 2012, 14:32:52, Simberian Inc. Frequency. [GHz]
—# ASM1] —* ASM.2], —= B:SM.1, —= B:5[1.21:

. Simberian 1/25/2013 © 2013 Simberian Inc. DesienCon’ 62
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Example of non-localizable via

O Change of simulation area size causes huge differences in reflection
and insertion loss — unpredictable “pathological” structure

AProject(l). NotLocalized(1). Simulation(1); B:Froject{1).NotLocalized(2). Simulation(1};

Magnitude(3), [dE]

s -
¥ * &

e
L .
AREZEER
_

10+

-20 T+

=30+

_4[' L
7
_ED L

-0t

-g0

-90 1

-100

o]

2h b 75 10 125 15 175 20 22,5 25 275 30 325 35 375 40 425 45 475 50
17 Dec 2012, 14:22:48, Simberian Inc. Frequency. [GHz]
—# AR[11], —* AS[1.2], —= B:5[1.1], —= B:5[1.2];
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Effect of de-embedding on multiport

parameters

Non-reflective excitation ports

(lumped or wave-ports) increase
the model quality

—#— ViaT woPlanes. DiffMicroztip2. Deembedded, 5[1.1]
—F— iaT woPlanez. DiffMicrostrip2. Deembedded, 5[1.2]
—=— ViaTwaPlanes. DiffMizrostipz. MotD eembedded, 5[1.1]
—=— YiaTwoPlanes. Diffkicrostipz. MotD eembedded, 5[1.2]

raN

................

A0+

204

ff S1D1D

30T 6(
25 5 75 10 125 15 175 20
24 Jan 2008, 17:55:57, Simberian Inc. Frequency, [GHz]

< Simberian
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nput''s port 4
hput2''s port 3

24 Jan 2008, 15:14:50, Simberian Inc.

Shift of reference planes makes model
electrically smaller and reusable

YiaT woPlanes. DiffMicrostipz2. Deembedded, 5[1.1] —# —
YiaT woPlanes. DiffMicroztip2 Deembedded, 5[1,2] — # —
YiaTwioFlanes DiffMicrostips MatDeembedded, S[1.1] — = —
YiaTwoPFlanez. DiffMicrostips MotDeembedded, S[1.2] — % —

Angle(S], [deq]
S
RRL_ge it
Fhg e-embedde
FH A 1 100
23 el
%%m |
fyéﬁﬁ P ity 1200
S$1D1D @T AT Pogg, | *l‘”—«m..,
jﬁ%ﬁ@@saﬁ %ﬁagﬁ{-aun
Not dela-enjbeclidecf%e&& |
25 5 75 10 125 15 175
24 Jan 2008, 17:58:26, Simberian Inc. Frequency, [GHz]
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Estimation of de-embedding quality

O Analysis of a transmission line segment can reveal de-embedding
defects

O Analysis of 25, 50 and 100-Ohm benchmark strip line segments can
be used for this purpose

Benchmarks from J.C. Rautio, IEEE on MTT, v.42, N11, 1994, p. 2046-2050.
S-parameters normalized to 25, 50 and 100 Ohm, segment length is 90 deg. at 15 GHz

No losses, no dispersion — |S21| must be unit |[S11| must be zero

—#— 15 GHz. HumberOfCells<=32. imp=25, 5[1.1]
—&— 15 GHz, HumberOfCells=32, imp=50, 5[1.1]
—#—— 15 GHz, NumberOfCellg<=32, imp=100, 5[1.1]

18 GHz, MumberQfCells<=32, imp=25, 5[1.2] —% —
15 GHz, MumberOfCells<=32, imp=50, 5[1.2] —& —
15 GHz, HumberDCells<=32, imp=100, 5[1,2] —* —

Magnitude(5). [dB] Angle(5), [deq]
Or A o :
|511| —deﬂnes N =¥ G gl R 79
: i NS : 23 Jan 2008, 16:07:40, Simberian Inc. ;‘:$;$E§E$I*€E‘+——*—é*
.. : . {dynamicrange : IR ST RES=a
'5|:|"; BT R -BEE : Y : R — 7-30.025
L DR ZEHINNNE SUENESILIEN. Exact value | = Phase(S12) - deviation from
B e e e e — B ik I R A R
10 100 10 100
23 Jan 2008, 15:54:53, Simberian Inc. MurmberQfCellsy 23 Jan 2008, 16:40:39, Simberian [ne. MurmberQfCellsy
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De-embedding quality estimation example

Benchmark test from J.C. Rautio, IEEE
on MTT, v.42, N11, 1994, p. 2046-2050.

50 Ohm Stripline Benchmark

100.000 ;
6 EM solverg are used for
o000 | . analysis of 50 Ohm strip-line
] +benchmark
T - i
E 1 \'-.\' s
5 1.0005 S = —
a | Simbgor a4/
0.100 \ —
PR =
\*m
~. |+
0 0 1 10 100 1000 10000 100000

Analysis Time (sec)

« Simberian 1/25/2013
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Modeling discontinuities (summary)

O Localization is the most important element (predictability)
= Planar discontinuities can be always simulated in isolation

= Coupling between t-lines is a type of localization violation and must be
avoided or accounted for

= Vias, breakouts, connector launches have to be localized for analysis in
isolation from the rest of the board

O Discontinuities must be appropriately de-embedded to avoid artificial
(numerical) reflections

O Broadband material models are not so important as in the case of
transmission lines

O Dielectric anisotropy may be important in analysis of vias

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 67
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Electromagnetic Solutions

Broadband material models and

material model identification
. ]

Broadband material models for PCB/packaging
Material identification techniques
Identification with GMS-parameters
Practical examples
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Why do we need broadband material models?

O Dielectrics are the media where signals propagate along the

conductors of interconnects
= Dielectric constant (DK) and loss tangent (Df or LT)
may change substantially over the frequency band of

multi-gigabit signal spectrum

O Interconnect conductors guide the signals but also absorb energy of
the waves at the surface ;

= Insertion loss at high frequencies can grow up to 50%
due to surface roughness

= Roughness can also increase group delay (increase cap.)

O Broadband dielectric and conductor roughness
models are needed for accurate electromagnetic analysis of multi-
gigabit interconnects

= 10-20 Gb/s - from DC up to 20 GHz
= 20-50 Gb/s - from DC up to 50 GHz

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 69
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Why are obtaining material models so difficult?

O Manufacturers of dielectrics and PCBs provide measurements for
dielectric parameters typically without frequency or at 1-3 points
in the best cases

= Simplified TDR-based methods and advanced microwave resonator-based
methods do not produce broadband models

= Only frequency-continuous models can describe dispersive behavior of
PCB/packaging dielectrics over very wide bandwidth

0 Conductor surface roughness is usually characterized with one
number — RMS peak-to-valley (Rq) — not sufficient!

= Practical all roughness models have multiple unknown parameters

O Multi-gigabit interconnect design and compliance analysis must start
with the identification of the dielectric and conductor properties over
the frequency band of interest

< Simberian 1/25/2013 © 2013 Simberian Inc. DesicnCon 70
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Dielectric models for PCB & packaging

0 Non-causal (frequency-independent Dk & LT)
O Multi-pole Debye (real poles)

0 Wideband Debye (Djordjevic-Sarkar)

0 Multi-pole with complex poles (Debye-Lorentz)

O Dielectric mixtures (Wiener, Hashin-Shtrickman,
Maxwell-Garnet, Bruggeman)

O Anisotropic dielectrics (separate definition of Z, X,
and Y components of permittivity tensor)

« Simberian 1/25/2013 © 2013 Simberian Inc. . 71
% gcrromaggag Solﬁons DESIGNCON




Multi-pole Debye model

N Ag 44 = = T
_ n = T E |ta ed
£(f) —e(oo)+211 I : | L soints|
o ® THL=r TN
ﬁ”n § 42 ’<‘m}
. 2 Sirhation 713
o Discrete-spectrum model 5, | Apprakimation | Nl
v |
O Requires specification of value 2
at infinity and poles/residues or s T 3 g . . ,
. . 1-10 1-10 1-10 1-10 1-10 1-10
DK and LT at multiple o Frequency, Hz
frequency points o )
. . Entered paints
O Can be used for any dielectric = \ HIL,,
. o 0 - -
without resonances o "" TR
[
o0 Atleast 4 poles (usually 10) are - i
) ) w 00
required for composite S Wi e
. . . . . \PProximagcion
dielectrics for multi-gigabit A i |
Signa|3 1-10° 1107 1107 1.10° 110" 110t 110"
Frequency, Hz
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Wideband Debye model

_ . Djordjevic, R.M. Biljic, V.D. Likar-Smiljanic, T.K.Sarkar,
Ea(f)=¢(0)+¢g, -F,(f) IEEE Trans. on EMC, vol. 43, N4, 2001, p. 662-667.

B 1 . 10m2+if 3
El(f)_(mz—ml)-ln(lo) ln{10m1+0‘l [ T (b at

r
AN
\N

4.5
O Continuous-spectrum model

O Requires specification of DK and
LT at one frequency point

O Good match for high-loss FR-4 .05
dielectrics (LT>0.01) | L T

Dielectric Constant

35
w0 1100 110* 1100 1a0® 110’ 110® 10”110 %1 0!t 10t a0t

Frequency, Hz

O May be not so good match for
low-loss, high-frequency
composites (LT<0.01)

0.015

0.01

Loss Tangent

0.005

/ hi

— 11

o L
wo 1100 10* 110’ 11 co” tae® 10”010t 10t 1t

Frequency, Hz
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References and details are in

Roughness models DesonCon 2012 paper - e

O Attenuation correction coefficients

Hammerstad model (Hammerstad, Bekkadal, Jensen)
“SnOWba”” mOdel (Hurray ) P. G. Huray, at al., DesinCon 2010

|

: b s o e iy
= Hemispherical model (Hall, Pytel,...) N QR

|

|

Stochastic models (Sanderson, Tsang,...) k
Periodic structures (Lukic,...)

O Conductor loss separation by extrapolation
= Koledintseva, Koul,...

O Equivalent boundary conditions
= Holloway, Kuester
= Koledintseva, Koul,...

O Direct electromagnetic analysis

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 74
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Roughness correction coefficients

0 Modified Hammerstad (red), % = s ¥ [[120 2 ==

Simbeor (black) AN z

i INE SN E TN BT o |
and Huray’s snowball (blue) = .4 “' (2wl 5] [ e N

Knj 48 v
models (shown for — \
RTF/TWS foil as example) - 7 k= {umfosed]) e
References and details are lf—f*‘iiiiiﬂﬁ/ L LU
in DesignCon 2012 paper 1x10° 1x10° 1x10° 1x10'0 1x10'!

Frequency, Hz

o If applied to conductor surface
Impedance operator — the model is causal!
O Where to get the model parameters?

= SR and RF for Simbeor and MHCC
= Number of balls, ball size and tile area for Huray’s model

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON” 75
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Material identification techniques

O For test structures ...

Transmission line segments
Patch or parallel-plate resonators

Resonators coupled or connected to a
transmission line

. measurements ...

S-parameters measured with VNA
TDR/TDT measurements
Combination of both

. are correlated with a numerical model

Analytical or closed-form
Static or quasi-static field solvers
3D full-wave solvers

- Simberian 1/25/2013 © 2013 Simberian Inc.
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Measure S-parameters of two test fixtures with line
segments (no SOLT calibration is required)

o S1 and T1 for line with length L1 | o

1.1]
—#— Opt2.opt2_4013EP_SE_din_thru_S1_s2p.Simu [.2]

a2 op2_A03EP_SE_din_thru 51
L1 S1— Tl T
-25

1 | [SYT1]| 2

3
E
*

5 10 15 20 25 30 35 40 45 50
16 Dec 2010, 11:47:52, Simberian Inc. Frequency, [GHz]

0 S2 and T2 for line with length L2

_____ 1.1]
—&— Opt2.opt2_4013EP_SE_Bin_thru_S1_s2p. Simulation1, 5[1.2]
Magnitude(S), [dB]

L2 S2 —> T2 ot )eeeee"@eeea%eee@( *
< 25 ™ o “%0a,

1 [S2/T2] | 2

-37

-50

5 10 15 20 2h 30 35 40 45 50
15 Dec 2010, 11:48:28, Simberian nc. Frequency, [GHz]

T1 and T2 matrices are scattering T-parameters
(computed directly from S-parameters)
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Extract Generalized Modal T-parameters (GMT)
and then GMS-Parameters (1-conductor case)

Segment L1 T1=TA-TB

Lopm e 1 | Al ] rmer | 2
JL=12-1]
Segment L2 T2=TA-GMT-TB m
1 | m | 2 1| a1 || emT [ el | 2

GMT is non-reflective modal T-matrix (normalized to
the unknown characteristic impedances of the modes)

T2-T1"' =TA-GMT -TA™ _
For 1-conductor line we get:

¢
T 0 |0 T
GMT = eigenvalS(TZ : Tl‘l) GMT =[ 0 T—l} — GMSZ: [Tn (1)1}
11
Easy to compute! Just 1 complex function!

L Simberian 1/25/2013 © 2013 Simberian Inc. DES'G”GO”( 78

Electromagnetic Solutions




Extract Generalized Modal T-parameters (GMT)
and then GMS-Parameters (2-conductor case)

1

T2-T1'=TA-GMT -TA™

GMT = eigenvals(T2-T1_l) GMT =

< Simberian

Electromagnetic Solutions

Segment L1

[T1]

Segment L2 T2=TA-GMT-TB ¢

[T2]

¥

1/25/2013

2

2

TN=TA-TB

1

e o
® o
1 | A1 |i| Bl | 2
dL=12-1]
| | ®
o
[TA] || [GMT] [TB]

2

GMT is non-reflective modal T-matrix (normalized to

For 2-conductor line we get:

7,
0
0

0

0 0
L, 0
0 T
0 0

© 2013 Simberian Inc.

the unknown characteristic impedances of the modes)

0 | 0 7, O
0 | = GMsm=|, o o &
0 11

T 7 0O 7,, 0 O

Just 2 complex functions!
DEsiGnGon
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|dentifying dielectrics by fitting GMS-
parameters (1-conductor case)

O Solve Maxwell's equations for 1-conductor line: |

exp(—g-dL)} I}

0

GMbe = [exp(—F-dL)

O Fit measured data: @ Only 1 complex function!

0
T

11

GMSm = [

1
0

—#—— Praject]. Difference Top.Simulation, Sm[ln1[M1]In2[M1]] — % —

—&— Project2 4 inch segment. Simulation, Smlln] [M1)In2[M1)] —e —
Group Delay. [ns]

Magnitude(S), [dB]

1

|l
|
] *
b

IS
Iv.? £

N

n

e,

|

20 30 40
16 Dec 2010, 12:24:22, Simberian Inc.

50

T 0.575
T 0.5625
7055
105375
T 0.525

705125

~~

[1R<]

Frequency. [GHz]

O Measured GMS-parameters of the segment can be directly fitted with
the calculated GMS-parameters for material parameters identification

O Phase or group delay can be used to identify DK and insertion loss to
identify LT or conductor roughness!

« Simberian 1/25/2013
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|dentifying dielectrics by fitting GMS-
parameters (2-conductor case)

O Solve Maxwell’'s equations for 2-conductor line: dL
0 0 exp(-T,-dL) 0
0 0 0 eXp(—F -dL) —#— L1 Micrastrip. Diff Benchm ion, SmlIn[M1)In2M1]] — %
GMS = 2 —— icrostrip. Diff Benchmark ation1, Sm{ln In —
¢ exp (—Fl . dL) 0 0 0 —— LE} E!cro;trﬁ:%!?;Bgi:geranc:g!mu:at;nnf, gsm[:[qu1[ﬁd122]]:lrw§ﬁ122]%] —&-
0 eXp(—l_‘2 . dL) 0 0 Magnude[S],l[Cc;g?mp- I Difrence. Sinulatont, S| ]'E?m[up gela_l,l, [pg]
13125
. . 057
O Fit measured data: @ Only 2 complex functions! | vl
= - 12875
0 o 0 7,
GMSm = 22
T1 . 0 0 0 00 GBI 12625
0 T 0 0 a1 250
22
- - o 10 20 0 40 50
18 Mow 2010, 09:53:08, Simberian Inc. Frequency, [GHz]

0 Measured GMS-parameters of the segment can be directly fitted with
the calculated GMS-parameters for material parameters identification

O Two functions can be used to identify 2 dielectrics!

- Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”GON( 81
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Material parameters identification with
GMS-parameters

1.

Measure S-parameters of two test fixtures with different length of
line segments S1 and S2

Extract Generalized Modal S-parameters of the line difference
Select material model and guess values of the model parameters

Compute GMS-parameters of the line difference segment by
solving Maxwell’s equation for t-line cross-section

Adjust material parameters until computed GMS parameters fit
measured GMS-parameters with the computed

Procedure is implemented in Simbeor software
Simberian’s patent pending #13/009,541

A Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON(

Electromagnetic Solutions

82



The GMS-parameters technique is the
simplest possible

O Needs ECAL-calibrated measurements for 2 t-lines with
any geometry of cross-section and transitions

= No extraction of propagation constants (Gamma) from measured
data (difficult, error-prone)

= No de-embedding of connectors and launches (difficult, error-
prone)
O Needs the simplest numerical model
= Requires computation of only propagation constants
= No 3D electromagnetic models of the transitions

O Minimal number of smooth complex functions to match
= One parameter for single and two parameters for differential

= All reflection and modal transformation parameters are exactly
Zeros

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”GON 83
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Example: Nelco N4000-13EP

o Example for the original board made with Nelco 4000-13EP investigated in:
D. Dunham, J. Lee, S. McMorrow, Y. Shlepnev, 2.4mm Design/Optimization with 50
GHz Material Characterization, DesignCon2011

Test structures are pre-qualified for the identification up to 50 GHz in the paper

Scott McMorrow from Teraspeed Consulting Group designed
6 test fixtures with 2, 4 and 6 launches for 2.4mm Molex connectors, board made by Molex
inch strip line segments in and measurements done by David Dunham, Molex

Layer 1 (S1) and Layer 4 (S4)

Signal Layer 1

B

Signal Layer 4

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNOON“) 84
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Test board and cross-section

O Strip line segments in Nelco N4000-13EP

O 2inch, 4 inch and 6 inch segments with launches and Molex 2.6 mm
connectors to identify material parameters

L—__|- ModeledWithRourhness .
a---sa:;tems: T=20[°C].... From datasheet Dk is 3.6-3.7 and
= e ", RR=1.05, SR=0.27, RF=4, RM=MHCC
o LT 0.008-0.009

Electrical Properties
o m ) "o w . Dielectric Constant (50% resin content)
--mm 1| Plane: "Planel"”, Cond="Copper", T=0.6, Ins="N400013EP @1 GHz (RF Impedance) 37 24 37 24 IPC-TM650.25.5.9
-l 2| Medium: T=8, Ins="N400013EP" @ 2.5 GHz (Split Post Cavity) 37 32 a7 32
i . Mg n — __n " —_n i) @ 10 GHz [Stripline] 36 32 36 32 IPC-TM-650.2.5.5.5
- 3| Signgl. Signall ,T_L‘J”.S, Ins= N4D”D[113EP , Cond="Copper @ 10 Gh (St Post Cavity) g 33 7 3
-l 4| Medium: T=9.3, Ins="N400013EP Dissipation Factor (50% resin content)
-.mm 5| Plane: "Plane2", Cond="Copper", T=0.6, Ins="N400013EP" @2.5 Gz (Split Post Cavity) 0.009 0.008 0.009 0.008
" @ 10 GHz (Strigling) 0.009 0.008 0.003 0.008 IPC-TM-6502555
@ 10 GHz (Split Post Cavity) 0.008 0.007 0.008 0.007
Strip width 8.5 mil (both S1 and S4) \
Circuit is not initialized. Ta inttislize, use "nitialze" command or F5.
i ‘J‘E

Different methods produce
slightly different parameters

_— Which one to use?
: What model to use?
- Simberian 1/25/2013 © 2013 Simberian Inc.
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N4000-13EP board measured and post-
processed GMS-parameters

O Red lines — GMS from all 6 combinations of lines, black lines — data
post-processed for the identification

GMS Insertion Loss

A:MA000-13EP.2 in ghripline 2to4 opt2 S1.Simulation] ; B:N4000-13EP. 2 in stripline dtaf opt2 51.Simulation ;

C:M4000-13EP.4 in stripline 2tob opt2 51.5imulation] ; 0:M4000-13EP.2 in stripline 2tod opt2 S4.Simulation ;

E:M4000-13EF.2 in stripling 4t opt2 54 Simulation?; F:N4000-13EF.4 in stipline 2toB opt2 54.Simulation;
GE:M4000-13EP.2 in stripline 4tof opt2 571 Fitted; H:M4000-13EP 4 in stripline 2tof opt2 54 Fitted;

FMagritude(S], [dB]
2-inch

0

.

25T el

/

75T

25T

0 5 10 15 20 5 30 ks 40 45 50
27 Now 2012, 08:23.16, Simberian Inc. Frequency, [GHz]

——— ASmlInT M1 LIR2M1 ] ——= B:Smlnt (M1 LInZM1)]: ——< CSmlle (1112011
——1 DSl (M )r2(1 1] ——+ E:Smlnd (M1LIn2IM11); ——= F:Smlll (M11In2M1)];
——k GeSmllrd [MT1In2(M11L —— H:Small il M1 LIn2iM 11

« Simberian 1/25/2013

Electromagnetic Solutions

© 2013 Simberian Inc.

GMS Group Delay

£:M4000-13EP.2 in stripline 2tod opt2 571 .SimulationT; B:M4000-13EP.2 in stripline 4tob opt2 51.Simulation ;

C:M4000-13EP 4 in shipline 2tob opt2 51 Simulationd ; D:N4000-13EP.2 in stripline 2to4 opt2 54, Simulation ;

E:M4000-13EP.2 in stiipline 4tob opt2 54, Simulation ; F;N4000-13EP.4 in stripline 2to6 opt2 54, Simulation ;
G:M4000-13EF.2 in stripline 4tof opt2 51 Fitted; H:M4000-13EP.4 in stripline 2tof opt2 S4.Fitted;

Group Delay, [ns]

o75t—F l

07T

4-inch

nch.
05T / aﬁ

031
I |

LT Tib
a 5 10 15 20 25 30 Kidl 40 45 50

27 Move 2012, 08:22:12, Simberian [ne. Frequency, [GHz]

———% ASm[nT M1 LIR2M1 ]l —— B:SmlIn (M1 LIn2[M1 ]l ——¢ C:Smlnd [M1LIn2[M1));

——1 DSl M1 LIR2M T ; ——+ E-Smfln (M1]In2M1 ]l ——= F-Sm{lnd (M1LIn2[M1]];

=% G:Smlln1M1LIn2[M1]]; =% H:SmIn1[M1].In2(M1]];

DEsignGon
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Use material parameters from specs

o Dk=3.8,LT=0.008 @ 10 GHz, WD model, no roughness

GMS Insertion Loss GMS Group Delay

A:MA000-13EP. 2 in stripline 4toE opt2 571 Fitted; B:M4000-13EP.2 in stripline 4tob opt2 54.Fitted;

C:M4000-13EP 4 in stripline 2t opt2 54 Fitted: D-Model WD _MR 2 in modeled race. Simulation E’mgg8ﬂéggﬁfﬁzﬁf'ﬂgezfotg50°tpfs?Fﬁt'gsF'bsﬁ“o“d%?”@gE E—é i iﬁ'ﬂgﬁéfﬁ;ﬁ;25?F:Q|Fa'i‘i§g% _
E:Model WD _MNR.4 in modeled trace. Simulation; ' ' pE-M del ‘E-"D Ni:M' y ld lod race Si .I .y ' ’
——k ASmllnd M1 LIn20M1)]; —— B:Smllnd (110020 1]]; —— C:Smllnd (M11In2(M1]]; JAmOEL LS N MODETeD TACE, JmUanan -

ke el S e —— B A= Gy

Magritude(S), [dB] Group Delay, [ns]

M 2-inch
N\ //’ 07t

""-\-.____E.
2571 \&_ 2
TN =N 0E5T—— : ' '

N

e 0ET .
L] ! < ~
%Z % 4 I n c‘ h st o o vt t
) \ sl st
751 A :I"\f'h \\ 05+ S
b R AV B
. \’\" 0457 o ey e v ol |
. Measured - rec! line y 2-inch
Models - blue lines
. Unacceptable differepcel!! | \ | = — o
] 5 _'ID ) 15 20 28 an 35 40 4 a0 0 5 10 15 20 25 30 38 40 45 B0
04 Dec 2012, 15:59:48, Simberian [ne. Frequency, [GHz] 04 Dec 2012, 16:01:15, Simberian Inc. Frequency, [GHz)
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 87
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Flat non-causal dielectric model
No roughness

o Dk=3.8, LT=0.0112 — acceptable fit (blue lines) to measured GMS-
parameters (red lines)

GMS Insertion Loss GMS Group Delay

4:M4000-13EF.2 in stripline 4tab opt2 51.Fitted; B:N4000-13EP.2 in stripline 4ta6 opt2 54 Fitted: A:M4000-13EP.2 in stipline 4tof opt? 51.Fitted; B:M4000-13EP.2 in stipline 4tof opt? 54.Fitted;
C:N4000-13EF. 4 in stripline 2tof opt2 54.Fitted; D:todel_Flat_NoRoughness. 2 in modeled bace. Simulation?; C:M4000-13EP.4 in stripline 2tof opt2 54.Fitted; D:Model_Flat_NoRoughness.2 in modeled trace. Simulationd ;
E:Made|_Flat_MaRoughness.4 in modeled trace. Simulationl; E:Model_Flat_MoR oughness.4 in modeled trace. Simulation? ;
—— &SIt (M1LIR2(M 1)l —— B:Smlint (M11In2(M1)l; ——< C:SmlIn (M11In2(M1]); ——% ASmInM1]In2M1]; —— B:Smiln1M1LIn2M 1]}, ——¢ C-Smlin] (1]In2M11];
_ =1 D:Smfln (M1)In2{ 1)) ==+ E:Smflnd (M1 LIn2{k1]): ——E1 D:SmIn [ 1] In2(M1]); ——+ E:Smllni[M1]In2[M1]];
t agnitude(S), [dE] Group Delay, [ns]
U L
M\ 075+
1251 i 2 i n (. h
\\ I i 07
2ET / T i L A # El
\ \Bt‘%"“&z 0651 - A -
a7t /

4

085+

6251

S

sl K\‘ 0BT 4 . ‘h
/|
INC

4-inch |~

045+
A0t 4k dQDoanch
: 1T
41287 /
035¢ /
| . . - = 5 éa 5 5 = e
0 ] 10 15 20 25 an K] 40 45 a0 0 o 10 15 20 25 a0 5 40 45 50
27 Maw 2012, 08:47:20, Simberian [ne. Frequency, [GHz] 27 Mow 2012, 02:49:32, Simberian Inc. Frequency, [GHz]
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Wideband Debye dielectric model
No roughness

o Dk=3.84,LT=0.0115 @ 10 GHz, no adjustment for low frq. —
acceptable fit (green lines) to measured GMS-parameters (red lines)

GMS Insertion Loss GMS Group Delay

&:M4000-13EP.2 in stripling 4to6 opt2 51.Fitted; B:M4000-13EP.2 in stripline 4tof opt? 54 Fitted: . [ e B L —
£:M4000-1 3EP4 in shipline 2to opt2 54 Fitted; D:Model_WD_MoFoughness 2 in modeled trace. Simulation’ o ANAD00-T3ER 2 in stripline 4106 optz S1.Fitted, B:N4000-13EP.2 in stipline 4to6 opt2 34 Fited:
i . - P C:M4000-13EP. 4 in stripline 2tof opt2 54.Fitted; D:Mode_wD_MoR oughness. 2 in modeled trace. Simulation ;
. E.Model_WD_NoHoughness.4 in modeled trgce.Slmulathn'I, . E:Model WD_MoRoughness 4 in modeled trace. Simulation ;
3‘-ssm[['."11[[ﬂ11]]"|”§[[m]]]]‘- © Egm{:”]{m}:”g{mﬂ > C:Smiln1(M1LIn2M1)): % ASmIn M1 R2IMT ) e B:Smlln (M1 Lr2IM 1)) ———¢ CSmlind (M1)In2M1]];
) % DiSmllint (M1]In - ~=mintTLn - — DeSmlInd 1) In2(M11); E:Srfled (M1 In2(1 1]:
M agnitude(S). [dB]
]

Group Delay. [nz]

075t
1.25 \\“&\\\% :Z = I [ L I[] 07t
25 7
N /

\!}‘K 0ES T / 1
' inch

g
WN
¥ % nss{
/]
ch

]
875 = ! n 045+
-10 0471 2-i| I(:II
11,25
| | | | | | | | | \ 035 % Z/ Al m |
i ] 10 15 20 25 30 ia} an 45 50 0 5 10 15 20 25 30 35 40 45 50
27 Mov 2012, 08:55:02, Simbenian Inc. Frequency, [GHz] 27 Maw 2012, 08:52:35, Simberian Inc. Frequency, [GHz]
Comparable with flat non-causal due to low dispersion
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Wideband Debye dielectric model
With roughness

0 Dk=3.8, LT=0.008 @ 10 GHz — as in specs, modified Hammerstadt
correction coefficient SR=0.27, RF=4 (relative resistivity 1.05) produces
good fit (black lines) to measured GMS-parameters (red lines)

GMS Insertion Loss GMS Group Delay

A:MA000-13EP. 2 in stripline 4toE opt2 51 Fitted; B:M4000-13EP.2 in stipline 4tof opt2 S4.Fitted;

C:M4000-13EF.4 in stripline 2tof opt2 54.Fitted; D:Madel wD_MHCC.2 in modeled trace. Simulation ; A:N4000-13EP.2 in shripline 4tof opt2 51.Fitted: B:N4000-13EP.2 in shipline 4tof opt2 S54.Fitted:
E:Model WD _MHLCC.4 in modeled trace. Simulation; C:MN4000-13EP.4 in stripline 2tok opt2 S4.Fitted; D:Mode_WD_MHCC. 2 in modeled trace. Simulation? ;
—# & 5mlnT (M1)In2[M1])]; —2 B:SmllnT[M1)In2[+1]]; —< C:Smllnd (1] In2M1]); E:Model WD_MHCC. 4 in modeled hace, Simulation ;
—k DSm(lr (M1]In2 (1)), = E:Smlln1 (M1 ] In2(M17); — ASm{Ind (M1)In2M1]); ——= B:Smllnd (M1 LIn2(M1]]; ——< C:Smlnd (M1 LIn2(1]]:

b agritude(S ], [dE] —# D:Smlln1[M1)In2[1]]; =V E:Smlln1[M1]In2(k1]];

] Group Delay, [ns)
\J\ 0.75
Azt s — L

N 2-inch .
. -

e ,
T os 7
s 4-inch
/ | |

28T

3FET

S 08

/

7ET 05
875t =| nCh \ 0.45
10t 04 DVinch
: . 1T ICH]
- I /
11.25 . .
) » " * e o oy i —_ -
; : ' ' ' ' : : ' ' 5 10 15 0 pS 30 x5 40 45 50
0 5 10 15 20 =5 30 % 40 15 50 5o
27 Nov 2012, 03:03:20, Simberian Inc. Frequency, [GHz] o 10 2012, 030343, Simberian nc. Frequency, [GHz]
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Models for differential strips
(4 mil wide, 4 mil distance)

o Differential IL for flat and WD models without roughness are close,
but model with the roughness predict much more loss!!!

A:hodel_Flat_MNoRoughness. 4 in diff trace, Simulation(1]; B:Model_wD_NoRoughness. 4 in diff race. Simulation(1];
C:Model WD _MHCC. 4 in diff trace. Simulation(1];
—# &4:Smm[D1.02); == B:Sram[D1,02]; =< C:Smm[D1,02];

kM agnitude(S), [dB]
[E3

WD, no roughness w

~x_ (blue line) 5 -
sl - / A I IO OO
R Flat DK&LT

| . (green line)

2AT .

All models predict
close phase and GD

WD, M
 Dlack Over 40%

) ~ [ di il
. difference!!!

é 'IIEI '|I5 2IEI 2I5 3IEI 3I5 4ID 4I5 BT
27 Now 2012, 05:10:08, Sirnberian [no. Frequency, [GHz]
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Summary on N4000-13EP example

O

|dentified dielectric constants (DK) are close to the specifications
= Small differences due to anisotropy and non-identities of fixtures
Very large difference in LT if copper assumed smooth

= Small dielectric dispersion points at small increase of dielectric loss
(consistent with specs, no presence of water)

= The rest of the losses are due to the conductor roughness
Separation of conductor roughness model from dielectric model is
important in case if traces with different widths are used on the
same board

Without roughness model, dielectric models must be built for every
cross section!

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 92
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Isola’s test board (designed with Simbeor)

8 layer stackup with two microstrip layers (Top and Bottom) and 2 strip-line layers (L3, and L6)
Microstrip Top - TWS copper foil, 1080 prepreg, no solder mask

Strip L3 - TWS copper foil, laminate 1080 core and prepreg

Strip L6 — LP3 copper foil, laminate 2116 core and prepreg

Microstrip Bottom — LP3 copper foil, laminate 2116 prepreg

O OO0 oo

Test structures - 4 and 8
inch line segment with
transitions to probe pads

TWS surface (Rg=2.6 um):

cTRL BOSNN

IMP E ()I\NCT‘_

Complete description is in: Y. Shlepnev, C. Nwachukwu, Practical methodology for analyzing the effect of conductor
roughness on signal losses and dispersion in interconnects, DesignCon2012, Feb. 1st, 2012, Santa Clara, CA
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TWS & 1IS680-1080 — No Roughness

O Berezkin method: Dk=3.0+-0.05, LT=0.003+-0.0005 @ 2.5 GHz

O Huge difference in insertion loss (IL) and in Group Delay both in
microstrip and strip-line configurations (GMS, 4-inch)

—#*— Measwed MSL Difference M5L Top Simulation, Smiln1[M11In2[M1]] —#- — —#— Measwed Stip. Difference Stip L2 Simulation, Sm{ln1[M1]In2(M1)] — % —
) —&—— Computed.4 inch MSL Top. Simulation, Smlln1[M1LIn2(M1]] — & — ——&—— LComputed.4 inch Stip L3.Simulation?, Smnl [M1LIn2[M1]] — & —
Magnitude(S), [dB] Group Delay, [ns] Magnitude(S), [dB] Group Delay, [ns]
o 1]
| 05875 i T S SRR
| : 1080CORE
-1 i m"-. . ! 2
"i" e s\‘k‘ Q = 10478 25 | ::@9@& e . T e T 067
1080PPEG Th“d [3.9 mig e R S e RO = :
2 | R SR S wnrawg T ’ws‘sg‘a : i % :
!. 1 05625 I
e 514 10.E5
I 1055 i
_4 -* %
i 10,5375 751 % 10,625
-8 L @ *’*ili***
é) ***** " * %WW &’
sl ‘%‘\& pocsed| 1928 % 106
2 =] 071 e '
Gec..eo@@)@{:@g:%e u@%
zewalaeeeeelﬁe . ! . | . ! | 1 05125 Sos0acsos OO0 EDO0N00060 SOSTEE0S BECSHE 000 ook
3 10 15 20 23 il 35 40 43 50 5 10 15 20 25 an 5 40 45 50
14 Jan 2011, 11:12:55, Simbesian Inc. Frequency, [GHZ] 14 Jan 2011, 11:17:16, Simberian Inc. Frequency, [GHz]
Stars — measured and fitted, Circles - modeled
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TWS & IS680-1080 — Adjusted roughness
parameters to fit the measurements (Simbeor)

O Dielectric constants are adjusted 3 -> 3.15 for 1080 prepreg, 3-> 3.35 for 1080 core
O Roughness parameters: Rq=0.35 um, RF=2.8 for all surfaces
O Both insertion loss and group delay now match well!

—#— Measured MSL Difference MSL Top Simulation?, Smllnd[k1)I02[M1])] — % — —#—— Meazured Stip. Difference Strip L3.Simulation?, Smllnd (M1 1L102(M1])] — % —
—&— Computed.d inch MSL Top Simulation?, Smlln1(M1]In2(M1])] — & — —&— Computed.d inch Strip L3, Simulation, Smllnd[M11In2M1] — e —

Magnitude(S), [dE]

Group Delay, [ns] Magnitude(S), [dB] Group Delay, [ns]
D L

P - , T07
10 : s .
17 o = TWSC o dogars
[ B ] 257 7 v
A o ’ﬁ\\*\ s 0o 1080PPEG " 'mmm  mmm
27 ey 1080PPEG p o5 3.0 il ! e S— T 0.67
* “1'-_‘_ SRS R S N SRS s |TOE7 F
T 0ER25
a3t 5t
1056 F
X , IL | 1 0.ES
-4 <
1055
e 7EL T0.E375
5T i == 1054 GD Lo
Y A |
ol . 5 ot 1051 i _— N W — JTOE1ZS

1} ] 10 15 20 25 a0 35 40 45 a0 ] 7 10 15 20 25 il ia] 40 45 A0
15 Jan 2011, 14:20:28, Simberian he. Frequency, [GHz] 15.Jan 2011, 10:53.54, Simberian Inc. Frequency, [GH=z]

Stars - measured and fitted, Circles - modeled
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TWS & 1S680-1080 — Adjusted roughness parameters to fit
the measurements (Huray’'s snowball model)

O Dielectric constants are adjusted 3 -> 3.15 for 1080 prepreg, 3-> 3.35 for 1080 core
O Roughness parameters: Ball radius 0.8 um, tile size 9.9 um, Nb=20, Rr=1.14
O Acceptable accuracy!

A hdeasured MSL Difference MSL Top.Fitted; AMeasured Strip. Difference Strip L3, Fitted;
B:Hurayhodel 4 inch MSL Top. Simulation1: B:Huraytodel 4 inch Strip L3. Simulation1;
—# A Sm[N (M1 In2(M1)] = — —— R ASMIN1(M1),IN2(M1)] #= =]
— o B:Smin1 (1), In20h 1] O— —; ) — 9 B:SmIn1(M1),In2(M1)] O— —;
Magnitude(S), [dB] Group Delay, [ns] Magnitude(S), [dE] Group Delay, [ns]
0
I:I L
———— 107
14 L5 1080CORE
K : Ry 28T 775
21 a i \ NN T 1080PP-E L oers
* 1080PPEG VT\iV:‘!;:Em | Em 1 0.56 2
IL_ N il e e ] 5 _aL X ~
3 -aF 4: \
1055 IL ‘g T 065
41 e & < %\
oL 1054 ‘ﬁ GD %‘\:\ |-
‘ TG % @\ -8.- s /T% :
M fhmﬁ'ﬁ 1053 o ET s W o A et e — Eﬂ?ﬁ
E::J\% — e T
, ~<§-r_=-x=c,:_->'-<'gl‘(—‘%f ! . . | | R I e B e I e I e I
0 £ 10 15 a0 =8 a1 3 40 45 &0 a 5 10 15 20 25 a0 35 40 45 A0
26 Mow 2011, 0%:05: 27, Simberian Inc. Frequency, [GHz] 26 Now 2011, 09:09:18, Simberian Inc. Frequency, [GHz]
Stars - measured and fitted, Circles - modeled
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON” 9%
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Plated nickel model identification for ENIG
finish (EMC 2011)

Ty, Infertion Lo
1ol Dol nm line
Cu ,Au . Causal Landau-Lifshits g —
model for nickel layer 20} Simulated
e \
ol 150 mm line M‘TW& #
A0t
150 mm MSL link, 12 Gb/s Measurec s
. ] 7 10 15 20 25 il ia] 40
Simulated Measured 10 Jan 2011, 0%:31:26, Simberian Inc. Frequency, [GHz]

In-phase Signal In-phasze Signal
b o ’ é Group Delay, [ns]

11 | Simulated . |.|

[TEY
wu
(]
3
-

1+

0ar

oof| B

w= o718 100 mm lin
| P g

0eT
V
1 Measured

Marmalized Amplitude
Marralized Amplitude

Tirme (s) -1

w10 05T
I
Computations and measurements provided by : : + + + 215 3lu + pi
Teraspeed Consulting Group 10.Jan 2011, 09:34:15, Simberian Inc. Frequency, [GHz]
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCONN 97

» Electromagnetic Solutions




Material identification (summary)

O Any interconnect design project at 10 Gbps and above
must start from the dielectric and roughness parameters
identification

O Material parameters identification with GMS-parameters
Is the simplest and the most accurate for PCB
= Verified in multiple projects and implemented in Simbeor
software
O For successful identification S-parameters and test
fixtures have to be pre-qualified
= Pass the quality metrics in Simbeor Touchstone Analyzer
= Have consistent impedance on TDR plots
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< Simberian

Electromagnetic Solutions

Validation of analysis with

measurements (benchmarking)
e [

Building benchmark boards

To understand capabilities and
limitation of a solver

1/25/2013 © 2013 Simberian Inc. DES'G”GO”( 99



Benchmarking board

O

O

Controlled board manufacturing is the key for success — fiber type, resin
content, copper roughness must be strictly specified or fixed!!!
A set of structures to identify one material model at a time
= Solder mask, core and prepreg, resin and glass, roughness, plating,...
A set of structures to identify accuracy for transmission line (with possible
coupling) and typical discontinuities
= Use identified material models for all structures on the board consistently
= No tweaking - discrepancies should be investigated
A set of structures for TRL-type de-embedding
= Simple T-matrix de-embedding does not work on PCBs!
Alternatively, build models for launches (jitter de-embedding approach)
= Probe launches are the most accurate (require probe station)

Use VNA/TDNA measurements and compare both magnitude and phase
(or group delay) of all S-parameters

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 100
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Example of benchmarking boards

PLRD-1 (Teraspeed Consulting, CMP-08 (Wild River Technology &
DesignCon 2009, 2010) Teraspeed Consulting, DesignCon 2011)

CMP-28, Wild River Technology,
Isola, EMC 2011, DesignCon 2012 DesignCon 2012

=3 ] o)

- Simberian 1/25/2013 © 2013 Simberian Inc. DES'G” ON’ 101
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Hybrid simulation technology is used to
illustrate benchmarking (Simbeor software)

O Method of Lines (MoL)

= More accurate than finite element method (FEM) and finite integration
technique (FIT) for problems with multiple dielectric and metal layers

= Provides conductor interior solution for metal planes

O Trefftz Finite Elements (TFE)
= Used to model strip conductor interior with rough surface

0 Method of Simultaneous Diagonalization (MoSD)

= Extracts modal and per unit length parameters of lossy multi-conductor
lines and periodic structures

= Allows precise non-reflective de-embedding
= Provides 3D observable definition of the characteristic impedance
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PLRD-1 benchmark board examples

O 4-layer stackup with two planes and 2 signal layers
O 30 test structures — all equipped with SMA connectors

Differential vias

Meander
Beatty
standards PLRD-1 board created and
independently investigated by
Low-pass Teraspeed Consulting Group
filter www.teraspeed.com
Two-stub
resonator

Structures for TRL de-

embedding and
material identification

Two offset stu
resonators

Single-ended |
channel with 6
vias

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 103
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25-Ohm micro-strip Beatty standard

5000 T .
_ 250mil 1000 mil L 220mil Ex
5250 +
“mil RP1 g Half-wavelength resonancesp RP2
Y . . . due to reflections . . . 5, [Imil]h
2500 2750 2000 2250 3500 3750 4000 4250 4500 4750

29 kay 2009, 14:50:51, Simbenan Inc.

O 1-inch 46 mil wide micro-strip line segment connected in series into 17-mil wide
micro-strip line

O DK=4.0,LT=0.018 @ 1 GHz, WD model — lower DK for wider line (anisotropy)

O Conductor roughness 0.5 um, RF=2

O De-embedded to reference planes to keep 250 mil micro-strip segments on
both sides of the structure

O Can be analyzed as a whole or with decomposition into two step discontinuities
and line segments

O De-compositional analysis is faster and more accurate

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 104
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De-composition of 25-Ohm Beatty standard

Two rectangular discontinuity selectors created to de-compose the
structure in 5 elements

50004 Step 1 46-mil micro-strip line (MSL2) 7
Step 2
5250 1 -
,Y’[m'” 17-mil micro-strip lines (MSL1) -
; ; ; ; ; ; »-

2500 2750 3000 2250 3500 3750 4000 4250 4500 4750
29 Mayp 2003, 14:44:22, Simberian Inc.

Simbeor de-compositional model (linear network)

Step 1 MSL2 Step 2

(S-parameters) || | (S-parameters) || MSLL  — Port 2

Port 1 — MSL1

Auto-decomposition is used here as demonstrated in screen-cast
#2009_03 at
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http://www.simberian.com/ScreenCasts.php

Circuit elements automatically created for
the electromagnetic extraction

Step 1 - full-wave Step 2 - full-wave
extraction of 2-port _a extraction of 2-port S-
S-parameters B Pa rameters

..4l'.‘!_- w2 port 2

All EM models are
automatically re-composed
in linear network “Beatty25”

- mt2  port 2 "l ut2": port 2

46-mil micro-strip line'®
- full-wave extraction
of RLGC(f) parameters

o

Analysis takes less than 1 min and all models are re-usable for
possible fast “tuning” by adjustment of the t-line lengths

BOTTOR
~YER3

h
17-mil micro-strip '\-\_
— full-wave extraction

of RLGC(f) ameters

L Simberian 1/25/2013 © 2013 Simberian Inc. DES'GNGO”( 106

Electromagnetic Solutions




Comparison with measurement results de-
embedded with TRL

0 Magnitudes of S-parameters -

2500 2750 3000 3250 3600 3750 4000 4250 4500 4750
29 May 2003, 14:50:51, Simberian Inc.

—%— BeathyZb.brl_25Bohm_beatty_z2p Simulationd, 5[1.1]
—#— BeattyZ8.kl_25ohm_beatty_z2p Simulationd, 5[1.2]

——#—— Beatty25.til_25ohm_beatty_s2p. Simulationd, 5[2.1] M easu red (Sta rS)
——#—— BeathwZb.krl_25ohm_beatty_z2p Simulationd, 5[2.2]
—%—— Beatty25.Beatty25 Simulation, 5[1.1] . .
e Beatty25 Beaty25 Simulation] . S[1 2] Simulated (circles)
M agnitude(S). [dB]
[ T A

Measured Data Quality Metric:
Passivity QM=99.9999%
Reciprocity QM=99.21%
Symmetry QM=38.6%

1014

i / 53 .

. ! Visible difference in |S11| and
] Good |correspondence! |S22| - the actual structure has
407 _ mirror geometric symmetry
‘transmission violations (manufacturing

variations and the weave effect)

501 l

25 5 75 10 125 15 175 20

29 May 2009, 15:08:16, Simberian Inc. Frequency, [GHz]
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Comparison with measurement results de-
embedded with TRL

0 Phase and group delay

5000 ‘

5250
v [mil]
2750 3000

¥, [mil]

2500
29 May 2003, 14:50:51, Simberian Inc.

Measured - stars,

3250

3600

3750

4000 4250 4500 4750

—¥%—— BeattyZb.tl_2Bohm_beatty_z2p SimulationT, 5[1.1]
—#—— BeattyZ5.tl_2Bohm_beatty_z2p SimulationT, 5[1.2]
—#—— BeattyZ5 bl_25ohm_beatty_z2p Simulation?, 5[2,1]
——#—— BeattyZb.tl_2Bohm_beatty_z2p Simulation, 5[2.2]
—%—— Beatty25. Beatty25 Simulation, 5[1.1]
—=—— Beatty25. Beatty2h Simulation, 5[1.2]

simulated - circles

—*—— Beatty25 tl_25aohm_beatty_z2p. Simulationd, 5[1.2]
—#—— Beatty25 bl_25okm_beatty_=2p. Simulationd, 5[2.1]

—<—— BeattyZ5 Beatty25 Simulation?, 5[1.2]

Anglel5]. [dea]

-250 7

-A00+

a0t

10001

1280+

15001

25 5 75 0 125

29 hayp 2009, 15:09:43, Simberian [ne.

« Simberian 1/25/2013
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Group Delay, [pz)]
2E25 | | , 1
o it o
2507 % n
- i | O &
237573 — T __!.
3 2] - # A a
225 | I- .. .l. :‘- :. " ?!
21251 ; i '. i
2001 | | |
15 175 o0 25 5 75 M 125 15 175 20

Frequency, [GHz]

29 May 2009, 15:11:57, Simbenan Inc.

Good correspondence!

© 2013 Simberian Inc.
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Micro-strip resonator with two offset stubs

O Two 17-mil wide micro-strip stubs
separated by 80 mil as shown

AN
0 DK=4.2,LT=0.018 @ 1 GHz, WD model 2701 ?“’
o Conductor roughness 0.5 um — 342 mil
O De-embedded to reference planes to keep oo
750 mil micro-strip segments on both LN
sides of the structure
o Can be analyzed as a whole or with ool 80 mil 70 mil
decomposition into three discontinuities |
and line segments 3200 1
O De-compositional analysis is faster and o, o
more accurate L X il

} } } } } Lo
2700 2800 2300 3000 00 3200
29 bap 2009, 11:51:27 . Simberian [ne.
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De-composition of two-stub resonator

Three rectangular discontinuity
selectors created to de-compose
the structure in 7 elements

Simbeor de-compositional
model (linear network)

2700- AN ?ﬁ. Open 1
(S-parameters)
en 1
28001 Op |
unction MSL
Port 1 , Port 2
S e B T A
(S-param.)
|
Micro-strip MSL
o Open 2 lines (MSL)
300t Open 2
T“r’, [mil] S (S-parameters)
E?IIIIIZI EBIIIIIZI 2'.E|=IIIIZI EDIEIIII 31=IIIIII
29 bap 20093, 11:48:53, Simberian he. . .
Auto-decomposition is used here as
demonstrated in screen-cast #2009_03 at
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 110
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http://www.simberian.com/ScreenCasts.php

Circuit elements are automatically created
for the electromagnetic extraction

Open end - full- X-junction - full-wave
wave extraction extraction of 4-port S-
of 1-port S-

pa ters
parameters OTTOM )

All EM models are .
automatically re-com osed
linear network “OffsetStubs”

17-mil micro-strip line
- full-wave extraction
of RLGC(f) parameters

f

- Simberian 1/25/2013 © 2013 Simberian Inc. 111
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Analysis takes less than 1 min
and all models are re-usable for
possible fast “tuning” by
adjustment of the t-line lengths




Comparison with measurement results de-
embedded with TRL =

2800

2300

0 Magnitudes of S-parameters

3100
—4%—— (OffsetStubs.trl_offzet_resonator_s2p. Simulationd, 5[1.1]
——— [OffzetStubs.irl_offzet_rezanator_s2p. Simulationl, 5[1.2] .
—#— OffgetStubs. trl_offzet_resonator_s2p. Simulation?, 5[2.1] M easu red (Sta FS)
——#—— OffsetStubs.trl_offzet_resonator_s2p. Simulation1, 5[2,2] i
—e— OffsetStubs. OffsetStubs SimulationT, 5[1.,1] . . I -
—&— OffzetStubs. DffsetStubs. Simulation?, 5[1.2] Simulated (CI rcl es) R T .
28 May 2009, 11:51:27, Simberian Inc.

Measured Data Quality Metric:
Passivity QM=100%
Reciprocity QM=99.41%
Symmetry QM=0%

="
é % Visible difference in |S11| and
reflection iy |S22]| - the actual structure has
' rotational geometric symmetry
s0f transmission violations (manufacturing
‘ variations and the weave effect)
Good correspondence!
2.!5 5 ?‘.!5 1!IZI 1 2 ] 1:5 1 ?‘5 EIIZI
I kap 2009, 08:20:12, Simbenan Inc. Frequency, [GHz]
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Double resonance effect

O The effect of interaction between the resonators first observed by M.
Goldfarb and A. Platzker in “The effects of electromagnetic coupling on
MMIC design”, Int. J. of Microwave and Millimeter-wave Computer-
Aided Engineering, 1991, v.1, p. 38-47

O The de-compositional analysis proves that the effect is due to the
interactions of two T-junctions through the high-order modes in micro-
strip line connecting them

M agnitude(S ], [d8]

—4%—— OffzetStubs.rl_offset_rezonator_s2p. Simulationd, 5[1.2]

—— (ffsetStubs.til_offset tor_s2p. SimulationT, 5[1.2
— & (ffsetStubs. OffsetS tubs, Simulation].. 5[1.2] set3tubs _offsetresonatar_s2p. imulation, S[1.2]

—=— [ffgetStubs. OffzetStubs. Simulation?, 5[1.2]

b agnitude(5], [dB] 25 b agritude(S]. [dB]
U ; N
251 “ o0t
5 10 15 20
31 May 2009, 08:21:44, Simberian Inc. Frequency, [GHz]
.3|:| 1
AT
a4
.3|:| 1
0T
- a5l e .
7 “5e Measured - stars, N
simulated - circles

46 47 48 49 5 51 52 14 1425 145 1475 15 1525

31 Map 2003, 03:07:37, Simberian Inc. Frequency, [GHz] 31 Map 2009, 09:02:30, Simberian Inc. Frequency, [GHz]
The effect cannot be observed without the EM analysis!
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 113
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What if the interaction is ignored?

2600

With two separate -
T-junction (no N\
high-order mode
interactions) — red

lines on graphs ...

2700 2800 2300 3000 3100 3200 3300
31 by 2009, 05:34:03, Simberian Inc.

—#%— [ffzetStubs trl_offzet_rezonator_s2p Simulation, 5[1.2]
—=— [ffzetStubs OffzetStubs, Simulation, 5[1.2]

= [ffgetStubgiwfithT ees. OffzetStubs\withT ees Simulation, 5[1.2]

M agnitude(5). [dB]

307 U Me

-

A0+

- lwith 2
T-junctions| \ / With X-junction
(red line) (circles)

46 47 48 43 5 51 52
A1 May 2009, 03:42:51, Simberian Inc. Frequency, [GHz]

With single X-junction
(high-order mode
interactions) — green
circles on graphs

2700 2800 2900 3000 300
29 May 2009, 11:48:53, Simberian Inc.

—#%— [ffzetStubz.trl_offset_reszonator_s2p Simulation, 5[1.2]
—=—— [ffzetStubs. OffzetStubs. Simulation, 5[1.2]

= OffzetStubgwithT ees. OffzetStubs\ith T ees Simulation], 5[1.2]

Magnitude(S). [dB]

201 %

Measurec y

25+
(stars)
AR

¢

351 =

With2 |3
T-junctions With X-junctjon
| (red line) \/ (circles)

14 1425 145 1475 15 1525
31 May 2009, 03:41:31, Simberian Inc. Frequency, [GHz]

401

45

The effect cannot be observed without coupled discontinuities!

« Simberian 1/25/2013
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Comparison with measurement results de-
embedded with TRL =

2800

2300

0 Phase and group delay

—¥— [ffzetStubs. brl_offzet_rezonator_s2p Simulationd, 5[1.1]

00

—#— [ffgetStubz bil_offzet_rezonator_s2p Simulation, 5[1.2] — 3200

—#—— QffzetStubs il_offzet_resonator_s2p.Simulation], 5[2.1] M €asu red Sta s !

—#—— OffzetStubs. bl_offzet_rezonator_s2p. Simulation1, 5[2.2] simu |ated - Cl rCIeS 33007 (i
— = OffsetStubs. OffzetStubs. Simulationl. 5[1.1] Y , ‘ , il
—&— [(ffzetStubs OffzetStubz. Simulation, 5[1,2] 2700 ZEO0 2300 3000 FI00 3200

28 May 2009, 11:51:27, Simberian Inc.

Angle(S]. [deq]

—#— [QffsetStubs. til_offset_resonator_s2p Simulation?, 5[1.2]
—a—— OffzetStubs. OffzetStubsz. Simulation, 5[1.2]
Group Delay, [pz)]
28071
o0+ 10007
el T
I:I..
-1000 1
42501 40007
Measured data filtered
a0y with 16th order FIR filter
-2000 7 £
17801 (S arS)
25 & 75 10 125 15 175 20 25 & 75 10 125 15 175 20
29 kay 2009, 12:05:02, Simberian [nc. Frequency, [GHz]
Good correspondence!
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Meandering micro-strip line

O

O

Meandering 17-mil 2.6 inch long micro-

strip line

DK=4.2, LT=0.018 @ 1 GHz, WD model ﬁ

Conductor roughness 0.5 um

De-embedded to reference planes to keep 5]
390 mil micro-strip segments on both
sides of the meander — total length of the

line is 3380 mil

Can be analyzed as a whole or with
decomposition into two discontinuities and

line segments

De-compositional analysis is faster and Y. [mil

more accurate

« Simberian 1/25/2013

Electromagnetic Solutions

10 mil

A

B500 7

8580 282 mil

EEO0 T

BE50 T

\4
EF00 ¥ &4, [mil]

2450 2500 2550  2RO0 2RO 2700 2750
27 May 2009, 03:43:19, Simberian Inc.
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De-composition of the meander

Two rectangular discontinuity

selectors created to de-compose Simbeor de-compositional
the meander in 5 elements :
model (linear network)

Mender Top

Portl Meander Top Port2
— MSL H (S-parameters) HMSL [—

8-conductor

 t-line segment

Micro-strip
linegs (MSL)

8-conductor line
segment (RLGC)

BE00 T

EES0 T

Meander Bottom
(S-parameters)

. [mil]
700 &

2450  2RO0 ZRAO 2600 26RO 2700 2FA0
27 May 2009, 03:47: 22, Simberian Inc.

Auto-decomposition is used here as
Meander Bottom demonstrated in screen-cast #2009_02 at

. Simberian 1/25/2013 © 2013 Simberian Inc. a 117
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http://www.simberian.com/ScreenCasts.php

Circuit elements automatically created for
the electromagnetic extraction

17-mil micro-strip line
- full-wave extraction
of RLGC p.u.l
parameters

Meander Top - full-
wave extraction of 10-
B port S-parameters

g port 2

" All EM models are
automatically re-composed
in linear network "Meander

s port 2

144

Meander Bottom - full-
wave extraction of 10-
port S-parameters

8-conductor micro-strip
line — full-wave extraction

b11 of RLGC p.u.l. parameters

T t2 port 9
|t t2 pork 10
gLt pott

¥ Analysis takes 5 min and all % s
models are re-usable for possible" .
fast meander “tuning” by ;

adjustment of the t-line lengths e
-2, 265.714)

SR

« Simberian 1/25/2013
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Comparison with measurement results de-
embedded with TRL

0 Magnitudes of S-parameters

6600

6450

BEA0
—#— bdeander.til_meander_sp Simulation?, 5[1.1]
—#—— Meander.tril_meander_s2p. Simulation, S[1.2] sy R
—#—— Meanderkl_meander_s2p. Simulationl, 5[2,1] M easu red (Sta rS) P ET T G
—#—— eander.til_meander_z2p Simulation?, 5[2.2]
— = Meander Meander. Simulationl, 5[1,1]

—%— Meander.Meander. Sirmulation?, 5[1.2] SImUIated (CerIes)

. [mil]

A0+

Measured Data Quality Metric:
Passivity QM=100%
Reciprocity QM=99.6%
Symmetry QM=49.3%

20t i

30{%

rander

'm" a band-stop filter reflection Some visible differences in
5017 5 around-10 GHz [ |S11| and |S22]| - the actual
structure has mirror geometric
T | | | ! | | | symmetry violations
25 5 75 10 125 15 17.5 (manufacturing variations and
27 Mayp 2009, 10:17:13, Simberian Ine. Frequency, [GHz]

the weave effect)

Good correspondence!
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Comparison with measurement results de-
embedded with TRL

O Transmission coefficient phase

EEO0

(angle) and group delay

6700y %, [mil

Measured - stars, simulated - circles

E450

r. [mil]

—*%—— Meander.bil_meander_s2p. Simulation, 5[1.2] —*—— Meander.til_meander_s2p. Simulationd, 5[1.2]
—#—— Meander.bl_meander_s2p. Simulation, 5[2.1] —#—— Meander.tril_meander_z2p.Simulation1, 5[2.1]
—&—— eander.Meander Simulation, 5[1.2] —%— Meander Meander. Simulation?, 5[1.2]
Angle(5]. [deaq] Group Delay, [ps)]

Measured datalfiltered with 16t

5014 order FIR|filter|(stars)

a0t

100142

180T

500+
2007

2801

2807

3007

380+

I:I..

25 5 75 20 25 5 75 10 125 15 176 20
27 May 2009, 10:54:40, Simberian Ihc. Frequency, [GHz] 27 May 2009, 10:57:07, Simberian Ihc. Frequency, [GHz]

Good correspondence!
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON“ 120
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PLRD-1: S-parameters of

differential vias

Good correspondence in
magnitude of the transmission
and reflection coefficients
between Simbeor model and
measurements

22 Apr 2009, 14:57:37, Simberian Inc.

—¥— Measz.bl_diff_wiaZ_sdp. SimulationZ, Smm[01.02]
—=— Project] ViawithLinesz_sdp. Simulation?, Smm{D1,02]
tagnitude(5]. [dB]

Measured

a4
(circles)
3 S S R N S N
25 5 75 10 125 18 175 20

22 Apr 2009, 14:10:30, Simbenan Inc. Frequency, [GHz]

« Simberian 1/25/2013

Electromagnetic Solutions

© 2013 Simberian Inc.

—— peasz.bl_diff_viaZ_zdp SimulationZ, Smm[01.07]
—=— Project] ViawithLines_s4p. SimulationT, Smm[01.01]
M agnitude(5]. [dB]
|:| 4

25143

RO+

et

125 15 175 20
Frequency, [GHz]

25 5 75 10
22 Apr 2009, 14:10:47, Simberian Inc.
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PLRD-1: S-parameters of micro-strip
channel with 6 localized vias

/

Good correspondence in
magnitude and phase of
the transmission
coefficient (though
reflection was larger in the
experiment) e

22 Apr 2009, 12:29:27, Simberian Inc.

—¥— Meaztr_multi_transition_microstip_s2p. Simulation, 5[1.2] —¥— Meaztr_multi_transition_microstip_s2p. Simulation, 5[1.2]
—%— Project] MultiT ranzition. SimulationT, 5[1.2] —%— Project] MultiT ranzition. SimulationT, 5[1.2]
b agnitude(5 ], [dE] Angle(S), [deg)
Measured (stars) th R EEEERERER B R
2R+ / -7 I“ ¢ i . “ , m OB F - !
/ 00 T # & E R : 3 '
'5" il :| ¥ il 4 ; ; I
751 R
104 A t % i
. . 300 T %A
Simulated (circles) EZERLEEE B!
254 , , , , , , , ! i l_.l ;i 3 ® | & : t , , 3 b |
25 4] 7h 10 125 15 175 20 25 4] 7h 10 125 15 175
22 Apr 2009, 121231, Simberian Inc. Frequency, [GHz] 22 Apr 2009, 12:13:08, Simberian Inc. Frequency, [GHz]
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Channel Modeling Platform CMP-08

O Validation board with coupled microstrip and strip structures designed
with Simbeor software by Wild River Technology

= J. Bell, S. McMorrow, M. Miller, A. P. Neves, Y. Shlepnev, Unified Methodology of 3D-

EM/Channel Simulation/Robust Jitter Decomposition, DesignCon2011 (also App Note
#2011_02 at www.simberian.com)

Analysis to measurement
correlation investigation on
38 structures up to 30 GHz!

3”, 6", and 11" Differential
THRU structures are used to
benchmark simulations-
measurements, and jitter tools

- Simberian 1/25/2013 © 2013 Simberian Inc. e 123
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CMP-08 examples

differential stripline

-

-

W

[

=a]

@ D:\S-Parameters\thruStriplines' Simbear_SL-3inch.sdp
Simbeor_SL-3inch zdp

o

. (L | 7 I—
-15 Tt e

- v :

E 25|} ”ﬂﬂu\

e 1 VAL e
35 ] ! ll" i .ln‘i"w" 3
oA v"%
-5
Bor weo1 0G0 1menl 1601201 01001 200500 B05M0 TH0eD)  WO0200 4000

Freq MHZ)
WA S

B O 1] 01 2] e SO0 5) ol SO0, 6] o OO2, 1] = D220 88 O(2.5] = (2,41 M6 OC3. () 8 O03.3) 4 C03.3] 0 O3] — O(e0] T4

Three-inch stripline differential traces

Results of S-parameter comparisons from
models and from VNA and TDNA for the 3 inch

@ Da\S-Parameters\thruStriplines' SPARQ_SL-3in.s4p o | 2 =]
SPARD_SL3in.sdp
0p~ - v
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A TR Y TN LY
{ 1] e ' ko
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- e
_JQJW 4000 00 00000 12000 00 10000 DOOCOO0 T400000 SEIOCO0 RI0OCO0 BELO000 W00000
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000 01500 01600 1201400 01200 2001000 2400800 2800500 3000400 3BO0CO0 00000
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T
=10} J
=15
- m
S
g = ALY
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CMP-08 examples

O Three-inch stripline differential
traces

O Using recorded differential
stimulus

O Two co-simulations with “modeled”
S-parameters

O Two co-simulations with \
1] ” -’,‘:‘ \ ISI = 10.6[)5
measured” S-parameters /" \DDi = 12.0ps

O One direct measurement —
O lllustrating “good” agreement

% 1s1=130ps K
4/ \\DDi = 13.0ps N\

i

S0

Z30GHz Scop!
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CMP-08 examples

6 inch Differential Stripline Comparison of Noiseless
Eye Diagrams, IS| and DDj jitter figures.

11 inch Differential Stripline Comparison of
Noiseless Eye Diagrams, ISI and DDj jitter figures.

— e

% ,/,// nsoft —

~I51=19.6ps
S DDj = 20.4ps

< 1SI=19.2ps
~DDj = 20.4ps/

==
=

; I1S1=27.2ps

F/k Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCOW 126
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CMP-08 examples of structures for x-talk
analysis to measurement correlation

McMorrow Broadside Coupler
eMimics Backplane

oStripline Traces

eMultiple aggressors

;'" XTLK yields relatively high jitter

Neves Pathological ‘-T'E':“:'-v.,.;_.; el R SRR
eMicrostrip Traces CEliigl = B
eMode Conversion
eImpedance Variation i R e U
*XTLK yields relatively low jitter REEE. IR ENCHE
See more in J. Bell, S. McMorrow, M. Miller, A. P. Neves,
Y. Shlepneyv, Unified Methodology of 3D-EM/Channel
Simulation/Robust Jitter Decomposition, DesignCon2011
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNBOW 127
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CMP-28 benchmark board

|
W|\dr|vcr

technalogy

wiw WILORIVERTECH COM
CMP-2§ sipE 2 .

Validation board with microstrip
and strip structures designed with
Simbeor software and available from
Wild River Technology -

=4 Simberian 1/25/2013 © 2013 Simberian Inc. DES'GNGO”( 128
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http://wildrivertech.com/

Conclusion

O Decompositional electromagnetic analysis is the fastest and the
most accurate technique for signal integrity analysis

= Predictable interconnects must be designed as localized wave-guiding
channels

m Via-holes, breakouts and connector launches must be localized to make
models independent of the board geometry

O Always start project with material parameters identification

= Accuracy of transmission line models depends mostly on the dielectric
and conductor surface roughness models and they may be not available

O Ensure S-parameter model quality (created and from vendors)

O Always validate your analysis with measurements
= Use VNA or TDNA and compare both magnitudes and angles

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”GON 129
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Contact and resources

O Yuriy Shlepnev, Simberian Inc., Booth #626

Tel: 206-409-2368

Webinars on decompositional analysis, S-parameters quality and
material identification

Simberian web site and contacts
Demo-videos

App notes

Technical papers

Presentations

Download Simbeor® from and try it on your
problems for 15 days

O

O O O O O 0

< Simberian 1/25/2013 © 2013 Simberian Inc. DES’G”BON( 130
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mailto:shlepnev@simberian.com
http://www.simberian.com/Webinars.php
http://www.simberian.com/
http://www.simberian.com/ScreenCasts.php
http://www.simberian.com/AppNotes.php
http://kb.simberian.com/Publications.php
http://kb.simberian.com/Presentations.php
http://www.simberian.com/
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Example of decompositional analysis of non-
localizable link

A net on 4-layer board with two parallel planes (S-G-P-S)
to illustrate the port-based decomposition process

Port-based decomposition of the net
Comp 1 DeCap 1
open
Jx D circuit
() via 1 | |
1| ] Slot line
’?eCao 3 segment
Comp 2 .
¢ D Tx 91 Comp 1 TL N C_ouphng |
with PDN
porto{ Package |- segment at via 1 DeCap 3
2-plane PDN via 2 Rx (coupl. to PDN)
withaslit ~ DeCap2| O— T T [ 1 B
_ TL Slot line
segment segment | | | |
[ 1 [ 1
: Split
C_oupllng L TL — crossing T TL —| Comp2 © Rx
with PDN | | segment —{ (coupl.to - segment Package |o port
at via 2 PDN)
DeCap 1 DeCap 2 T
[ ] [ ] Slot line I
segment
Transmission plane model of coupl. with via 1 L]
coupl. with slot lines PDN with a slit short
coupl. with via 2 circuit

Not possible in pre-layout analysis!
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Example of decompositional analysis of
localizable link

-

Attenuation, dispersion,
coupling in transmission lines

W-element models for t-line
segments defined with

Tx

/
RLGC(f) pUl tables ECC)- d Reflection from via-holgs
\(or equivalent S-parameter) anyscontinuities
] g [: Rx

Tx ©| Driver [ T-Line [7| DiffVias iHi
porto]{ Package || Segment Model Decomp05|t|0n
T T M
T-Line
Segment | | | |
Complete Multiport ]
S-parameters N . Selit T-Line Diff. 1 Receiver [© Rx
Diff. Vias TLine crossing Segment Vias | | package |o port
i Model 1 — Segment ) yiscontinuity [~ Model
Multiport S-parameter

models for via-hole

transitions

and

discontinuities
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Example: Series impedance, two-port
: —e—o—|:|-(12 £r )-‘ z is a complex b
T v impedance s EeC

Zoa_l)
‘C Gt
v v

We just use known Y and transform it to S

N V_N

N

Short-circuit: = -

01
17 141 v _Z[ 141 2=0=3u=1 0
Y_;[—l J = YN_ZO.Y_?[—I 1} Open-circuit: :1 O:
Z=OO:>S1’1= 01
- 1 z 2-/Z - T
S=(U-Y,)-(U+Y, lz—[ 0}
( N)( N) Z+2'ZO Z-ZO z
z—-2-Z,

z+2-Z,

Passivity: ‘eigenvals[S]‘ = {

For real normalization
,1} <1 |:> Re(z) 20 impedance

S-matrix is always symmetric (reciprocal system)
and non-singular for any z

- Simberian 1/25/2013 © 2013 Simberian Inc. e 138
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Example: Parallel impedance, two-port

Z

0 ﬂ) I I & Z, .
——0— o——1{ H+- z is a complex o
h v z +V b : SeC
o L h impedance

We just use known Z and transform it to S

Short-circuit: 1 0
1 z=0=S 2[ N }
o] > neezfl) Sl
1 1 Z, Z, Open-circuit:
| I y 2.7, Z:w:Sn:[(l) (1)}
S=(Z,-U)-(U+Z,) = o o ’
(20U z) = 53 T
1 1
=—, Y:—
4 zo ! Z,
y-2-Y

Passivity: |eigenvais[s] :{ y127,

For real normalization
,1} <1 |:> Re(z) 20 impedance

S-matrix is always symmetric (reciprocal system)
and non-singular for any z

- Simberian 1/25/2013 © 2013 Simberian Inc.
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Example: Pl-circuit, two-port

Z, Z,

a 3 a
- Y l —
o> ] ¢ = yl, y2, y3 are o
b ijl ijz b, complex SeC
. N admittances

V4

(S}

) ~ +0O

<o — +0
N

We just use known Z and transform it to S
Y:[J’l+y3 ~-y3 } YN:ZO.[y1+y3 —y3 }

—v3  y2+4+y3 —y3  y2+y3
17V . o 1Y -(v-»2)-,-B  2-y3-Y, y - L
§=(U=1)-(U+1) _A{ 2037, 5 e(y-y2)Y, "7,

A:Y()z+(yl+y2+2-y3)'Y0 +B B=yl-y2+y2-y3+yl-y3

S is always symmetric (reciprocal system) and non-singular

Passivity: ‘eigenvalS[S]‘ <1 Always satisfied for nets composed of R,L,C
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Waves in multiconductor t-lines

Zy, (a)) :\/Zn,n (a))/yn,n (a)) Modal complex characteristic impedance and

propagation constant
L, (0)=z,,(®),, (o)

Current and voltage of mode Voltage waves for mode
number n (n=1,...,,N) number n (n=1,...,N)
ln
+ Ty
Vn_ :> V. e
: > > ) Passivity:
v, (x)=v, -exp(-T, -x)+v, -exp(T, -x) pr =L Re(Z,, (@)= 0

a,=Re(T, (®))=0

| -
i (x):Z—[v; cexp(-T, -x)—v, -exp(T, x)] P ‘V‘
On n ZOn

M,-v Voltage and current in multiconductor line can be expressed
M, i as a superposition of modal currents and voltages

1

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 141
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One and two-conductor lines

One-conductor case Z, (a)) =\/Z(a))/Y(a))

I
M,=M,=1
o M(0)=Z() ¥ (o)
Symmetric two-conductor case — even and odd mode normalization
+ +
= MV:M1=M60:L{1 1} V=M, -Y(0)-M,
_ \/5 _1 1 ZeOZMeO'Z(C())-MeO

Zodd (C()) — \/ Zeol,l /yeol,l 1_‘oda’ (a)) = \/Z€02,2 ’ ye02,2

Zeven (a)) = \/Ze02,2 /yeo2,2 Feven (a)) = \/Ze02,2 ) ye02,2

Common and differential mode normalization

V Vimm 2 1 Imm _
—-10.5 051 z, :Man1m 'Z(a))‘Mzmm

Zdiﬁ”erential ((0) = \/mel l/ymml 1 Zdiﬁ‘erential =2- Zodd 1—‘a’iﬁperential = 1_10a’d

ZCOmmon (C()) = \/me2,2 /ymm2,2 Zcommon =0.5- Zeven rcommon o Feven
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Material identification board from
Molex/Teraspeed Consulting Group

o Board made with Nelco 4000-EP have been investigated and featured in:
D. Dunham, J. Lee, S. McMorrow, Y. Shlepnev, 2.4mm Design/Optimization with 50
GHz Material Characterization, DesignCon2011

o Similar board was made with Panasonic Megtron 6 dielectric, VLP copper

Scott McMorrow from Teraspeed Consulting Group designed
6 test fixtures with 2, 4 and 6 launches for 2.4mm Molex connectors, board made by Molex
inch strip line segments in and measurements done by David Dunham, Molex

Layer 1 (S1) and Layer 4 (S4)

Signal Layer 1

5
!
I
i
[

.

Signal Layer 4
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Test board and cross-section

O Strip line segments in Panasonic’s Megtron 6
O 2inch, 4 inch and 6 inch segments on board to identify
parameters From datasheet (Dk is 3.6-3.7 for

i@ Solution: "Megg" — .
88 Computed 2116 glass style, LT=0.002):
L oED iolos T E— =
R Mat"erlab. T:ZD[‘:‘C],... . Test Sample .006” Dielectric Constant ledeieiney
- "Copper”, RR=1.05, 5R=0.55, RF=2, RM=Original (2-1080 @63%RC) (Dk) Test Method Used

I
eg6”, Dk=3.7, LT=0.005, PLM=WD
StackUp: LU=[mil], NL=3, T=20.7[mil]

2 GHz 3.40 0.002
4 GHz 340 0.003

== 1| Plane: "Planel”, Cond="Copper", T=0.6, Ins="Megé" 6 GHz 340 0.003 IPC TM 650 2.5.5.5
8 GHz 3.40 0.004

-l 2| Medium: T=9.1, Ins="Megs"
3.40 0.004

--mm 3| Signal: "Signall”, T=0.6, Ins="Meg6", Cond="Copper" 10 GHz
-l 4| Medium: T=9.8, Ins="Megs"
--mm 5| Plane: "Plane2", Cond="Copper", T=0.6, Ins="Meg6"

Strip width 9.9 mil ot
. Constant Dk and growing LT

— NON CAUSAL!

>
8]
4
w
2
[}
w
14
w

. [mil]

45 40 35 30 25 20 15 1o 5 ] -5 - 15 -0 <25 <30 35 40 45 5D
24 Nov 2012, 11:15:47, Simbetian Inc. 3D View Mode [press <E> to Edit]
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Measurements pre-qualification

O Good quality of frequency-domain models for all
six test structures

Touchstone Analyzer| 4B
B’E| s ) Acopt2_MegBWLP_SE_2in_thru_S1.52p: Bopt2_MegBWLP_SE_2in_thru_S4.52p:
Coopt2_hMegbVLP_SE_4in_thru_51.s2p; Diopt2_MegbVLP_SE_4in_thru_54.s2p;
e rEm | Quality | Passivity | Reciprocity | ¢ E:opt?_MegbvLF_SE_Gin_thru_51.52p; F:opt2_MegbvLP_SE_Bin_thru_S4.52p;
C:\Repository\Simbeon\SupporiiMolex\Jan27_2011_Meg6\Meg6_VLP\Meg6_VL Mzgﬂ't“de(s)' [=E]
() opt2_MegBVLP_SE_2in_thru_S1.52p 997 100 988 )
() opt2_MegBVLP_SE_2in_thru_S4.52p 991 | 100 985 M- -
( opt2_MegBVLP_SE_4in_thru_S1.52p 995 100 985 - . ' W*‘ﬂ*ﬂ%
(@ opt2_MegbVLP_SE_din_thru_S452p 995 | 100 988 ol . _ i | M
(D opt2_Meg6VLP_SE_6in_thru_S1.52p 992 100 9.7 ] ey
(D opt2_MegbVLP_SE_6in_thru_S4.52p 995 | 100 93.7 ] p: J
|
-0 kil
iR + ]
F
B0 TR T l |
*
5 10 1520 3 S a0 45 B0
24 Moy 2012,11:29:12,Simherianlnc Frequency, [GHz]
——% AS[11], AS[1.2) — BS[1.1] —* B:S[1.2) — C:S[1L1];
——o [ = DS AT D:S[.2) —+ ES[.1] ——8E:S[H.2].
F:SM.1% ——+ F:5M.20
| o =] il
4| | 2
| X0 DE S
- - . .
4 S’mberj’an 1/25/2013 © 2013 Simberian Inc. DES'G”GO”E 145
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TDR pre- quallflcatlon

red.opt?_hMe qEVLP SE 2 _thru_S1.MFP: B:Measured. opt?_MegBVLP_SE_din_thru_S1.MFF:
red.opt?_MegBWLP_ SE 6 _thru_S1.MFP;

A

b

Strip lines in layer S1
— about 2 Ohm .

|

=

%‘“ﬂf

difference at launches

)

|
<0\

A/
ﬁi‘;&%‘b

e g e N

45.75

2
W

475

Strip lines in layer S4 -
about 2 Ohm difference
along the lines

52

51

Data acceptable for
material identification up
to 40 GHz

48

0.1

0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
24 Moy 2012, 11:38:10, Simberian Inc.

11 12 13 14 158 18 17 18 148

Time, [ns]

:> A

— AZMIL —— AZ[ZZ] —— BNt —— BZ[2Z —— CZMAL—— CZ[2.2]:
Abeasured.opt?_kegBVLP_SE_2in_thru_S4MFPF; B:Measured opt2_MegfvLF_SE_din_thru_S4.MFF;
Citeasured.opt?_tegbvLP_SE_Bin_thru_S4.MFF;
Z. [Ohm]
[T
| . ] . i
" == == B
A < — —
y A WA
W;:’XE‘-”Q e e
01 nz 03 0.4 05 06 0.7 0. ns 1 11 1.2 13 14 15 16 1.7 1.8 19
24 Nov 2012, 11:38:39, Simberian Inc. Tirne, [ns]
— AZMAL - AZR2—— BENAL—— BZ[22l —— CZNAT—— CZfe2l
© 2013 Simberian Inc. 146

« Simberian 1/25/2013

Electromagnetic Solutions

DEsignGon



GMS-parameters to fit

O 2 inch and 4 inch differences for all possible combinations

GMS Insertion Loss GMS Group Delay

Aeasured.difference_2Zand4_51.Filtered; B:Measured.difference_4and6_31.Filtered; AMeasured difference_2andd_31 Filtered; B:Measured. difference_dandb_S1 Filtered;
Cheasured difference_2andb_31 Filtered; D:Measured difference_2and4_54 Filtered; C:heasured. difference_Zandb_51.Filtered; D:kMeasured.difference_2andd_S4.Filtered;
E:Measured.difference_dandb_S4 Filtered: F:iMeasured difference_2andb_S4 Filtered; E heasured.difference_dandb_S4 Filtered; Fheasured difference_Zandb_54 Filtered:
Magnitude(S), [dB] Group Delay, [ns]
ﬂ, _ - I~ h
Z-1NC

T / 7
. \\\W - 7] 4-inch
>\ %’w 0561

/ \ 05T
-5 il Ch }M\\g 045 +
6
Y 041 = . I
. \ Z=11NCrhl

- - - - . . . 0.35 pa
5 10 15 20 25 30 3 40 L@- = P “S—— o o %
24 Now 2012, 11:43:48, Simberian Inc. Frequency, [GHz] + + ' : i
——= ASm[In (M1)LI20MT)]; ——8 B:Smint (M1LIn2(1)]; —— C:Srm[In (M1}, In2(M1)]; s 10 15 20 28 30 5 40

——% O Sm[InT (M1 LIn20MTY; —— E-Srmfln1 M11In 213 ——F F Srmflnd (1110213 24 Nov 2012, 11:45:41. Simberian Inc. Frequency, [GHz]
——o ASmINT (MILIN20MTY], ——8 B:Smlnt (M11In2(b 17 —— C:Smflnl (M1 LIn2(M17;
——# DSl (MTLIN2M1T): ——¢ E:Srafind (M10In2013]; ——+ F-Srlin1 (1L In2{M111:
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Use material parameters from specs

o Dk=3.7, LT=0.002, @ 2 GHz, WD model

GMS Insertion Loss

AcMeasured. difference_Zand4_S1.Filtered: B:Measured.difference_4andb_31 Filtered;
Cbeasured. difference_2andb_51.Filtered; D:Measured difference_Zand4_54.Filtered;
E:Measured.difference_4andb_S4 Filtered: F:Measured. difference_2andb_S4 Filtered:
G:kodel W0 _Original_MoRoughness.2 inch segment Simulation;
H:Model WD_Original_MNoRoughness.4 inch segment Simulation;
kMagnitudels), [dB]

B — g‘-inch
Ll %Wm ) &—-6-_‘—'6-——___@
3l 1\ %QQQ ]
T
Sl )
. [Measured - red lines ,) 4-inch
Model - green lines | ™

.| Almost unbelievable!!! ™ |

5I '|IU 1I5 EIU 2I5 3I|:| 3I5 40 4I5

04 Dec 2012, 15:10:03, Simberian Inc. Frequency, [GHz]
—= ASmn1(M1LIn2T1 — B B:SmIn1 (M1LIn2 (1)) —— C:SminT (M1LIn2(M1];
—# D:SmIn {M11LIn2(M11]; — < E:Sm[In1 {1 In2{M 17, ——F F:Sm[In1(M1)In2(k13]:
— E3mlIn (M1LIN2 (M1, ——% H:SmlinT (M1LIn2 (171

« Simberian 1/25/2013
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GMS Group Delay

Ahdeasured difference_2andd_S1 Filtered; B:bMeasured. difference_dandb_S1 Filtered;
Cihdeasured difference_2andb_S1.Filtered; DiMeasured difference_2and4_S4.Filtered;
E Measured.difference_dandb_54 Filtered; F:Measured. difference_2andb_S4 Filtered;
G:Model MWD _Original_MNoFoughness.2 inch segment Simulation;
H:hadel WD _Original_MNoRoughness. 4 inch segment. Simulation;
Group Delay. [ns]

L

065 T iy . HE
/’

06T+ .

4-inch
085 T
DE_ hA ‘A _w_N p_-w_1 -7 W _N
: OO0 U (.Ulle[JUIIJEI (O] -]
045+
047 —H Ch

/

D.35§r - - N %_Z:

b 10 15 2a 2k an 5 40 45 50
04 Dec 2012, 15:11:21. Simberian Inc. Frequency, [GHz)
—2 ASm[InT (100211 — 8 B:Smln1 (M11In2(M1)]; ——= C:SmInd (171020 1];
—* D:Smlln1 (M1LInZ(MTI; — < E:Sm[Ind (M1LIn2{M1]; — F:SmIn (410102 (100
— GEmlInT (M1LINZ(MTI]; ——# H:SmlIn1(MM10In2(M 171
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Flat non-causal dielectric model, no roughness

O Dk=3.7, LT=0.0082 — acceptable fit (green line)
GMS Insertion Loss GMS Group Delay

Achdeasured. difference_2and4_S1 Filtered; B:Measured.difference_4andb_S1 . Filtered;
Cheasured difference_2andf_51 Filtered: D:Measured difference_2and4d_54 Fitered:
E:Measured.difference_dandb_54 Filtered; F:bMeasured. difference_Zandb_54.Filtered;
G:Model_ConstantDkLT_MNoRoughness.2 inch segment. Simulation;
H:Model_ConstantDkLT_MNoRoughness 4 inch segment. Simulation;
Magnitude(s), [dB]

Atdeasured difference_2andd_S1.Filtered; B:Measured. difference_dandb_51 Filtered;
C:heasured difference_dandb_S1.Filtered; D:Measured.difference_2and4d_S4.Filtered:
E:Measured. difference_4andb_S4 Filtered: F:Measured.difference_Zandb_Z4.Filtered;
G:Model_ConstantDKLT_MoRoughness.2 inch segment Simulation;
H:Model_ConstantDkLT_MNoRoughness.d inch segment. Simulation;
Group Delay. [ns]

L 2-inch t

% ? ' ' '
251 g \‘iw%/ 06T /
Ty % ' .
a75] \ \m 4-inch
\ﬂ-\-‘
51 / kw\ 05

6251 4-inc \

S 04l

)
ya
8751 . . . . ; ; ; L&-:—ﬂ e ﬁ/ oo i x i

b 10 15 20 2h 30 35 40 45 &0

1 E 1 18 20 25 a0 38 40 45 &0
24 Mov 2012, 11:48:18, Simberian Inc. Freguency, [GHz] s e
——o ASm{In (M1 LIn2M11; —— B:SmIn (1 LIn2(M11; —— C:SmnT (M13In2(M1)]: 24 Nov 2012, 11:43:33, Simbetian Inc. , . _Frequency, [GHz]
— SR e Y R s — comiTiE
. . . B Lampin Al N Lamiin Al N amiin Al N
——% G Smfind {M1] 2T H- Sl (k1) In2 0T o amn L2 Eampntlvt inz L
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Flat model defects

O Difficult to build rational macro-model and possible
defects in impulse response (due to non-causality)

O No dispersion due to dielectric properties

Acbdeasured. difference_2and4_31.Filtered; B.Measured difference_4andb_S1 Filtered;
C:heasured difference_2andb_S1.Filtered; D:Measured difference_Zand4d_S4.Filtered;
E:hMeasured difference_4andb_S4 Filtered; F:heasured difference_2Zandb_S4 Filtered:
Gihodel_ConstantDELT_MoRoughness 2 inch segment Simulation;
H:Model_ConstantDkLT_MoRoughness. 4 inch segment Simulation:
Group Delay. [ns]

0.67

0.665

0.66 %g\\
0.655 e

No dispersion (green

H
S O N i e s WY ] « line) as in measured
| s .
.65 ——————y e — Y GD (red Ilnes)

Though, the difference

0645
is small for practical
0.64
| | | . . . . . , , , , , , , , , concerns
0 258 5 7h 10 125 15 175 20 225 25 275 30 325 35 37h 40
24 Mow 2012, 11:55:00, Simberian Inc. Frequency, [GHz]
—2 ASm[INT(M1LIN2(13]; —2 B:Smn1(M1)In2017]; ——= C:Sm[InT{(M1LIn2{13]; —* D:Sm{in1 (1220131,
— E:Sm[In1(M10In2(1T]; — F.Sm[In1 (k10 In2(M17]; ——= G:Sm[InT (k41020711 ——— H:Sm[In1 (k17 In2 (k4 777;
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Causal Wideband Debye model, no roughness

o WD mode, DK=3.7, LT=0.0082 at 50 GHz, WD Low
frequency is set to 10 GHz — good fit (green lines)

GMS Insertion Loss

Ardeasured difference_2andd_S1 Filtered; B:Measured difference_dandb_31.Filtered;
CMeasured difference_Zandfh_51 Filkered; D:Measured difference_2and4_54 Filtered;
E:Measured. difference_Jdandb_34 Filtered; F:Measured difference_Zandf6_S4 Filtered:
G:Model WD _MNoRoughness. 2 inch segment. Simulation;
H:Model_WD_MNoRoughness.4 inch segment Simulation;

hagnitude(s). [dB]

N 2-inch
. -
Bt

B \\\ %W
=378 \ N“"@m
4-inch N
-ihT \%“
-85

5I 1 IEI 1 |5 EID 2l5 SID 3|5 4ID 4l5 EIIJ

24 Mow 2012, 12:02:08, Simberian Ihe.

Frequency. [GHz]

—— ASm[In (MILI2M1)]; ——8 B:SmlnT (M1)In2(M11]; —— C:Smlln] (M1%In2(M1];
——+ D:Smfin1 (M1LIn2(M1 ——< E:Smfin (M11In2iM1]: —— F:Smin1 (M15In2iM 17

—= GSm[In1(MTLIn2(M17]; —— H:Seaflnd (M1 0In2(170;

< Simberian
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GMS Group Delay

Ardeasured difference_2andd_S1.Fitered: B:Measured.difference_dandb_Z1 Filtered:
CMeasured difference_Zandf_51 Filkered; D:Measured difference_2andd_54 Filtered;
E:Measured.difference_dandt_S4.Filtered; F:Measured.difference_2andb_=4 Filtered;
Gikdodel_WD_MoRoughness. 2 inch segment Simulation:
H:Model_WD_MoRoughness.d inch segment. Simulation?;
Group Delay, [ns]

ol 7

4-inch

05t
0451
04l 2-inch
: P I R AP 0|
035 5/
v i ; i i . .
5 10 15 20 25 30 35 40 45
24 Mow 2012, 12:03:29, Simberian Ine. Frequency. [GHz]

——a ASmnT(MILIZ (T3], ——8 B:Sm{Ind (M1),In2M17; ——¢ C:Srain] (M11In2(13];
——+ D:Sm[In1 (M11In2(M13]; ——< E:Sm[In1{M1}.In2(M13]; ——+ F-Smlin1 (M1).In2(h13];
—— G:Smllnd (M1 In2(M15], —— HSmiinl (M13In2{M15];
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Dispersive model

O No defects in rational approximation and impulse
response

O Group delay decreases as in the measured data

Ardeasured. difference_cand4_S1 . Filtered; B:Measured.difference_4andb_51.Filtered; C:Measured. difference_2andb_S1.Filtered;
D:beasured. difference_Zandd_34 Fiktered: E:Measured difference_dandfb_S4 Filtered: F:beasured difference_tandb_S4 Filtered:
G:Model WD _MNMoRoughness 2 inch segrment Sirmulation1; H:ikModel WD _MoRoughness. 4 inch segment Sirmulation;

Group Delay, [ns]

0.68

%% Dispersion (green

R . .
. ] e _«— line) as in measured
| T GD (red lines)
0.4 H i : H : : : ; H H
0 5 10 15 20 25 a0 35 40 45

24 Mow 2012, 12:06:02, Simberian Ine. Frequency, [GHz]

—— ASm[IN (MTLIR2(M1)]; —2 B:SrallnT(M1)In2(017): —— C:SrallnT (M1In2(11]: ——* D:Srafind (M1 In2(41)];

— E:Sm[InT (M10LIn2(M17]; —F F:Sm[InT1(M1LIn2 (M1, —— G:Smfln (M1 102 (817, —— H:Sm[ln1 (k10 In2(8 177
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Dielectric and roughness model (MHCC)

O Dielectric: regular Wideband Debye, DK=3.7, LT=0.002 @ 2 GHz (as in specs)
O Roughness: Modified Hammerstadt Correction Coefficient, SR=0.3 um, RF=5 —

excellent fit (green lines)
GMS Insertion Loss

AcMeasured difference_2Zand4d_51 Filtered; B:Measured difference_4dandb_31 Filtered:

C:Measured.difference_2Zandb_51.Filtered; D:Measured.difference_Zandd_S4 Filtered;

E:Measured difference_dandb_S4 Filtered; F:Measured. difference_Zandb_=4 Fikered:
G:Model_WD_MHCC. 2 inch segment Sirmulation: H:Model_WD_MHCC 4 inch segment. Simulation;
Magnitude(S), [dB]

GMS Group Delay

Ardeasured diference_2andd_51 Filtered; B:Measured difference_dandf_51 Filtered;

C:heasured difference_2andb_51 Filtered; Dibeasured difference_2and4d_54 Filtered;

E:Measured.difference_4andb_S4 Filtered; F.Measured.difference_2Zandb_S4.Filtered;
GiModel WD _MHCC. 2 inch segment. Simulation; HMode WD _MHCC. 4 inch segment Simulation;

Group Delay, [ns]
I 2-inch
. \ "“i‘-.\* 0gE+ = Sﬁ S = SRS = -
2.5 \ﬂ\ \4 06 /
&%*‘*%\ . 4-inch
-3175 N '
/ e A
-5 \a IR
-6.25
e \ 04 2-inch
| u\\ 035 i-_ Z//
875 \E\U it i e T LT sa— o : 3 "
5 10 15 20 25 a0 35 40 45 50 ° 10 18 20 28 i & 4 45 50

24 Nov 2012, 12:13:50, Simberian Inc. Frequency, [GHz]
—2 ASm[In1{M1LIN2IM1T] —B B:Sm[In1iM 1) In2(M1)]; ——= C:Sm[lnT (1) In2(k41];
—* D:SmnT (M1LIn2(M1)] ——< E:SmIn1(M1LIn2(M17]; — F:SrfInT (M1 In2(M17];
—k G:Em[InT (M1LIn2(M1)]; ——=2 H:SmlInT (M1 )In2(k101;
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24 Mov 2012, 12:14:30, Simberian Inc. Frequency, [GHz]
—=2 ASm[n1 (1201, —2 B:Em[In1(M10In2(M17]; —— C:Smln1 (M10.In2 (k413
— D:SmlnT (M1LIn2M1) L —— E:SmnT(M10LIn2(M 10— F:SmIn1 (M1).In2(M111;
—# EEm[InT(M1LIn2(M11]; ——= H:SmInT (10020 170;
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Dielectric and roughness model (HSCC)

O Dielectric: regular Wideband Debye, DK=3.7, LT=0.002 @ 2 GHz (as in specs)
O Roughness: Huray Snowball Correction Coefficient, BS=10 um, BD=0.7 um,
Nb=330, good fit (green lines), multi-ball model needed for better fit

GMS Insertion Loss GMS Group Delay

Achdeasured difference_2Zandd_S1 Filtered; B:Measured difference_dandb_S1 Filtered;

C:Measured.difference_2andb_S1 Filtered: D:Measured.difference_2Zand4_S4 Filtered: Ahteasured.diference_2and4_S1 Fitered: B:Measured difference_dandb_S1 Fittered;
E-Measured.difference_dandf_s4 Filtered: F-heasured difference_2ands_S4 Filtered: CMeasurad.difference_2andb_31 Filtered: D:Measured difference_Zand4_S4 Filtered;
GiModel_WD_HSCC.2 inch segment Simulation1: HModel_WD_HSCC.4inch segment Simulation?; E Messured diference_ands_34 Filtered, F Measured differance_2andb_54 Filterech

Magnituds(S), [4B] G:Model _WD_HSCC.Z inch segment. Simulation1; H:Model WD _HSCC.4 inch segment Simulation;

Group Delay, [ns]
y -
-1.257 Xhﬁ%ﬂ% 2.- ! 1 h 065 T S ; -ﬁ 1
4-inch
0551
3751
05t
_5 L
. 0.45
. 4-inch S
%\ 7 =] o
04T . rreort
75T s ¢
‘8\ 0.35 z/
\9\ L\h e g @ 4 o ¥ i *
8751 | , . . . . : . . 5 10 15 20 25 30 35 0 45 50
5 10 15 20 25 30 35 40 45 B0 24 Mov 2012, 12:18:08, Simberian Inc. Frequency, [GHz]
24 Naw 2012, 12:15:42, Simberian Inc. Frequency, [GHz] ——o ASm[In (M1).In2(M 17, ——8 B:Smn1 (M13In2(M13]: —— C:SmlinT (M1 LIn2(M15]:
——& ASm[INT (M1LIN21] ——8 BSm[In] (M1 In2M11]; —— C:Sm[int (M1)In2 (1] —— DSm{Int (1) In2(M1)): ——< E:Sm{Int (M1)In2(M1)]: ——+ F:Srmfin1 (1) In2(wH1)]:
——+ D:Sm{In1 (M1LIN2 M1, — < E:Sm[In1(M1LIn2(M1)]; ——+ F:Smin1 (M11LIn2013]; —F GSmfln T (MTLInZ(MTI]; ——& H:Sm(In (M1 In2(M1T
——# G:Smfln1 (M1LIn2M1)]; ——2 H:Smllnd (1 In2ihd1]]:
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Resistivity at DC

O Copper resistivity was adjusted to 1.1 or annealed
copper to match measured data at very low frequencies

Abdeasured difference_2andd_51 Filkered; B:Measured.difference_dandb_51.Filtered;
C:Measured.difference_2andb_S1 Filtered: D:Measured.difference_2and4_54 Filtered:
E:Measured.difference_4andb_S4.Filtered; F:bMeasured.diffterence_2andb_=4 Filtered:
GModel WD _MNoRoughness.2 inch segment Simulation?; H:kModel WD _NoRoughness. 4 inch segment. Simulation;
Model_WD_HSCC.2 inch segment Simulation1; JModel_WD_HSCC. 4 inch segment.Simulation;
Magnitude(S), [dB]

2 inch

4 inch — 1}

-2t

_03 L
04— ! H ! H —
n.m 01
24 Moy 2012, 12:32:04, Simberian Inc. Frequency. [GHz]
—2 A Smn1 (M1LIn2(M1)]; —8 B:SmIn1(M1LIn2(M1)]; — C:Em[In1 (M10In2(M13];
—* D:SmInT(M1LIn2 (M1 — < E:Sm[In1 (M1LIn2(MT)] —— F:Sm[In1 (M1 LIn2{M13];
— GEm[In1(M1LInEMM1)]; —— H:SmIn1{M1LIn2 (4 17]; = :Sm[InT (M1LInZ(M17];
—= LSrm[Ind (1L In2011;
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Model comparison up to 50 GHz

O All models produce close IL and GD

GMS Insertion Loss

Addodel_ConstantDkLT_MoRoughness.2 inch segment. Simulation;
B:Model_ConstantDkLT_MoRoughness. 4 inch segment. Simulation;
Chodel_WD_MoRoughness.2 inch seqment.Simulation?;
D:kdodel WD _MoRoughness 4 inch segment Simulation;
E:Model_WD_MHCC.2 inch segment Simulation1; F:Model WD _MHCC. 4 inch segment Simulation;
G:Model_WD_HSCC.2 inch segment Simulation; H:Model WD_HSCC.4 inch segment.Simulation;
Magnitude(s), [dB]

ch

Y

-8.75 \ﬂ

5 10 15 20 25 30 35 40 45 50
24 Mow 2012, 131417, Simberian Inc. Frequency, [GHz]
— ASm{In1(MILIn2 (A1) —2 B:Smlind (M1LIn2MT7]) ——< CSmllnT (T 0In2(MT)]:
—a D:Smn1(M1)In2(M11] — E:SmIn1 (M10In2(M17]); ——= F:Smln1 (M1 In20M17];
— GEmIn1(MTLIN2(MTIT; ——* H:Sm[InT(M1LIn2(M17T;
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GMS Group Delay

Acddodel_ConstantDELT_MoRoughness.2 inch segment. Simulation;
Bbodel_ConstantDELT_MoRoughness.4 inch segment Simulation;
Chodel WD _MoRoughness.? inch segment. Simulation;
D:bodel WO _MNoRoughness.4 inch segment. Simulationd;
E:Model WD _MHCC.2 inch segment. Simulation; F:Model WD _MHCC. 4 inch segment Sirmulation;
Gihdodel_WDO_HSCC.2 inch segment. Simulation; HiModel WD _HSCC 4 inch segment Simulation;
Group Dalay, [ns]

2
0.65 = o J,, o 4 - & E: )
0.6 .
4-inch
0.55
05
0.45
o |- Py
0.4 Z=-1Ncn
v/
0.35 /
. il i I i
[ 10 15 20 25 30 35 40 45 =11}

24 Moy 2012, 131 4:38, Simberian Inc. Frequency, [GHz]

—# ABm[In1(M1).In2(M1)] ——2 B:SmIn1{MTLIn2M 1] ——< C:SmIn1(M1In2 (M1
—aD:Em[InT(M1)In2{1)]; —+ E:Sm[In1 {1 LI 1] ——= F:Smln1 (M1LIn2(M1)]:
— GEm[InT ML IN2(M1T]; ——* H:Sralln1 (M1LIn2{M 1T
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Characteristic impedance comparison

0 GMS-parameters are close, but Zo are different!!!

Addodel WD _MoRoughness Strip Simulation; B:Model_ConstantDkLT_MNoRoughness Strip. Simulation;
C:Model WD _MHCC Strip Simulation; D:Model_wWD_H3CC. Strip.Simulation;
hagnitude(Zo), [Ohrm)

i
E0T
!
48757 ~ Though, less then 0.5
WD+MHCC i
) Flat DK&LT, no g;f:u'fz C";'J:':g
495_ VAN x L] N N~
a WI])_H"'DLL roughness tolerances
49.25 1 / I —
v - B
& = | —
49 ;______ —
T
s WD, no roughness
DI 5 1 ID 1 IE EID 2I5 SID 3I5 4ID 4l5 EID
24 Mov 2012, 13:10:13, Simberian Inc. Freqguency. [GHz]
—k A bodel1]; ——= B:hMode[1]; = C:ikode[1]; ——= D:Mode[1];
' S ] 1/25/2013 © 2013 Simberian Inc. . 157
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What model is right?

O All models are suitable for the practical analysis
of 9.9 mil strip line in this dielectric

= Non-causality in the flat model can be easily fixed
with the rational approximation

= Group delay dispersion concerns are not important for
practical reasons (small differences)

O Even static field solver with flat dielectric model
can produce acceptable accuracy for strip line!!!

O But, if cross-section changed models without
roughness introduce larger errors

< Simberian 1/25/2013 © 2013 Simberian Inc. DesicnCon 158
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Differential 5 mil strips, 4.6 mil distance

O All models have very close results for 9.9 mil strip, but produce large
difference for diff strips in the insertion loss!!!

A +
—— s
Abodel_ConstantDkLT_MoRoughness 4 inch diff segment Simulation; B:Model_WD_MNoRoughness 4 inch diff segment. Simulation;

C:Model_WD_MHCC 4 inch diff segment.Simulation; D:Model_WD_H3ICC. 4 inch diff segment Simulation;

bagnitude(S), [dB]

\JVD, no roughness

_25 L
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=
ed line -
r I 15 10 5
04 Dec 2012, 15.24:08, Simberian Inc.

1 S ‘_ Flat DK&LT
(blue line)
Y.V HCC k\m /

| (green line) / \%4
M WD, HSCC T
(black line)

| Over 30%
difference!!!l

12587
5 10 15 20 25 30 35 40 45 Y1
24 Mow 2012, 12:48:38, Simberian Inc. Frequency, [GHz]
—# A Smm[01.02]; —= B:S3mm (0. 02]; ——< C:3mm[0N.02]; ——H= D:=Zmm {01,027
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Differential 5 mil strips, 4.6 mil distance

O Group delays for differential transmission through 4 inch line segment
are within 5 ps

AModel_ConstantDkLT_MoRoughness.4 inch diff segment. Simulation;
B:Model_WD_MNoRoughness 4 inch diff segment Sirmulation; C:kodel_MWD_MHCC 4 inch diff segment Simulation;
D:Model_WD_HSCC. 4 inch diff segment. Simulation;

Group Delay, [ns]

0681 . . | .
i IR |

0675 f} — = It is all about
i w the losses!!!

067+ . ‘ :

0.665 T

0.66T

0.655 T
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5 10 15 20 2h 3 35 40 45 50
24 Mave 2012, 12:58:14, Simberian [ne. Frequency, [GHz]

—#k A Smm[01,02];, —= B:Smm[D1,02]; ——< C:Smm[D1.02], —8 D:Emm[D1.027;
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