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
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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

Electromagnetic Solutions




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
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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
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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
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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!

- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNGON” 119
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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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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. 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
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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
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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!

< Simberian

Electromagnetic Solutions

1/25/2013

© 2013 Simberian Inc.
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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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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
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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
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O Y. Shlepnev, A. Neves, T. Dagostino, S. McMorrow, Practical identification of dispersive dielectric
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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
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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
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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
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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
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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

Electromagnetic Solutions

1/25/2013

© 2013 Simberian Inc.

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;

« Simberian 1/25/2013
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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]]:
- Simberian 1/25/2013 © 2013 Simberian Inc. DESIGNCON” 154
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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;

« Simberian 1/25/2013
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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

Vi

=
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

I I I I Ig“"-—\-____el}f-‘———__elf-—‘——__el,—____el

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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