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Introduction

» Design of predictable PCB interconnects for 56 Gbps PAM-4 data links requires
dielectric and conductor roughness models with bandwidth up to 50 GHz

* Such material models (especially for roughness) are not readily available

Material models can be identified with either GMS-parameters or SPP method

How PCB manufacturing variations affect the identified material models?

This is the subject of this investigation

We will try to separate the geometry and material parameters variations with the
goal to build statistical models, to predict interconnect behavior for 56 Gbps links



Material models and model
identification



Dielectric model to identifty — Wideband Debye

Aka Djordjevic-Sarkar or Swensson-Dermer
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This model can be defined with Dk and LT measured at 1 frequency point!
Other wideband model options: Havriliak-Negami
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Conductor roughness model to identity — Huray Braken

J. E. Bracken, A Causal Huray Model for Surface Roughness, DesignCon 2012
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Ksr=1+zk: (Rﬂ—l)'[“r(l—l)z—nj 5, =(nf po)” Makes SIBC causall % =5 (1)
RFi - roughness factor, defines maximal growth of losses due to all balls with radius ri;

ri — ball radius (SRi parameter in Simbeor);

Conductor losses (same as in Huray model) Additional conductor inductance
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One-level model with just 2 parameters (SR and RF) is used
3/1/2019 DesignCon 2019



3/1/2019

Material model identification

Create strip line segment model with dimensions from
cross-sections (or mean values) with dielectric and
conductor roughness models with preliminary
parameters;

Identify copper resistivity (RR) by matching measured
and computed GMS insertion loss at the lowest
frequency (from 10 to 20 MHz);

Identify dielectric constant (Dk @ 1 GHz) by matching
measured and computed GMS phase delay (from 1 to 40
GHz);

Identify loss tangent (LT @ 1 GHz) by matching measured
and computed GMS insertion loss at lower frequencies
(from 0.05 to 1-2 GHz);

Identify conductor roughness model parameters (SR and
RF in (2.2)-(2.3)) by matching GMS insertion loss at
higher frequencies (from 2 to 25-35 GHz);

Adjust dielectric constant (Dk @ 1 GHz) by matching
measured and computed GMS phase delay (from 1 to 40
GHz);

0

GMS :(exp(—rL)

exp(—F-L)j

0

Use of raw GMS-parameters

GMT = eigenvals(T2-T1™") =[

exp(-T'-L)

Gamma extraction — “SPP Light”

0 exp(or.L)]

(1) Measure scattering parameters for
two transmission line segments with
lengths L1 and L2

(3a) Guess material or conductor
roughness model and model
parameters

(1) Measure scattering parameters for
two transmission line segments with

(3a) Guess material or conductor
roughness model and model
parameters

lengths L1 and L2

(2) Compute reflection-less GMS-
parameters of line difference
L=|L2-L1]

(3b) Compute reflection-less
GMS-parameters of the line
segment with length L

(2) Compute reflection-less GMS-
parameters of line difference
L=|L2-L1| and extract Gamma

(3b) Compute complex
propagation constant (Gamma)
for cross-section model

(4a) Compute difference between

(4b) Adjust model parameters

(4a) Compute difference between

(4b) Adjust model parameters

Gammas from measurements and
model

GMS-parameters from

or change the model
measurements and model

or change the model

Is the difference smalle
han a threshold?

Is the difference smallé& N
han a threshold?

Yes

Red lines — optimization;

Additional steps: S-parameters quality
assurance; pre-qualification with TDR;
Cross-sectioning;

Yes

{4c) Material or conductor
roughness model is found

(4c) Material or conductor

roughness model is found

Y. Shlepnev, Broadband material model identification with GMS-parameters, EPEPS 2015.
Y. Shlepnev, Y. Choi, C. Cheng, Y. Damgaci, Drawbacks and Possible Improvements of Short Pulse Propagation
Technique, EPEPS 2016.

Implemented in Simbeor SDK (with API for scripting C/C++ or matlab)

Spoiler: did not work so well due to the
extremely low losses in dielectric...
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Test coupons designh and
measurements



Coupons design

L10_Long
EV_PE_TX_L10Ref11-9_Long J13_J14

Two single-ended strip line segments (2256 and I
756 mil, 1500 mil difference) with 1.85 mm coaxial EV—PE—TX—LloLiZﬂSﬁ;tShOrt—JS1—”3
connectors B
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Three revisions are fabricated in different

batches

Same manufacturer — different
design of the coupons

Revl has different types of launches
Rev2 has via stubs

Rev3 has stubs back-drilled

3/1/2019
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Measurement equipment and setup

= Keysight PNA Network Analyzer model: N5227A 10MHz-67GHz
o SN:US51270505
“ Calibration: 85058B — 1.85 mm

> Setup MMPX adaptors X2 and 1.85f to 2.92m adaptors X2
‘4 ~ Verlflcatlon Keysight 1.85mm 85058B Standard Calibration Kit

Lo % % - i Setup

@ © ¢ ¢ ¢ Number of points: 6700
_?“@“_"@ IF BW: 1k
_ Start frequency: 10MHz
Stop frequency: 67 GHz
Power: -2dbm
Averaging: O
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Short line insertion loss

Rev3 looks like the best for the identification
Excellent quality metrics

File name Quality Passivity Reciprocty = Causality ™ 0 Magnitude
Ch\Repository\Simbeor\SupportiInteltOct2_2018_DesignCon2019\Measure...
P EC001_L10_Short_Rev2s2p 99 | 939 996
(@ ECo02_L10_Short_Rev2sZp 989 995 996 - a0
@ EC003_L10_Short_Rev2s2p 94 | 939 99.5
P EC004_L10_Shot_Rev2s2p 989 999 996
(@ EC005_L10_Short_Rev2sZp 989 995 395 - 20—
(@ EC005_L10_Short_Rev2s2p 988 999 99.5
(P BC007_L10_Short_Rev2s2p 984 999 995
(Z)BC008_L10_Short_Revzs2p 39 98 996 - 30 —
(9 EC003_L10_Short_Rev2s2p 985 999 996
@ EC010_L10_Short_Rev2s2p 989 999 995
aac 011_L10_Shot_RevZslp 985 9935 395 - 40—
() BC012_110_Short_Revzs2p 991 999 996 g
@ EC013_L10_Shot_Rev2s2p 987 999 995 -
@ Eco14_L10_Short_Revzs2p 986 999 995 - -0
(@ EC015_L10_Short_Rev2s2p 983 999 98.6 -
P EC015_L10_Shot_Rev2s2p 989 999 995 - I
(Z)EC017_L10_Short_Revzs2p 39 98 %95 - ‘0= —REV 1 B
() BC018_L10_Short_RevZs2p 991 599 994 - —REV 2 EV_PE_TX_L10Ref11-9 Short J51 J43 V| a St u bs in Revz
P EC019_L10_Shot_Rev2s2p 99 | 939 994 - 0l L10_Short |
@ BC020_L10_Short_Revzszp 986 | w99 | @3 : —REV 3
() BC021_110_Short_Rev3s2p 991 999 98.6 -
(@ Bcu22_L10_Shott_Revasz 991 939 99.2 8ok |
(Z)8C023_L10_Short_Revis2p 592 935 59
() BC024_110_Short_Rev3s2p 99 939 98.9
(@ EC025_L10_Short_Rev3s2p 9897 99 [1981 90 l I l I l I
(@ EC025_L10_Short_Rev3sZp 989 995 58.9 - v 0 10 20 30 40 50 60
< > F [GHz]
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Short segment return loss

3/1/2019

—REV 1

—REV 2

—REV 3
|
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Long segment insertion loss

Excellent quality metrics

File name

Quality

Passivity Reciprocity Causality ™

C\Repository\Simbeor\Support\Intel\Oct2_2018_DesignCon2019\Measure...

9 BCO01_L10_Long_Rev2s2p
9 BC002_L10_Long_Rev2s2p
(9 BCO03_L10_Long_Rev2sZp
D BC004_L10_Long_Rev2s2p
@ BC005_L10_Long_Rev2:s2p
) BC005_L10_Long_Rev2s2p
9 BC007_L10_Long_Rev2s2p
(9 BCO0B_L10_Long_Rev2s2p
) BC003_L10_Long_Rev2s2p
(@ BC010_L10_Long_Rev2:s2p
9 BCO11_L10_Long_Rev2s2p
D BC012_L10_Long_Rev2s2p
(9 BC013_110_Long_Rev2s2p
D BC014_L10_Long_Rev2s2p
(@ BC015_L10_Long_Rev2:s2p
9 BCO15_L10_Long_Rev2s2p
9 BC017_L10_Long_Rev2s2p
(9 BC018_L10_Long_Rev2s2p
9 BC015_L10_Long_Rev2s2p
@ BC020_L10_Long_Rev2:s2p
) BC021_L10_Long_Rev3s2p
9 BC022_L10_Long_Rev3sZp
9 BC023_110_Long_Rev3s2p
9 BC024_L10_Long_Rev3sZp
@ BC025_L10_Long_Rev3s2p

) BC025_L10_Long_Rev3s2p
<

934
9.7
936
979
981
933
937
985
936
979
933
931
98
934
93
932
934
93.1
93
935
937
933
971
936
933
933

100 996
100 2ELD)
100 996
100 996
100 996
100 996
100 222
100 996
100 996
100 2ELD)
100 996
100 996
100 95
100 996
100 2ELD)
100 2ELD)
100 2ELD)
100 96
100 2ELD)
100 954
100 939
100 222
100 99
100 2
100 222
100 22 v

3/1/2019

[4B]

-40

50

Rev3 looks like the best for the identification

F [GHz]

DesignCon 2019

Magnitude
— L10_Long
EV_PE_TX L10Ref11-9 Long J13 J14
—REV 1
- |T—REV 2
—REV 3
| | | | | |
0 10 20 30 40 50 60
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Long segment reflection loss

L10 _Long
EV_PE_TX L10Ref11-9 Long J13 ]14

—REV 2

-0 ]

—REV 3

-80

3/1/2019 DesignCon 2019 15



TDR for short and long segments

Impedance

wl- Trace impedance variations within 2 Ohm —REV2 |

—REV 3

38 | | | | | | | |
02 03 0.4 05 0.6 0.7 08 09 1 11

Time [ns]
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TDR for Revl — detailed response computed
with rational approximation

A Project[1] Reyv1_001_L10_Long_Rew1 MFP; B:Project1].Rex1_001_L10_Short_Rewl MFP; C:Project(1).Rew1_002_L10_Long_Rev] MFP; D:Project{1] Rey1_002_L10_Short_Few1 MFP;

£, [Qhin]

2=l
R2AT A

B et

501 —— J

475 T \]
' Substantial impedance variations in launches
25T -"
D.:1 0?2 EI.I3 D.Ifi D?E D.IE IJ.I? D?B EITEI 1I 1?1
07 Moy 2018, 11:25:17, Simberian Inc. Time, [ne]
AZ11] &[22 B:2[1.1]: B:Z[2.2]; C:2[1.1]: C2[2.2]; D2l DZ[2.2]

Some systematic impedance difference observed between short and long — due to the
orthogonal orientation?
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GMS-parameters extraction: Revl

Extracted from measurements for 5 pairs of segments

Frequency, GHz

238

3 4

0 45

5

-05

=
ul
5 .
~

A | Bl 1
2 in) 2 Phase delay p

234

S riesl

—4—Seriesl
=l=5eries? =fl—5eries?

232
=r=Series3

=dr—=5eries3

-15

S riesd i 52 riE 54

first05_L10_GMS_Revl
BCsecond06_L10_GMS_Revl
PROBE_L10_GMS_Rev1
Rey1-001_ L10_GI\/|S_Rev1——/’/’>
Reyl 002 L10_GMS_Revl 228

—#—Seriess
===5eriesd

230 W

N
e W Ne

-25

226

o] 5 10 15 20 25 30 35 40 45

Frequency, GHz

Extracted up to 40 GHz — too noisy above
Periodic spikes due to connector/launch geometry difference (see next slide) Extracted with Simbeor SDK

Run identification up to 35 GHz
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Explanation of periodic spikes

ARevl_L10Rev1_001_L10_Long_Rewl.s2p MFP; B:Revi_L10 Revi_001_L10_Short_Revl s2p MFF;

Rewl_L10.Rev1_001_L10_GMS_Rew1.LNS:

z?[:hm] Magnltuf@i] Phase Delay, [ns]
Revl 001 L10, GMS_Revl LTl GMS-parameters e

55 - - T~ _] . ’ WM){.\ i
’-‘&‘ 0.24
525 J \\ =i [\_’fﬁ 1 § W *v T\\r’”\g\ 0zas

= _,___._-__/—-\_; ; — T e ,Tﬁ o

. \pd ﬂgbﬁy\j“‘ | %”‘\ /\D .
\j ‘ % 1 . 72 1 y 0.2325
|| 2 Ohm difference — qualified? ML hSplkes eyery 22 GHz 7 Why:

o1 0z 03 0.4 0§ 06 07z ns 0.4 1
23Jan 2019, 14:08:45, Simberian Inc.

AZ[ 1] AZ[22): BZ[1.1]: B:Z[2.2):

Acun_GMS_chk.Long Simulation[1]; B:run_GMS_chk. Short. Simulation(1];

11 12
Time, [ng]

2. [Ohm]
5257
a5y Model
st \ [ /
/7T | Y \V

50hmd

75T
Df? B ,

rerence

in the model

i V" Tappears at 2 Ohm on TDR (20 ps
Gaussian step)
23Jan 20191 4:2 1:21, Simg.ezrian Inc:.EI ? o o o v v o 1 " 1'ﬁma, [ns]

AZ[1T]: B:Z[1.1]:

3/1/2019
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23Jan 2019, 1408:03, Simberian Inc.

o 25 5 78 10 125 185 175 20 225 25 275 30 325 35 s 40

—k SmlIn2(M1)InM1])] F— —=;

Aon_GMS_chk. GMS_EXTR_chk_run.Simulation(1); B:run_GMS_chl. TL10_stipline_1496mil. Simulation(1];
M agnitude(3). [dB]

Frequency, [GHz]

Phaze Delay, [nz]

l GM#-parameters
o ' T
:
| T
!
-1.5“; I
1
1
,2->;(
A
R e Ol T T e e PR L FET L ET O

23.Jan 2019, 14:17:14, Simberian Ine.

[l (M1 L IN2[MT]] o e G D] e e

r0.26

r0.2e

r .24

r0.23

Frequency. [GHz]
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GMS-parameters extraction: Rev?2

Extracted from measurements for 20 pairs of segments

BCOO1_L10_GMS_Rev2

Frequency, GHz

BC002_L10_GMS_Rev2
BC003_L10_GMS_Rev2
BCO04_L10_GMS_Rev2

R
D

(1.5 in) BCOO5_L10_GMS_Rev2
BC006_L10_GMS_Rev2

BCO07_L10_GMS_Rev2

Phase delay ps (1.5 in) e

PNV WNE

: BCO08_L10_GMS_Rev2
- * —ses 9 BCO09_L10_GMS_Rev2
et —- e 10. BCO10_L10_GMS_Rev2

Ao moA A
VI T VY

P

i
nom
o

:

B
[EEN
[B=Y

. BCO11_L10_GMS_Rev2
. BCO12_L10_GMS_Rev2
. BCO13_L10_GMS_Rev2

|
1
«
¥ KK
[
I

I
W
[EY
N

SRS RNANEIR IS

!
I
[EEN
w

w
7
A
n

007 _L10_GMS_Rev:
different from the rest

!
[EY
»

. BCO14_L10_GMS_Rev2
. BCO15_L10_GMS_Rev2
. BCO16_L10_GMS_Rev2

=
[EEN
(92}

[4S
&

o
[EY
(e}

5
[EEN
~

| . BCO17_L10_GMS_Rev2
i 18. BCO18_L10_GMS_Rev2

; : 0 = 0 . » - w E 19. BCO19_L10_GMS_Rev2

Extracted with Simbeor SDK

Extracted up to 40 GHz — too noisy above and more noise in attenuation for the structures with stubs
Periodic spikes are due to geometry difference in connectors/launches
Run identification up to 25 GHz
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GMS-parameters extraction: Rev3

Extracted from measurements for 30 pairs of segments

Frequency, GHz

T 10 15 2 25

Attenuation dE

40

| ﬁ%ﬁ?«a

Differences:

|

0.12 dB @ 14 GHz

0.2dB @

e

BC029 L10
difference in the

_Rev3 —too much

structures

5

PiLEiigd

eriess
eriesi0
eriesil
eries12
eriesi3
eriesid
eries1s
eriesis
eriesl?
eries18
eriesis
eries20
eries21
ries22
ries23
ries2a
ries25
ries26
ries2?
ries28
ries29
eries30

Pha

se delay p

s(1.5in)

Abou

t3 ps

differe

nce (1 ps per

as

Extracted up to 40 GHz — too noisy above

Periodic spikes are due to geometry difference in connectors/launches
Run identification up to 35 GHz

3/1/2019
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Frequency, GHz

Extracted with Simbeor SDK

LN AE®NE

N
= O

NNNNNNNNNRPPRRERERRRPR
ONOUDBWNRPRPOWOVLONOOU A WN

BC021_L10_GMS_Rev3
BC022_L10_GMS_Rev3
BC023_L10_GMS_Rev3
BC024_L10_GMS_Rev3
BC025_L10_GMS_Rev3
BC026_L10_GMS_Rev3
BC027_L10_GMS_Rev3
BC028_L10_GMS_Rev3
BC029_L10_GMS_Rev3

. BCO30_L10_GMS_Rev3
. BCO31_L10_GMS_Rev3
. BCO32_L10_GMS_Rev3
. BCO33_L10_GMS_Rev3
. BCO34_L10_GMS_Rev3
. BCO35_L10_GMS_Rev3
. BCO36_L10_GMS_Rev3
. BCO37_L10_GMS_Rev3
. BCO38_L10_GMS_Rev3
. BCO39_L10_GMS_Rev3
. BCO40_L10_GMS_Rev3
. BCO41_L10_GMS_Rev3
. BCO42_L10_GMS_Rev3
. BCO43_L10_GMS_Rev3
. BCO44_L10_GMS_Rev3
. BCO45_L10_GMS_Rev3
. BCO46_L10_GMS_Rev3
. BCO47_L10_GMS_Rev3
. BCO48_L10_GMS_Rev3

29. BCO49_L10_GMS_Rev3

w
o L

. BCO50_L10_GMS_Rev3
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Cross-sectioning and geometry
variations



Cross-sectioning — L10 short

Every board is cut at the same location
All parameters are measured at 2-3 locations and averaged

Observation method: DF Observation method: DF

Image type: Color snap 1 Image type: Extend height
Image size[Pixels]: 1194x1194 " Image size[Pixels]: 1194x1194
Image size[mil]: 26.62x26.62 Image size[mil]: 13.087x13.087
Objective lens: MPLFLNSXBDP Objective lens: MPLFLN50XBDP
Zoom: 6X Zoom: 1.2x

Total magnification: 416x Total magnification: 832x’

6

Measured:
po plane thickness (1,2)
Distance from strip to top plane (3,4)
Distance from strip to bottom plane (5,6)
Distance between planes (7,8)

size and laminate Bottom plane thickness (9,10)

1 3
2 Measured:
Strip width (1,2)

Let’s take a look at strip Strip thickness (3,4,5)

thickness (distance from .

strip to planes) —the main 8mil oo AP .
| 4mil | |

contributors to losses and
impedance ...
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Cross-sectioning — L10 long

Every board is cut at the same location
All parameters are measured at 2-3 locations and averaged

Observation method: DF

Image type: Extend height
Image size[Pixels]: 1194x1194
Image size[mil]: 13.087x13.087
Objective lens: MPLFLNS0XBDP.
Zoom: 1.2x o ;
Total magnification: 832x

Observation method: DF
Imége type: Color snap

Image size[Pixels]: 1194x1194
Image size[mil]: 26.62x26.62
Objective lens: MPLFLNSXBDP
Zoom: 6x

Total magnification: 416x

PN e

" Measured:
Top plane thickness (1,2)

. Distance from strip to top plane (3,4)“"‘
Let’s take a look at strip Distance from strip to bottom plane (5,6)

size and laminate Distance between planes (7,8)

‘Measured:’ ,
Strip width (1,2)
Strip thickness (3,4,5)

. . Bottom plane thickness (9,10)
thickness (distance from

strip to planes) — the main _
contributors to losses and | 8mil
impedance ...

10 :

| 4mil |

3/1/2019 DesignCon 2019 24



Comparison of long and short - FWE

Looks like the fiber is spread along one direction only — may explain systematic
difference in impedance and variations of Dk

Observation method: DF
Imége type: Color snap

Image size[Pixels]: 1194x1194
Image size[mil]: 26.62x26.62
Objective lens: MPLFLN5XBDP
Zoom: 6X

Observation method: DF

Image type: Color snap

Image size[Pixels]: 1194x1194
Image size[mil]: 26.62x26.62

Objective lens: MPLFLNSXBDP
Zoom: 6x

Total magnification: 416x Total magnification: 416x

3/1/2019 DesignCon 2019
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Fibers along the long line

3/1/2019 DesignCon 2019
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Fibers along short line

Magnifieation:=50x:

MagnificationJR50h NN

3/1/2019 DesignCon 2019
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Cross-sectioning — strip geometry

Strip Thickness Strip Width

! 121

0.9
* *
12 ED + w
+ * +*
08 - . - + 0+
* + * . + + + + * & +* + +*
0.7 + + s v os + S AP - g - ¢¢ 119 < e
PR * T e Tt T ey +, . ot ¢¢0‘* ¢‘ .| ot N +* MR MM
05 o T e, * * .
118 S oy — — =

0s +* . T +
e 117 - *

: ‘ *»
0.3 116
.. — Revl Rev2 Rev3 .| Revl Rev2 Rev3

- +

01

0 114

0 10 20 30 40 s0 50 o 1o 20 30 40 S0

30, T T T T <) T T

. ) Width:
Over 30% variation in the cross-section! I:::;"f;ss'ﬁ Mean=11.85
' 5 Stdev=0.1

It should produce substantial effect on
impedance and losses, if we assume that
the trace thickness and width are £
changing along each segment 10

Stdev=0.05

20

12

073 08 0.85

g

0}
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Transmission Lines Thickness Statistical Measurements

J13-ROI1 J13-ROI2 J14-ROI2 J14-ROI"1

J51-ROI1 J51-ROI2 J43-ROI2 J43-ROI1
Measurement description: ROI- little rectangular area Rott Roiz
(1 OmllXSOmll) Min [mil] Average [mil] Max [mil] Min [mil] Average [mil] Max [mil]
in each ROI 100 height measurements J13 0.615 0.665 0.733 0.580 0.661 0.714
J14 0.589 0.669 0.736 0.618 0.665 0.733
See examples below 43 0.565 0.615 0.657 0.558 0.607 0.654
J51 0.549 0.596 0.641 0.544 0.589 0.657
Min [mil] Average [mil] Max [mil]
Short TL sum 0.600 0.665 0.729
Long TL sum 0.569 0.616 0.672




Cross-sectioning- laminate thickness

Distance From Strip to Top Plane
91 Distance From Strip to Bottom Plane
* 10.7
. v |+ N .
+ + 106 —
+* +* + . .

8.9 + * o - hd - 105 X .

. + +

+»** . + + ¢ ¢ T 104 | ot + * .
* * + L > + +* * + + + + +

28 Py & + E & & +* + » *

i 4 E Y hd + T "“ 103 hlRE 3

* ‘ * ‘ ‘0'
+4 + 10a MR R N + Lt 4
- - ++ T .
37 * *
8mil + * + +* +
26 N 1 N -~ N 10 — * —
nEvL nevZ | REVS Revl Reyv2 Rev3
95
B3 0 10 20 30 40 50
o 10 20 30 a0 50 80

D_bottom:
Insignificant variations in the D_top: Mean=10.28
' [ = Stdev=0.13
laminate thickness — should not | Mean=8.85 ev

Stdev=0.09
affect the impedance significantly, -

but still contribute
Should not have effect on losses

%.i a6 8.7 a8 89 9
Ao B
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Attempt of dielectric and
conductor loss separation



Copper resistivity identification uncertainty

Large variation of the identified relative resistivity — “effective resistivity”
Correlate with the distribution of geometry — 30% variation in strip cross-section
cause about 30% variation in the “effective resistivity”
Resistivity normalized to 1.724e-8 Ohm*m (RR)

:Rev]_L10Rev_001_L10_GMS_Revl LNS; B:Revl_001_L10_GMS_Rev1 Tine_1pSin LNS;
C:Rev1_L10Rev1_00Z_L10_GMS_Rev1.LNS; D:Rievl_002_L10_GMS_Rev1 Tine_1pSin LNS;
E-Revl_L10.PROBE_L10_GMS_Rev1 LNS: F-PROBE_LTO_GMS_Fievl Tline_1pSinLNS:
G:Flevi_L10BCHist05_L10_GMS_Revl LNS: H:BCfist05_L10_GMS_Plevl Tlne_1pSinLNG:
I:Riev1_L10.BCsecondDE_L10_GMS_Revl.LNS; J:BCsecond0B_L10_GMS_Rewl. Tine_1pSinLNS:

Magnitude(5), [4B]

o

0m2s

0025

-0.0375

-0.05

GMS IL match at

lowest frequency

R\

ool
05 Mow 2018, 12:14:38, Simberian Inc.

o1

Frequency, [GHz]

=% ASmIn2(M1]In1M1)]; =2 B:Sm{In2(M1LInT(M1]]; =< C:Smlln2{M1]In1(M1]]:
=1 D:SmlInZM1LINTM1)]; = E:Smlln2(M1LIn1 (M1]]; = F:Sm{InZ(M1)In1(M1)]);

Use minimal value RR=1.2 or average RR=1.5?

G521 LRI} = HSmlln2M1)In (1)} = 1Smlin2M 1L M1
——< JSmlln2b1)Intib )

»

RR: mean=1.53

stdev=0.14

Changes in RR can cause variations of losses at lower
frequencies that affect the identification of the loss tangent

3/1/2019

19
25
1.8 + = 4 ¢
= e
1.7
- 2
16 * + 2 & L 4
: & b < <
15 1 AN 3 4 ey
- * A1y
+ g 15
+ * 4 + o
14 i S -
* &
13 + * e
+ 10|
1.2
.. L Rev] Reyv2 Rev3
1
10 20 30 40 =1 [=18]
15) T T T 1
Trace thickness:
Rev3 ~30% s+ Trace width:
Rev3 ~3%
EI:F EI-IF o
ir |
03 085 fﬂjlg

13 14 13

16

Extracted with Simbeor SDK

_
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Loss tangent identification uncertainty

* Dielectric is extremely low loss in this case

Dielectric Constant @1GHz . IPC TM-650 2.5.5.9 C-24/23/50 3.63 3.37
(Dk) @ 12GHz ; “Note 1 C-24/23/50 3.61 3.35
Dissipation Factor @1GHz - IPC TM-650 2.5.5.9 C-24/23/50 0.002 0.001

(Df) @ 12GHz . *Note 1 C-24/23/50 0.003 0.002

e Considering the observed variation of the strip cross-section, the conductor and
dielectric loss separation at lower frequencies is not possible (explanation is on the
next slides)

 We can try to use LT=0.001 (minimal value from specs) and LT=0.002 (maximal value
from specs)



Dielectric and conductor loss separation

ARev3_L10.BCO21_L10_GMS_Rew3 LNS; B:BCO21_L10_GM5_Rewd. Tline_1pGin LNS:
MagnitudelS). [dB]

#:Rev3_L10.BC021_L10_GMS_Rev3 LNS: B:BC021_L10_GMS_Rev3 Tline_1p5inLNS;
Magritude(5), [dB]

-t

: RR=1.5, LT=0.001 @ 1 GHz
\ No roughness

N

| Larger lossesin m\\*\s\
| model at 1 GHz ~T
T,

0 1 2 3 4 5 B
07 Mo 2018, 0E:15:23, Simberian Inc.
" ASmIn MTLIR2M 10— B:SmlInl M1).In2(M1)):

Relative resistivity RR=1.5 produces larger than
expected losses at 1 GHz even with LT=0.001
It reflects variations in strip thickness and width

RR=1.2 looks more reasonable to have

correlation at lower frequency, but it cannot be

confirmed with the measurements
Loss tangent from 0.001 to 0.002 seems

possible — it leaves an uncertainty in the loss

separation...

3/1/2019

7

Frequency. [GHz]

A:Flev3_L10.8C021_L10_GMS_Reva.LNS; B:BC021_L10_GMS_Fleva Tline_1p5in LS

Magnitude(S]. [dB]
~

—~\

’ R=1.2, iT=0.001 @ 1 GHz '

No roughness

o

\ R=1.2, [T=0.002 @ 1 GHz
)

No roughness

-01 -1

=

AN

AN

NN

™
™.

oz \\g\ 02
\9\

. \[\\q\\e\\\\@\ 03

\\& 04

0

i 1 2 3 4 5 & 7
07 Mow 2018, 06:14:21, Simberian Inc Frequency, [Hz]

=% A:SmlIn (M11In2(M 1), == B:Smlln1(M1]In2M1)];

07 Nov 2018, 06:16:54, Simberian Inc.

1 2 3 4 5 B 7
Frequency, [GHz]
—* aSmlIn] (M1 LInZM1); = B:Smlln1(M1LIn2M1)];

With the identified roughness model

A:Rewd L10.BCO21_L10_GMS_Rev3.LNS: B:BCO21_L10_GMS_Rev3.Tline_1pSinLMS;
Magnitude(S), [4B]

A:Rev3 [10BC021_L10_GMS_Rev3 LNS; B:BCOZ1_L10_GMS_Rev3 Tline_1pGin LMS;
M agnitude(S], [dB]

074
\ R

02T ™ T I\=1L.2, tF=0.001 @‘ 1 GHz
S\ SR=0.075 um, RF=21

07T
=

1257 ¥

Excellent|correlation!

a1

\

7

o 5 10 15 20 25 30 35 40 45 50
07 Now 2018, 06:56:18, Simberian Inc.
=k S mllr (M1)n20M 1] = B:Srllril (M1 ]In2M11);

DesignCon 2019

Frequency, [GHz]

I\ RR=1.2, [T=0.002 @

1 GHz

w_ SR=0.05um, RF=25

05 “‘B\\

) N

1.25 ?*‘

Good correlation

N

"I at 1 GHz Hr

<

0 5 10 15 a0 25 30 35 40 45

07 Moy 2018, 06:52:01, Simberian Inc.
=k AEmlnl M1 LIn2M 1)) =€ B:Smllnd (M11In2(M 1)L

50

Frequency, [GHz]
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Dielectric and conductor loss separation

Lowest possible dielectric loss (optimistic)

ABC021_L10_GMS_Rew3.Tline_1pSin LNS; B:BC021_L10_GMS_Rev3(Cond) Thne_1pSin.LNS; A:BCO21_L10_GM5_Rev3. Tline_1pSin.LNS; B:BCO21_L10_GMS_Rev3(Cond). Tline_1pSinLNS;
C:BCO21_L10_GMS_Rev3{Diel]. Thne_1pSin LNS: C:BCO21_L10_GMS_FRev3{Diel]. Tlne_1pSin LNS:
Magnitude(S), [dB] Magritude(S). [dB]
ot . .

. . Same contribution from

Dlele(ftrlc IOSS 1 condiuctarand dicalactrie

% 0 = CUTITUUCLUT dlifu Uicicutlrfic

e around 1 GHz
L

05T \\D—.__\E“ /
Total >\E\§\E‘“‘m
O
Conductor loss |
with roughness

17

] -

/

16T e
RR=1.2) LT=0.001 @ 1 GHz \\ .0 RR=1.2,1T=0,001 @ 1 GHz N i‘g\v
SR=0.075 um, RF=21 S.R=O'0.75 um, RF=2|1 | | .\9\
e 2018, 08:25?:04,Simllgrianlnc.1ls 20 5 0 kG 0 '_j‘;iquemf[”ﬁHZ] 07 Mow 2018, 080:29:20,Simbe:ianlnc_ ? : ) ; Fr:quency. [GHz]

Sl M1LIn2M 1) 5 BBl (M r2M 1] £1 C:Sonlind M1 ]In2M 1]} A:Smlln(M11In2(M 1)L B:Sm[InT(M1]In2[M1]): C:Smlln(M1LInZ[M1]]):

The loss tangent identification in this case will be very sensitive to the
conductor cross-section, resistivity and even conductor roughness!

3/1/2019 DesignCon 2019
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Dielectric and conductor loss separation

Highest possible dielectric loss (pessimistic)

ABCO21_L10_GMS_Rev3. Tline_1p5in.LNS; B:BCO21_L10_GMS_Rev3[Cond). Tlne_1pSinLNS;

£:BC021_L10_GMS_Reva. Tline_1pSin LNS : B:ECO21_L10_GMS_Rev3(Cond). Tline_1pSin LNS;
C:BCO21_L10_GMS_Rev3{Disl). Tine_1pSin.LNS;

C:BCO21_L10_GMS_Reva(Diel]. Tline_1pSinLN5;

tagnitude(5], [dB] Magnitude(5]. [dB]

0o
mnx Conductor!/loss Nl
' . Lowe ductor | s1GHz
. S| with roughness OWPr congluctor fosse
0 ~_|
07t . =N ?\.&\ ] o1t < \\
| Total B T \
B r_-}.\_-\ \
E\\\% 0z \
257 i | :
Dielectric loss S h \\%% —
151 \E‘\s e
RR=1.2, LT=0.002 @ 1 GHz RR=1.2, LT=0.002 @ 1 GHz ~["s.__
1,751 . =N 037 _ —21 ‘e\\ﬂ\
' SR=0.075 um, RF=21 ] SR=0.075 ym, RF21 | | -
0 5 10 15 20 25 20 = an e 50 0 1 2 3 1 5 §
07 Moy 2018, 08:35:02, Simberian Inc. Frequency. [GHz] 07 Maw 2018, 08:32:48, Simberian Inc. Frequency, [GHz]
—— S L2l ——< B:Srolleil (M1 L2 ] ———E GGl (M1 LIr2( 1)) —— A5l M LIn2M1)): —— BSmlln (M1 10211 ———E] C:Smlind (41)In2(M 1)L

Which one is correct — with more conductor/roughness losses or more dielectric losses?
It is not possible to decide... - variations of resistivity, trace thickness and roughness has
considerable effect on the losses at lower frequencies and alter the identified loss tangent

3/1/2019 DesignCon 2019

The conductor and dielectric
losses are still comparable and
identified LT would be sensitive
to the strip cross-section,
resistivity and roughness model
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Material models identification
results



The first attempt to identify material model
parameters

* Cross-section geometry parameters as measured for the short line in
each pair are used in the identification

 Allow relative resistivity (RR) range from 1 to 1.8 and identify it first
by matching attenuation at 0.01 GHz

* Follow the original algorithm without the LT adjustment — just fix
L T=0.001 @ 1 GHz

* |dentify Dk @ 1 GHz, then roughness model SR and RF parameters
and correct Dk after this



|dentified material model parameters

Huray-Bracken roughness model

ij + + R + 4“ + . . WL
. + + +* *

+ * + * + . b .+ .
18 v Py - 02 s ety . e ”’ : w""e"
15 14 3¢ A"’e 4 +* e . . MR DRI A R ¢
R * * R e 6
- “v * . hd +
1:2 ) - v ‘.v. N SR, um 4 RF
Relative Resistivity ! :
Cross-section dimensions are adjusted Wideband Debye dielectric model — LT=0.001 @ 1 GHz
as measured on short segment
Geometry, conductor and dielectric ¢
models produce about 1 Ohm variations . R
in the characteristic impedance (about 2 o EDN AV RS IR I
Ohm in reality) ) AR RS SV MR ERE

o Dk @ 1 GHz .
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|dentified material model parameters

Huray-Bracken roughness model

Relative resistivity

RR: mean=1.53
| stdev=0.14

20)

H{1> 15k
ul

10

H@

Too many models to build —

too complicated!
Let’s try to simplify

3/1/2019

Surface roughness (SR, um)

20y

8.14

SR: mean=0.153

H{o}

30

H{‘D}

With LT=0.001 @ 1 GHz
Dk: mean=3.19
stdev=0.015

% DesignCon 2019

0.17

Roughness factor (RF)

20,

RF: mean=7.8
stdev=0.7

Wideband Debye dielectric model — Dielectric constant (Dk @ 1 GHz)

30y

=0

With LT=0.002 @ 1 GHz
Dk: mean=3.202
stdev=(.015

324

40



Rev3: GMS parameters correlation

LT=0.001 @ 1 GHz, Dk, RR, SR and RF are adjusted

Rev3, 28 cases

(4R LISBOGET LIG BUS. 3 Lus: Bend LIGOCHEE LID QU Rl

BCO05 110 WS Pz Tins_Ipsin LHes; FACO05_L10_GWS _Revd.Tine_Tpsin LHS; 5:00007_L10_GMS_Resd Tins_Ipsin L
CdET L10_GM S Revd Tine_Tosin L 8:85048

Magnitude(S]. [dB]

1080027, L10_CWS_Fend.L)
0.8coae 1o s |

Foey_L10.80004,_L10_GMS_Ray3. LK E:Fiay3._ L1080025_L10_0WS_Fend.LHG:
e home 1o Sks Pl ik P ard T10.BoaT 11 T e I
Feud_Li

ER R aus,m:'mnunan Lhs}

i et R it

TR 10 U™ R Tng T LS E-0c0uer |

L0 EUE_ Rev3 Tine Tpein.LH' F:BC0E0 110 Gus

v Tine ipsin LS

3 L10.80020 LI0_OUS_ Rt LS Cufena LI BOOZT_LI0 S FesdLhS; M3 LI0.0C0E LI0_OUS. i3 LIS, HResd L10.80030 L10 S Besd LHS:J R LIOBCMN. 110 G eud LUE: Kb LIO.ICHR Lo WS Rend L
o BOME LT T L10.BC04T_L10 GUE_Feva.LhE:

Phase Delay, [ns]

Red curves —

Measured G

1 MS

0.25 T
' Blue curves — Modeled GMS
07 .
Larger losses in model
"t due to the resistivity ! zea . |
'=§ adjustments ' S
1.5 7 :!.-5 i -Ch ;; ;a -
-1.78 1 ._: % = ==
27 =
28T
25T
278 T

aEmn
EmLn

Eamin

g 11 1y
U1 Y

U T3 3 1Y
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a:EmLR 10W 1,0z Ty
JAmATU T N 1)

PAmLR 1{H11n2d 1)
HEMIRTU T) 3 T
FAmLRT{UT) 2 1§

MO W 1Ny

EAmCn 1A T, n2u 1)

SEmOn W T2
iU Ty

DEMIN W Y
LiSm[n LM TR 1]
TEMLR KW T, W 1Y
B Smn 10U AU 1]
AEmLR LU T2 1)
FAmN 10U TNEW 1)
ZAmLn W T2 1)

EsmOn T, nau 1y
WSmEn 1EW 11,024 1)
UsSmEn 14U T3 e 1y
EsEmOn U AU

ABmn U, REU T

Ezamin U TNz Ty
HEmN 10U T NEU T

B Smpn 10U L EU T

DesignCon 2019

425 45 475

EMON oW 1Nz Ty
EmLn 1{H 11 n2H 1)
XEmLN W 1,2 1Y
ESmLn 10W 13,204 1)

HEMA W 1 RS 1
FAm(n W 1] naW 1]
SN 1T 24T}
ESmin 1{UTLn2uTY

e BEMIA I 1L AU 1Y

0.2475

0245

02425

024

0.2375

0.235

02325

023

0.2275

Frequency, [GHz]
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Simplified model: LT=0.001, RR=1.5, SR=0.15 um

Relative Resistivity — RR=1.5, Roughness — SR=0.15 um, RF is adjusted
Wideband Debye model for dielectric — LT=0.001 @ 1 GHz, Dk is adjusted

Mean values are used for relative
resistivity (RR) and surface roughness
(SR) parameters

Cross-section dimensions are adjusted
as measured on short segment — that
can be further simplified by use of the
mean values

Characteristic impedance variations
are defined by the cross-section
variations in addition to the roughness
and dielectric parameters —too many
contributing parameters...

3/1/2019

Huray-Bracken model for roughness

14
. .
R outliers

12

10

+ )y + *e . .
B ¥4 ‘o‘o “w“o “«'o*‘¢¢”
+ 0 *
* Ll . * . * .

6

4

i RF

0

0 10 20 30 40 50

324
323 . .
322 E 3
321 ¥ * ¥ ¥ ¥

3i % e ¥ + * *
319 4= +—4 44—+ *

318 Y Y * rey '+ & i Y Fes e

217 + + o + +

. Pk @ 1 GHz

B | =4 AN FV A DT T4

315 + *

314

o 10 20 30 an 50 =10

DesignCon 2019

{1

16y

14r

12r

10]

RF: mean=_8.13
stdev=0.78

1  All conductor losses and
some impedance
variations are included in
this parameter

il

14

316

318

o}

Dk: mean=3.189
stdev=0.014 |

All phase delay variations
and some impedance
variations are included in
this parameter

32 32 324
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Rev3: GMS parameters correlation with
simplified model

LT=0.001 @ 1 GHz, RR=1.5, SR=0.15 um, Dk, and RF are adjusted

Rev3, 28 cases

Fizy3_L10 BONE1_L10_GUS _Feu LKA B:Foew_L10.8C022_L10_0S_Reyd LK ; C:Res_L10 BCOZY,_L10_3US_Fiey3 LUS | Dfeyd_L10 BCOBE_L10_GUS_Few LHS; ERieud_L10 BO0ES_L10_GUS_Resd. LKS; FRewd_L10 BCOGE_L10_GUS_Rew LHS; (:Resd_L10 BOOET_UI0_GIUS_Fesd LS HRen_U10.8CO23_LIO_GMS_Rew LIS 1w, L10.BCO00_L10_GUS _Rev LHS; 1:Rew_L10.8CI01_LIO_GMS_Rewd LIS, K Riwd,_ LI0 BCONZ,_L10,_GUS R LHS;
LiRey 3110 800 _L10_aus_Re: e L10.80005 L 10_aS_Rerd L OoRen3 10, 800D L10_GUS_Rv3. LS | FiRe I L10.8C007_L10 S Re3.LHs; L10,80008 10 3 ey LS; Foet3 10, BCTI8 110 3k _Ret3 LHS |5 Reva L1000 L 10 aMS _Rev2. e 10,00 1 L1C_GHS_ ka3 LHS' LiRey T L10. 80042 L 10 GUE, Rey 3. LHS; ¥R L10.B00T_L10_QUS_Reid LU}
Rl L1GACoT. Lo B3 ey s, & v 16 8008 L10 ous e L b R 10BO0S0_L10_MAS_Rew LS D800 1L10_CY_Rend Ting_IpSin LHS; E B2 110 GUS_Resd Tine_IpSin Lh5  FBOME,_L10_GUS _Fess Tine_Tpsin LIS |
l : A _L10_GWS_Fen3 TinG_Tpein.LHa ; 01B G0 L10_GUS_Resd Ting_ 1pein Lhs ; P CI4-L10_GMWs Fed. Tina_ipsin Lis;
SC0AE_L15 13 R TnG_Tpsin LS 75043 16 SR Tine_Tpstn LIS 280U 16_GUE_es e Tpn L
e

KCTE, X
uz m!wna_!pﬂn s, Upcmne, oo b e

SR P s e R

o
Lbs: A
150061 10_73US _Foey Tine_Tpétn LUS; 5 8CHT_L10_GUS_ m!mna_!pﬂn LHS T80 U106
X

L R e e e el =
sl Red curves — Measured GMS
| lue curves - Modeled GMS
"I Loss variations at lower pows
12; frequencies are not \J »
. ,

captured well i

0.2375

0.235

0.2325

023

0.2275

25 5 7h 10 125 15 175 20 225 25 2r 5 30 325 35 s 40 425 45 4756
Frequency, [GHz]

ESmIn It 112tk 1 FEmn LNz HEm L
LisSmEn U TLnE U 1Y
SmLR 1t 112k T
Gamtn el e
Kami

Eaminicd
AAMOn 10U 1) 2 1]

e “FaEmIn 4T AU T ZAmIn T NEU 1Y BAmIn M TN ZW 1 CEmIn W 1), W T

SEmIn U] 1Y
ESmIN M1 NZW 1]

Simplified model works as well as the complete one — not much difference
3/1/2019 DesignCon 2019
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Another option with fixed cross-section

* Fix all cross-section parameters to mean values
 |dentify Dk @ 1 GHz first by matching GMS phase delay from 2 to 40 GHz

* |dentify relative resistivity (RR) with loss tangent LT @ 1 GHz simultaneously by
matching GMS attenuation from 0.01 to 2 GHz (restrict RR range)

* |dentify roughness model SR and RF parameters by matching GMS attenuation
from 2 to 25-35 GHz

e Correct Dk @ 1 GHz by matching GMS phase delay from 2 to 40 GHz



Results with the fixed cross-section and
simultaneous identification of RR and LT

Relative resistivity Surface roughness (SR, um) Roughness factor (RF)
18 0.24 11
+ *
8 e 0.22 10 *
+ + | * P
7 + + + *
16 . PToed | * +0ee |o o To* * e
L 4
15 0.18 3 . +
1.4 N ¥ o+ s . 0.16 P 7 py
1-3 . vy o i ‘
. .é‘e * e ¢ v M e UL YA S 4 CXAA P RS *s °
* 5
11
1 01 ¢
o 5 10 15 20 25 30 0 5 10 15 20 25 30 o 3 10 13 20 23 50
Dielectric constant DK @ 1 GHz Loss tangent LT @ 1 GHz
oooooo
Data for Rev3 case THEEIC TP N DU EO
N D T O e
318 —# " * o e o * o
. - - - o001 —¥ * i * v*
317 * * + v * LS04
. .
0005
..
.
3.14 - 1PA
3/1/2019 0 s 10 PesigaCon 2019 Lt




Results with the fixed cross-section and
simultaneous identification of RR and LT

Relative resistivity

RR: meén=1.36
stdev=0.2

Data for Rev3 case

3/1/2019

Surface roughness (SR, um)

SR: mean=0.146
stdev=0.023
H{1>
8.14 0.16 0.18 02 022 024

wo

Dielectric constant DK @ 1 GHz

Roughness factor (RF)

RF: mean=8.8
stdev=0.8

Loss tangent LT @ 1 GHz

Dk: mean=3.187
| stdev=0.016

2’.14 316

. 2 3
Q}:agnCo?\ 2019

LT: mean=0.0011
stdev=2.7e-4
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Rev3: GMS parameters correlation with fixed cross-
section and simultaneous identification of RR and LT

LT and RR are adjusted simultaneously, Dk, SR and RF are adjusted

R LI BCOZ1 10, U5 ey LIS B LID BCUCZ LI G 3 LA 13, 10 BCTZ 10, S, 1203, LS: D). 10, 8020, L10. U i LU E-RRy LI0 SO L0, SRy Uil FiResa_LI0.80008, L1005 Reus LIS CHRG) S LI0 BE0ET. LI GUS_Rey LiiS; HISS_LI0.BCTZS LI0 GUS. R LU LRy L 10 00000 10 G MRV LIS 4 s, L 1080001 L10.Gls. s L KRR LI0 8002, L10. OMs. Fesd Liis,
LeRewT_L10.BCE03_T 10_G0S _Few Ll E :

FeRedd L1080, L10_GUS_Red, P L0 ¥ 4 X al . Reyl_L10.BCO4T_L T H5 .| .| . L (5 _Rid. | 10,_Gi LHS n LKS; muo_aus_m:mnq_!pen.ms
BCEd_LT0_Ols_Feda Ting_ 1pEn . L B R Ha; 1B WG Rz 1 A Ry Tl 5} KBCOER_L10_GMa_Rev2. TIng_1pSin LKA ; LBCIE0_L10_GUE_Ra2. . EGDT_LI0_GHS_| :AC0E_L10_GMS_Rev3. B 10_GMa_Reyl.
Q:BCO0S L 10_GUS R Tine_Ipain LS; RBCI0E_L10_GWS_Reud Ting_1psin LK ; 5:BO00T_LIO_RWS _Reud Tine_ 1pain L 1L LH5 U-BCTnS_L10«
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This model is better, but still too complicated for practical use
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Modeled characteristic impedance variations
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Attempt to build the simplest models

* Fix all cross-section parameters to mean values
* Fix loss tangent LT @ 1 GHz to 0.001 or mean value 0.0011 identified earlier

* Fix relative resistivity to a “reasonable” value RR=1.2 or to mean value RR=1.5
identified earlier

* Fix conductor roughness model parameter SR to some value or mean value
identified earlier SR=0.15 um

 |dentify roughness model RF parameter by matching GMS attenuation from 2 to
25-35 GHz

e Correct Dk @ 1 GHz by matching GMS phase delay from 2 to 40 GHz



Simple statistical model (Tst=0.677, Wst=11.85):
LT=0.001, RR=1.5, SR=0.15 um

Mean values are used for relative
resistivity (RR), surface roughness (SR),
strip thickness (Tst) and width (Wst)
parameters

Characteristic impedance variations:
Maximal roughness and minimal Dk
give 48.26 Ohm and minimal roughness
and maximal Dk give 47.29 Ohm

ABCO21_L10_GMS_Rev3(1).TineCS.5F5; B:BCO21_L10_GMS5_Rev3(2). TlineC5.5F5;
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Relative Resistivity — RR=1.5, Roughness — SR=0.15 um, RF is adjusted
Wideband Debye model for dielectric — LT=0.001 @ 1 GHz, Dk is adjusted
Huray-Bracken model for roughness
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All conductor losses and some
impedance variations are
included in this parameter

All phase delay variations and
some impedance variations
are included in this parameter
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Rev3: GMS parameters correlation with simplified
model and fixed trace thickness and width

LT=0.001 @ 1 GHz, RR=1.5, SR=0.15 um, Dk, and RF are adjusted
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Simplified model with fixed cross-section works reasonably good
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Another option with lower relative resistivity

(LT=0.001 @ 1 GHz, RR=1.2 case)

Simple statistical model with
mean values for strip
thickness and width
(Tst=0.677, Wst=11.85), and
fixed values for loss tangent,
relative resistivity and surface
roughness SR parameters

3/1/2019

Relative Resistivity — RR=1.2, Roughness — SR=0.075 um, RF is adjusted

Wideband Debye model for dielectric — LT=0.001 @ 1 GHz, Dk is adjusted

Huray-Bracken model for roughness
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Rev3: GMS parameters correlation with simplified
model with lower relative resistivity

Tst=0.677, Wst=11.85, LT=0.001 @ 1 GHz, RR=1.2, SR=0.075 um, Dk, and RF are adjusted

Technically, it is impossible to

model such wide variations of

the losses at lower
frequencies without realistic
model for strip geometry
variations

Loss tangent LT=0.002
produces very similar results
with smaller loss variations
comparing to the measured
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Rev3, 28 cases
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Conclusion

* Variations in interconnect losses and dispersion are reduced to two model variables with
acceptable accuracy

* |dentified material model are usable up to 50 GHz — that is suitable for 56 Gbps PAM4
signal analysis

* Trace geometry and roughness causes most of the loss variations in this extremely low
loss dielectric case

* Relatively small variations in identified dielectric constant

* About half of the observed impedance variations can be from change in dielectric
constant (0.5 Ohm) and half from the conductor roughness #0.5 Ohm) —the rest is
probably due to the geometry variations and fiber weave effect

* Further development
* Measure bulk resistivity of copper — it will add more certainty into the identification process
* Get rid of the peaks in the GMS insertion loss (use better connectors, trace orientation)

* Use Kolmogorov-Smirnov test to identify distributions for the conductor and dielectric model
parameters and may be for trace thickness (major contributor to loss and impedance)
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