" JANUARY 28- 31,2014
NTA CLARA CONVENTION CENTER _

Lessons Iearned: How to Make
Predictable PCB Interconnects for
Data Rates of 50 Gbps and Beyond

Wendem Beyene, Rambus Inc. Dave Secker, Rambus Inc.
Yeon-Chang Hahm, Rambus Inc. Don Mullen, Rambus Inc.
Jihong Ren, Rambus Inc. Dr. Yuriy Shlepnev, Simberian Inc.

rRambus \ Simberian UBM



Outline

h-.‘\-—
* Introduction

 Board Design
e Material models
e Validation

e Conclusion

2/10/2014 2 DEsicnGon



o A Sy MRS IN LT N N e T

: Introduction
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e Demands for bandwidth continue to grow

 High bandwidth necessitates increase in data rate

 Growth of data rate has been sustained by increasing the
performance of 1/O circuits

e Electronic and I/O power consumption increases with
increasing the interface speed
= Data rate increase cannot only come from |/O circuit
e Optical interconnects are not currently adopted for
backplane links due to cost, manufacturability and power
efficiency
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Introduction Cont’d
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Proposals for next generation standards of electrical
signaling to run at 50 Gbps

Copper based interconnect systems utilizing advanced
connectors, packages, and boards

To minimize the loss in long traces, board and packages
with low-loss laminates are required

It is essential to accurately model the board loss
The models of the traces have to be broadband

— Dielectric dispersion : dielectric constant and loss tangent
— Conductor loss : skin effects and surface roughness
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. Photo of the Four Boards
e - o

e Several boards and structures designed for material characterization

— Isola FR408HR and Nelco 4000-13 EPSI with RTF copper foil and standard glass weave
— Megtron 6 with finish and Reverse-Treated Foil finish and Hyper Very Low Profile
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¢ Board Stackups
e

Stackup Segment Glass type Dielectric Constant Thickness (mil)
MEG 6 EPSI FR408HR | MEG 6 EPSI FR408HR | MEG 6 EPSI FR408HR
Mask 0.8 0.8 0.8
L1 Foil 1.6 1.6 1.6
Prepreg 1035(70) 1080(65) | 1080(65) | 3.35 3.2 3.46 5.37 5.12 5.52
1078(72) 1080(65) 1080(65) 3.3 3.2 3.46
1.2 1.2 1.2
Core 1-3313 1-2116 1-2116 3.71 3.38 3.7 3.9 5.00 5.00
1.2 1.2 1.2
Prepreg 3313(54) 106(75) 2116(55) | 3.71 3.11 3.68 6.56 5.88 9.08
3313(54) 2116(55) | 2116(55) | 3.71 3.31 3.68
1.2 1.2 1.2
Core 2-3313 2-1080 1-1652 3.71 3.25 3.8 7.8 6.0 6.0
1.2 1.2 1.2
Prepreg 3313(54) 2116(55) | 2116(55) | 3.71 3.31 3.68 7.4 6.72 9.92
3313(54) 106(75) 2116(55) | 3.71 3.11 3.68
1.2 1.2 1.2
Core 1-3313 1-2116 1-2116 3.71 3.38 3.7 3.9 5.0 5.0
1.2 1.2 1.2
Prepreg 1078(72) 1080(65) | 1080(65) | 3.30 3.2 3.46 5.37 5.12 5.52
1035(70) 1080(65) 1080(65) 3.35 3.2 3.46
L8 Foil 1.6 1.6 1.6
Mask 0.8 0.8 0.8
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Dielectric | Dissipation Amplitude of
Constant Factor Surface Roughness
3.6
3.6

Laminate Types

Megtron 6 HVLP

0.004 1.5-2.0um
0.004 7.0-8.0um

3.2 0.008 7.0-8.0um
3.65 0.0095 7.0-8.0um
4.3 0.02 7.0-8.0um

 The striplines with two different lengths : 6 in and 12 in.

e The four boards have different laminates and surface
roughness
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¢ Frequency-Domain Responses
h-ﬂdtfﬂ_—

Diff.-Mode Insertion Loss

Comm.-Mode Insertion Loss

% -5— NN g 5 %
N ~ -
@ 10 N N (§ -10+ \’\.~
S 154 N 2 19 N
S o0 . S -20- Ny
e N = h
s -25- o S -25- : \\
_‘;:: -30_ * * FR4 N £ 50| """ . FR4 ~
© 35 | ——:FRAOBHR 5 55| =™ FRA0BHR N
S 4o | ——:Nelico EPSI s S | = Nelico EPSI ™
o —— : MEG6_RTF AN £ —— : MEG6_RTF AN
3 R MEG6 HVLP AN S 1 ——MEG6_HVLP ™
-50 S S S S S © 50 — T
0O 5 10 15 20 25 30 35 40 45 50 0O 5 10 15 20 25 30 35 40 45 50

freq, GHz

freq, GHz

e Magnitude of differential and common-mode

insertion loss for 12-in striplines

— Measured loss of the four laminates

— Response of FR4 is from S|mulat|on
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¢ Time-Domain Responses
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Group Delay (ps/in.) Single-Bit Response
175 0.0—
] i * . FR4
- = m === -0.11 = . FR408HR
- 170f 1 = . Nelico_EPSI
£ - i e
S ] > 02 3migg‘mp
‘E 165%——-——-——-—-« §> ] ' -
S { === FR4 S -0.3]
Q | —— : FR408HR > ]
160__: - Nelico_EPSI 0.4
| == MEG6_RTF ]
1557 _I:MIEGG_\HVLPI \ [ \ [ [ '0-57 L — Ié [ — Ié [—— \‘) L — \‘} [ —
0 5 10 15 20 25 30 35 40 45 50 20.7 20.8 20.9 21.0 21.1 21.2
freq, GHz time, nsec

 Based on the measured S-parameters

— Group delay per in. from measured S-parameters
— Single-bit (pulse with width = 20 ps) responses
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Board Cross-Sections

FR408 HR Nelco N4000-13EPSI

128313 RIOA AMALYTICAL LA
204309 E0.BkY  Xoadh'' AR IWes

. Cross sectloned of the four boards

— Finding accurate dimensions are critical to modeling
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¢ Material Models
e s - om

 The largest part of interconnects are
transmission line segments

e Models for transmission lines are
usually constructed with a quasi-static
or electromagnetic field solvers

e Accuracy of transmission line models
is mostly defined by availability of
broadband dielectric and conductor
roughness models

e This is one of the most important
elements for design success
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¢ Broadband material models
h.ﬁ!ﬂ AR

* Dielectric models:
Wideband Debye (aka Djordjevic-Sarkar):

&g |:10m2 + if :| Continuous-spectrum model

e(1) =& () +

Requires specification of DK and LT at

-In _
(m2 — ml) . In(lO) 1Om1 +if one frequency point (2 parameters)
NoA Requi ification of value at infinity and
. ] & equires specification of value at infinity an
Multi-pole Debye: e(f)=¢ (OO) + Z . poles/residues or DK and LT at multiple
— . frequency points (more than 2 parameters)
=11+1 T
r

n

e Conductor surface roughness models:

Modified Hammerstad (2 parameters): Huray snowball (1-ball, 2 parameters):

2 2 2
K, :1+[3-arctan{1.4(§j D-(RF ~1) K. :1+(N'47”}/(1+5+ 0 Zj
T o A, r2.r

e Parameters for the models are not available and must be identified
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Material Model Identification
with GMS-Parameters

h.ﬁ!ﬂ LT O R

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

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

v

Use 6 and 12 inch differential
line segments:

v

(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

v

Applicable to dielectric and

{4a) Compute difference between GMS-
parameters from measurements and
model

(4b) Adjust model parameters or
change the model

conductor roughness models;

S _ threshold?
Optimization loop — red line;

Automated in Simbeor software;
Yes

Is the difference
smaller than a

(4c) Material or conductor
roughness model is found

2/10/2014

AMeasured.Difference Strip Filtered; B:Computed.§ inch.Simulation(1);
hagnitudels), [dB] Group Delay. [ns]

5 \EM T11
I? \i\
| < e 1.05
-10 s
dlj T I,
5| M e = = N —_—
\7 a T =
> 1095
-20 = Al |
V‘U%
5 M 15 20 2% 30 3m 40 45 50

05 &pr 2013, 15:36:25, Simberian Inc. Frequency. [GHz]
—EIASm[InT(MTLIn2{M1)] O — —— B:Sm[In1{M1LInZ[MT1] +— —:

Simberian’s USA patent #8577632 and patent pending #14/045,392
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Measured S-Parameters (Pre-Qualification)

e Final quality metric is acceptable:

CARepository\Simbeon\SupporfiRambus\DesignCon2014\Nov22_2013_Id

@ FR408HR_12in_50GHz_original s4p 955 100 96.7
a FR408HR_6in_50GHz_original s4p 949 100 942
@ Megatront_HVLP_12in_50GHz_0Original s4p 96.2 100 954
a Megatront_HWVLP_Gin_50GHz_0Original.s4p 96.1 100 90.8

CARepository\Simbeon\SupporfiRambus\DesignCon2014\Nov28_2013_lId

aMegatronﬁ_RTF_12in_50GHz_0riginaI.s4p 951 100 96.8
aMegatronS_RTF_Sin_5lJGHz_originaI.s4p 959 100 946
aNelico_EPSI_12in_50MH2_0riginaI.s4p 96.9 100 965
aNeIico_EPSI_Sin_5l3MHz_0riginaI.s4p 968 | 100 959

Computed with the rational approximation of
measured S-parameters (Y. Shlepnev, Reflection
on S-parameters quality, IBIS summit 2011)

< |

‘Ready

2/10/2014

B Board Analyzer |3 Graph(1) Touchstone Analyzer | 1k %

HEl & ﬁ AFRA08HRP_12in_50GHz_original.sdp; B:Megatronb_HYLP_12in_E0GHz_Criginal.sdp;
C:hegatronb_RTF_12in_50GHz_original.sdp; D:Nelico_EPSI_12in_50MHz_original.s4p;

File name | Quality | Passivity | Reciprocity

Magnitude(3). [dE]
E

pa——n

12571

-2h

-375

0 5 10 15 20 25 30 35 40 45 50
20 Dec 2013, 07:20:42, Simberian Ine. Frequency, [GHz]
—* ARG —* AS[2] —* AS[1.3], —* AS0.4L —= BE[.1]; B:5[1.20:
—=2 B:5[1.3 — = B:5[1.4] ——= C:5[1.1]; C:50.2) ——x CE1.3]) ——x CE[1.4]
——B0ENA] — 8 DeE1.2: ——8 1.3 D:=0.41
2]

SN

1.1
1.3

X ®E e
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¢ Reflection Loss (Single-Ended)
T

1. .2 » geometrical symmetry: S11=522=533=544, S12=534,
3 4 S13=5S24, S14=S23 => SQM=100%

FR408HR_12in_50GHz_original s4p:

Magnitude(S), [dE] tegatronb_RTF_12in_50GHz_original.s4p;

Magnitude(3), [dE]
D L
FRA408, 12 inct B ’ Meg6 & RTF, 12/inch
-10 )K-/::; »‘"* ‘\. F *
/?"'”f;/r-’* -10 ﬁ
-20 ' 20
SOM=20%
D —_ 0 _
3Q SQM=46%
-30
-30 |

i 5 10 15 20 25 30 3 40 45 50 ; + ; ; : ; ; : ; ; :

20Dec 2013, T8 1452 Simbetian Ine. Frequency. [GRe] 20 DeDc 2013 1?5-21-00 1S?mheriar;l |5nc aosowo® 4FDreE1uejiy [G|—5|-E]
FSMAL T SRl T SRSl T S RS S22, ——* §33, —— 544]
Melico_EPSI_12in_&0MHz_original s4p; Megatronb_HWLP_12in_b0GHz_Original s4p;
Magnitude(S), [dE] Magnitude(S). [dE]
0t ol
N4000-13ERSI, 12 inch Megb6 & HVLP, 12inch | .« %"
i o . 3 - *H 3
a0+ AN -* a0+ —_ g e
=20 -20
SQM=37% QM=35%

-30 1 -30

0 & 1 15 2l 2h 30 35 40 45 50 I 5 10 15 2l 2h 30 35 40 45 50

20 Dec 2013, 15:21:28, Simberian Inc. Frequency, [GHz] 20 Dec 2013, 15:20:11, Simberian Inc. Frequency, [GHz]
* 3.1 # 5[2.2]: # B3.3]; # 5[4.4]; * 5[1.17; # 52,21 # 53,31 # 514.4];
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' Insertion Loss (Single-Ended)
_ S——

1 2 .
3= =, » geometrical symmetry: S12=S34
FRA08HR_12in_50GHz_original.s4p; tegatronb_RTF_12in_50GHz_original.s4p;

kMagnitude(3), [dB] tagnitudelz), [dE]

0 0

L " a9
[t FR408, 12 inch s Meg6 & RTF, 12 inch
-2hT \% 25T
-50 *Z’ -50
7B T . . . . . T T T 1 1 75 1 T T T T T . . . . .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
23 Dec 2013, 14:05:06, Simberian Ine. Frequency, [GHz] 23 Dec 2013, 14:07:10, Simberian Inc. Frequency, [GHz]
* 5[1.21: * S[3.41; * 5[1.2]; * 5341
Melico_EFSI_12in_50mMHz_original s4p: tegatronb_HvLF_12in_50GHz_Original sdp;

kMagnitude(3), [dB] Magnitude(3), [dB]

0 0

=, N4000-13EPSI, 12 inch HHH Meg6 & HVLP, 12 inch
"""—-—._,_% _‘\*ﬁ“‘q
W--__w ;‘__"k’-‘—
-2hT H%“M -2hT N
-50 -50
7B T . . . . . T T T T i 7B T . . . . . T T T T i
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
23 Dec 2013, 14:07:34, Simberian Ine. Frequency, [GHz] 23 Dec 2013, 14:06:47, Simberian Ine. Frequency, [GHz]
* 5[1.21: * S[3.41; * 5[1.21: * S[3.41;
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Phase Delay (Single-Ended)

L Y . V.

1

FRA08HRE_12in_50GHz_original.s4p;
Fhase Delay. [ns]

*

21t FR408, 12linch

N

*
*

1871

‘“l*

0 b 10 15 2l 2h an 35 40 45 a0

23 Dec 2013, 14:17.08, Simberian Inc.

w P AT W AT

Melico_EPSI_12in_b0MHz_original.sdp;
FPhasze Delay, [ns]

Frequency. [GHz]

*
*

N4000+13EPRSI, 12 inch

*

1.95 L

w"‘-ﬂi—-—*_

e
ity

0 b 10 15 20 25 aa 35
23 Dec 2013, 141444, Simberian Inc.

# 51.2]; # 503,41

2/10/2014

40 45 50
Frequency. [GHz]

3~ =, m) geometrical symmetry: S12=S34

Megatronb_RTF_12in_b0GHz_original.sdp;
FPhasze Delay, [ns]

*

2-] |
Megb6 & RTF,|12 inch
2051
P i e -
) m:‘-‘#—"ﬂr— *

I 5 10 15 20 25 30 35 40 45 50
23 Dec 2013, 14:15:33, Simberian Inc. Frequency. [GHz]

* 5[1.2); * 53 4]
I'\'Il:lel.lILlllU_l e rehn_Juedn IL_UIIHIIILII.CI'”».J,

Fhase Delay, [ns]

3

Meg6 & HVLP, 12 inch
2.051F
27 ﬂh""‘*-u-au: " o - _,_..‘ﬁf

1961,

0 5 10 15 20 25 30 35 40 45 50
23 Dec 2013, 14:16:31, Simberian Ine. Frequency, [GHz]
* 501,21

* 5[4
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NEXT (Single-Ended)

-
h-"‘-—
1 2 :
3~ =, H) geometrical symmetry: S13=S24

FRA08HR_12in_50GHz_original.s4p;

Megatronb_RTF_12in_50GHz_original s4p;
kMagnitude(3), [dB]

kMagnitude(3), [dB]
D {

I Meg6 & RTF, 12 inch
FR408, 12inch /

/7
A S A
i Kid

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20
Frequency, [GHz]

23 Dec 2013, 14:34:16, Simberian |ne. Frequency, [GHz] 23 Dec 2013, 14:35:40, Simberian ne.
* 501,30 * (2L
Melico_EFSI_12in_50mMHz_original s4p:

* 501,30 * (2L
Megatronb_HWLF_12in_50GHz_Original.s4p;
kMagnitude(3), [dB]

Magnitude(3). [dE]
I:I {

Meg6 & HVLP, 12 inch
00-18EPSI, 12 inch i

gt—

RN
1] g 10 15 20 bl a0 35 40 45 B0 0 g 10 15 20 25 30 3 a0 15 5D
23 Dec 2013, 14:36:09, Simberian Inc. Freguency. [GHz] 23 Dec 2013, 14:35:11, Simberian Inc. Frequency, [GHz]
* 501,31 * 52,41 —# S[1,3;; —* S[2.4];
2/10/2014 18
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¢ FEXT (Single-Ended)
e - o

1 2 . .
3= -4 » geometrical symmetry & homogeneity: S14=523=0
Megatronb_RTF_12in_50GH iginal.sdp;
FRA08HR_12in_50GHz_original.s4p; Magnitude(S). [d5] ELRIENE AT eln_sHariz_onginalsdp
Magnitude(S), [4E] ol -
D i -
Meg6 & RTF, 12 inch
425 DAFR’ 12l inch 1257 e *
25T
-25
37 -37.5 ;
E R0,
0T 3‘
' u y t y y y v y - y D 5 1 ID 1 I5 EID 2I5 3IEI 3I5 4IEI 4I5 EIEI
o 5 10 15 e e 30 3 ‘l':u B G|_5|D 23 Dec 2013, 14:30:14, Simberian Inc. Fraquency, [GHz]
23 Dec 2013, 14:28:49, Simberian Inc. requency, [GHz] S[M1.41 12,31
* 50141 * S[2.3];
Melico_EPSI_12in_50MHz_original s4p; Megatronb_HWLF_12in_50GHz_Original.s4p;
tagnitude(S), [4E] tagnitude(S). [dE]
of ok
. N4000-13EPSI, 12 inch | Meg6 & HVLP, 12 inch
-25 o5l el
3
-375
=50 T
1] 5 10 15 20 25 30 35 40 45 50 1] 5 10 15 20 25 30 35 40 45 50
23 Dec 2013, 14:31:41, Simberian Inc. Freguency, [GHz] 23 Dec 2013, 14:23.15, Simberian Inc. Freguency, [GHz]
* 5141 # S[2.3]; * 51,4 # S[2.3];
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TDR Pre-Qualification

L-- i Y. "N

1 3
2 4

Atdeasured FRAOGHE_Bin+ Simulation(1); B:Measured FRADGHR_12in+.Simulation(1);
Z, [Ohm]

70 —
FR408: large variations ~ 4 Ohm
i
65 e
r,a._,aﬁ_.ga-. I ,--.n\
60
N,
55 P
50
UI 0:5 'II 1:5 2 2j5 3 3.I5 4 4.I5
20 Dec 2013, 14:46:03, Simberian Inc. Time, [ns]
— AZ[1L AZ[22) —— MZ[33] —— AZ[14] —— BZ[1.1]
—— BZ[22 —— BZ[33 —— BZ[44%
Acddeasured MA000_13EFPSI_Rin+ Simulation(1);
B:Measured NA000_13EPSI_12in+ Simulation(1);
Z. [Ohm]
70 T
N4000-13EPSI; large variations > 5/ Ohm
65
L- =, A

I RN Sy | 1l
” = L e e AN
e ¥ R

v k TR

50

I 0& 1 15 2 2h 3 3ih 4 415 b

20 Dec 2013, 14:54:23, Simberian Inc. Time, [ns]
— AZ[1.1]: AZ[22] —— AZ[33] —— AZ[44] —— B[]
== B[22 —— BZ[E3L —— B4

20

Computed with measured S-parameters and 20-ps Gaussian step (100 ps delay added)

Ardeasured Megb_RTF_Bin+ Simulation(1); B:iMeasured Megb_RTF_1Zin+ Simulation(1);
Z. [Ohmm]

?D Megtron 6/ & RTF: variations ~3 Ohm
65
50 - »ﬁmﬂpﬂzb\&
o / ¥
55 \ = ——
50

I 0& 1 15 2 2h 3 3ih 4 415 b

20 Dec 2013, 14:43:40, Simberian Inc. Time, [ns]
AZ[: AZ[22]: AZ[3.3]: AZ[44] —— BZ[1.1]
== B[22 —— BZ[E3L —— B4

Acbdeasured Megh_HYLP_12in+ Simulation(1);
B:Measured Megh_HYLF_Gin+ Simulation(1);
Z. [Ohmm]

70

Megtron 6 & HVLP: variations ~2 Ohm
B5 :

B0 M

e

= —

B
\*h-._
50

I 0& 1 15 2 2h 3 3ih 4 415 b

20 Dec 2013, 14:56:51, Simberian Inc. Time, [ns]
AZ[: AZ[22]: AZ[3.3]: AZ[44] —— BZ[1.1]
== B[22 —— BZ[E3L —— B4
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¢ Closer Look at TDR of Launches

h Y . V.

Aeasured FRA0GHR_Bin+ Simulation(1); B:Measured FRA08HRE_12in+ Simulation(1);

Ardeasured Megb_RTF_Bin+ Simulation(1); B:Measured Megb_RTF_12in+ Simulation(1);

Z. [Ohr] Z. [Ohm]
oy FR408: very farge variation w a\[
at/launches (~10 Ohm) Meg6 & RTF: large variations
BET / k5
PP Ny at launches (~5 Ohm)
d’:_?ﬁ-—f—-—_-.'_h 2 -__.-_ = &0
80T e e e e e —
N e e
551 / 55
enl | ED 4
0z 0.225 0.25 0.275 03 0325 0.35 0.375 02 0.225 0.25 0.275 03 0.325 035 0.375
20 Dec 2013, 15:08:02, Simberian Inc. Time, [ns] 20 Dec 2013, 15:05:54, Simberian Ine. Time. [ns]
— AZ[1]: MEZ[22] —— AZ[3I] —— AZ[44) —— BZ[.1] — AZ[1]; AZ[2.2] —— AZ[33] —— AZ[44] —— BZ[L1]
—— BZ[22] —— BZ[33 —— BZ[44] —— BZ[22: —— BZ[33 —— BZM44
AMeasured MN4000_13EPSI_Bin+ Simulation(1}; Abdeasured Megb_HWLP_12in+ Simulation(1);
B:teasured N4000_13EFSI_1 Zin+. Simulation(1); B:tMeasured Megb_HVLP_Bin+. Simulation(1);
Z. [Ohm] Z. [Ohm]
70 f
1 ) . 1 1 . .
B N14|00(r)] ~1hBEF Sé‘ lC?rrlngr? variations il % HVLP: large variations
m a launghes ) ches (~5 Ohm)
41} /’_f % - e L G0+
- 1 \\;%@f‘:-_::—’_’g—‘“—"“' | e —
f i B
/
5D <~ snd
02 0225 025 0275 03 032 035 0375 04 04% 07 0225 095 0275 03 0325 035 047
20 Dec 2013, 15:02:48, Simberian Inc. Time, [ns] 20 Dec 2013, 15:00:10, Simberian Inc. Tima. [ns]
— AZ[1]: AZ[22] —— AZ[33] —— AZ[44: —— BZ[1.1] — AZ[1] AZ[22] —— AZ[3I] —— AZ[44] —— BZ[11]
—— BZ[22: —— BZ[33 — — B:Z[44] —— BZ[28] —— BZ[33 —— BZ[44]

Not promising — see more at “Sensitivity of PCB Material Identification with GMS-Parameters
to Variations in Test Fixtures”, Simberian App. Note #2010_03 — www.simberian.com

2/10/2014
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http://www.simberian.com/

. Model Identification for FR408 with RTF
h."\“_

6.15 inch segment model with homogeneous dielectric

24D 2013 (20741 Srberan b

0V Wt e < 1 El)

Wideband Debye model identified with reduced
bandwidth GMS-parameters @ 1 GHz

Abdeasured. difference_FRA408 Simulation(1); B:Model bin_model Simulation(1); Acbeasured.difference_FR408.Simulation(1); B:Model Bin_model Simulationi1);
bagnitude(S), [dE] Phase Delay. [ns]

0t ¥
Fitted Ui GM Phase Delay
L > i Dk=3.76 @ 1 GHz
-J; X T 11
10t ' Measured phase delay
. : Is different for 2 modes! 1 06
el | Model
GM Insertion Loss & |
N LT+0.012 @ 1 GHz
ot | I ¥ i
IEI 5 1 IIZI 1 I5 2ID 2|5 3ID 35 4IIZI 4I5 5IIZI IZI 5 1 ID 1 I5 2IIZI 2I5 3ID 3l5 4ID 4l5 5IIZI

24 Dec 2013, 10:59:27, Simberian Inc. Frequency. [GHz] 24 Dec 2013, 11:00:23, Simberian Inc. Frequency, [GHz]

——# ASmIn1 (M1 In2(13]; ——* ASm(In1 (M2)In2(M2)]:
——& B:SmfIn1 M11In2(M15]; —— B:Smfln1 (M2 In2(M21]

ASmnT (M1LIN2(M1] #— —: ASm[In1 (M2)In2(M2)] #— —:
B:Smfln (M13In2(M1}] O— —: B:Smlln1 (M2} In2{M2)] 0— —:

Odd modes — red and brown lines; Even modes — blue lines;
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[ Model for FR408 with RTF Copper
o AR

6.15 inch segment model W|th inhomogeneous dielectric

' |
| o
| S
: 08773 Wldeband Debye model |dent|f|ed with reduced-
bandwidth GMS-parameters: composite/resin @ 1 GHz

m———

Ateasured difference_FRA08. Simulation(T); AMeasured difference_FRA08 Simulation(1);
B:Model_Inhomog.Bin_model Simulation(1); B:Model_Inhomog.Bin_model Simulation(1);
tagnitude(3), [dE] Fhase Delay. [ns]
0T
GM Phase Delay
Dk=3.95/3.5 1115

111

Phase delay is
different for 2 modes! é 1108
Mod

il i e — =

@

Model
GM Insertion Loss

= b B
S |
Lol L T=0.01/0.012

0 5 10 185 20 25 a0 35 40 45 &0 0 5 10 15 20 25 30 3 40 45 &0

24 Dec 2013, 13:34:48, Simberian Inc. Frequency, [GHz] 24 Dec 2013, 133353, Simberian Inc. Fraquency. [GHz]
—* ASm[In1M1LInZ#1Y] ——* ASm(In1 (M2).InZ2(M2)]: ASmnT (ML In2(1] #— —: A Sm[In1 (M2)LIn2(M2)] #¥— —:
—= B:Sm[InT1In2 (M1 ——= B:SmlIn1 (M2).In2 (k277 B:Srmfln1 (10 In2(M17] O— —: B:Srm[In1 (M2 In2(M27] O— —:

Odd modes — red and brown lines; Even modes — blue lines;
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: Model for Megtron 6 with RTF Copper
22 LA

6.15 inch segment model with homogeneous dielectric

'y

.‘ Strips modeled as
» - = | trapezoidal

24De: 2013 D207 41 Sirberin 0V Wt e < 1 El)

Wideband Debye model includes all losses @ 1 GHz

AMeasured difference_tegb. Simulation(1); B:Madel.Bin_maodel Simulation(1); AMeasured difference_tegb. Simulation(1); B:Madel.Bin_madel Simulationi1);
tagnitude(3), [dE] FPhasze Delay, [ns]
D L
H :I I 11125
Hitte J : GM Phase Delay
_25 L
| Dk=3.75 @ 1 GHz 111
5 - }
@ T1.075
-7h
a0+t . T1.05
del Difference between
1.:1/GM Insertig pae modes is smaller .
157 -
LT+0.0081 11
DI 5 1 ID 1 I5 EID 2I5 3IIZI 3l5 4IIZI 4I5 EID IZI 5 1 ID 1 I5 EID 2I5 EID 3I5 4ID 4l5 5IIZI
24 Dec 2013, 13:60:14, Simberian Inc. Frequency, [GHz] 24 Dec 2013, 13:51:59, Simberian Inc. Frequency, [GHz]
—# A Sm(InT(M1InZ2(M17]); —* A:Sm[In1 (M2} InZ2(MEZ)]: ASmnT (1L INZ2(M1)] #— — ASm[InT (MELIn2{M2)] #— —:
—= B:SmlIn1(M1LIn2 (M 177 —= B:Smlln (M20.In2 (211 Brsmlln (MILINZ{(MTY] 0= = B:Sm[In1 {M2)LIn2{M2]] O— —:

Odd modes — red and brown lines; Even modes — blue lines;
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Model for Megtron 6 with RTF Copper

6.15 inch segment model with homogeneous dielectric

‘ Strips modeled as
- = [ trapezoidal

| — —_— — ——————m

24De: 2013 D207 41 Sirberin 0V Wt e < 1 El)

Wideband Debye model @ 1 GHz and Modified
Hammerstad conductor roughness model

Abdeasured difference_teqs. Simulation(13; #Measured difference_Megh. Simulation(1];
B:Model_RoughtdH Bin_maodel Simulation(1); B:Model_FoughtdH. Bin_model Simulation(1);
tagnitudelz), [dE] Fhase Delay. [ns]
0t . | i
& Fitted | GMPhase Delay e
25+ »
51 ke |
;\E T1.075
=75 >|<
L AA [l [l T 1['5
10 : Model
GM Insertion Loss
-12ht h"‘-\% 11025
LT=0.002 @ 1 GHz S /
SR=0.37 um, RF=4 Il B B O e
1 & 10 15 20 25 30 3 40 45 &0 0 5 10 165 20 25 a0 35 40 45 &0
24 Dec 2013, 14:02:48, Simberian Inc. Frequency. [GHz] 24 Dec 2013, 14:05:04, Simberian Inc. Frequency. [GHz]
—# ASm[In1 (M1LIn2 (M1 ——* A:Sm[In1 (M2 In2(2)]; AsmlnlIMILINZATI] *— = A Smlin] (M2)InZ(MZ)] *— —
— B:Sm[In1 (M 1In2( 17, ——= B:Sm[In1(M2)In21M21]: Brsmlln (MTLINZ(MTY] 2= = B:iEm[In1 (M2)LIn2(MZ]] 25— —:

Odd modes — red and brown lines; Even modes — blue lines;
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: Model for Megtron 6 with HVLP Copper

h Y . V.

120513 RIGA ANALYTICAL LAB
294389 20.0kv NEod IFIWEE

Ateasured.difference_Megb.Simulation(1); B:Model Bin_maodel Simulation(1);
Magnitude(3). [dE]

6.15 inch segment model with homogeneous dielectric

Strips modeled as
trapezoidal

24D 2013 (20741 Srberan b 0V Wt e < 1 El)

Wideband Debye model includes all losses @ 1 GHz

AMeasured difference_tegb. Simulation(1); B:Madel.Bin_madel Simulationi1);
FPhasze Delay, [ns]

" & Fitted
>

25T
% .

GM Insertion Loss Model

LT=0.0065 @ 1 GHZ

12571

T1.128

GM Phase Delay
Dk=3.69 @ 1 GHz 111

T1.075

Difference between [

modes is small .

- — % _,% e ryngling. Al Wi i M1}

I 5 10 15 20 25 30 35 11 45 50
24 Dec 2013, 14:35:23, Simberian Inc. Frequency. [GHz]
—* ASm[InT(M11In2{M1)]: ——* ASm[In1{M2). InZ (M27];

—= B:Em[In1(M1LINZ (1T ——= B:EmlIn (2] In2 (k211

I 5 10 15 20 25 30 35 40 45 50

24 Dec 2013, 14:36:15, Simberian Inc. Frequency. [GHz]
ASmnT (ML In2(M10] #— — ASm[nT (M2)LIn2(2)] *— —:

B:5mln1 (M1LIN2(MT1] O— = B:Sm[In1 (M2LIn2(M2)] O— —;

Odd modes — red and brown lines; Even modes — blue lines;
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. Model for Megtron 6 with HVLP Copper
S ——

6.15 inch segment model with homogeneous dielectric

i B

‘ Strips modeled as
- = - trapezoidal

——wm

0V Wt e < 1 El)

Wideband Debye model @ 1 GHz and Modified
Hammerstad conductor roughness model

24D 2013 (20741 Srberan b

Acbeasured. difference_Megb.Simulation(1); Acbeasured. difference_Megb.Simulation(1);
B:Model_RoughhH Bin_model Simulation(1); B:Model_RoughhH Bin_model Simulation(1);
Magnitude(3), [dE] Fhase Delay. [ns]
0
1 11.125
Fitted GM Phase Delay

S I Dk=3.64 @ 1 GHz

T
5l %% N : 11.078

25l 3

GM Insertion Loss Mode

e
G

T1.1

TLT=0.002 @ 1 GHz
SR=0.38 um, RF=3.15

-12ht
0 b 10 15 20 25 30 35 a0 45 a0 0 b 10 15 20 2h an 35 40 45 a0
24 Dec 2013, 14:37:34, Simberian Inc. Frequency. [GHz] 24 Dec 2013, 14:37:02, Simberian Inc. Frequency. [GHz]
—# ASmInT(M1LIn2(M1)]; ——* A:Sm[InT(MZ).In2(M2)]: ASmInT(MTLINZ(M1)] #— — A Sm[InT (M2)LIn2(M2)] #— —:
— B:Sm[InT(M1LIn2(k1]; —< B:Sm[InT(M2).In2(ME7T: B:S3mIn1(M1LIN2(MT1] = = B:3m[In1 (M2LIN2(M2)] = —:

Odd modes — red and brown lines; Even modes — blue lines;
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: Model for N4000-13EPSI with RTF Copper
h-.‘\-—

6.15 inch segment model with homogeneous dielectric

»

24D 2013 (20741 Srberan b

Wideband Debye model includes all losses @ 1 GHz

Strips modeled as
trapezoidal

0V Wt e < 1 El)

128513 RIGA ANALYTICAL LAB
CEOASEF T EACEENT M1ed’ AR e

h)

Acbdeasured.difference_Nelco Simulation(1); B:Model bin_model Simulation(1);
tagnitude(3), [dE]
D L

AMeasured. difference_Melco Simulation(1); B:Model Bin_model Simulation(1);
Fhasze Delay, [ns]

1 | *,f

25 Fitted > 35;@“ 1) GM Phase Delay It e

' ki d L]

- il Dk=3.425 @ 1 GHz
-75 1T

!

a0t f]L 1.025

a25t Difference between { ; 14
GM Insertion Loss Mbdel B jos [N BT E ]

51 ﬁl ] / 10975

4751 LT=0.011 @ 1 GHz k g @ ——G-—=0 g

0 b 1 15 20 2h an 35 a0 45 a0

24 Dec 2013, 14:46:01, Simberian Inc.
—# ASmInT(M1LIn2(M1)]; ——* A:Sm[InT(MZ).In2(M2)]:
— B:Sm[In1 (M1 LIn2(M17; —= B:Smlln1 (k20 In2(M2]1;

Frequency. [GHz]

1] 5 10 15 20 2h an 35 40 45 50
24 Dec 20013, 14:47:20, Simberian Inc.

ASmIn (M1LINZ(MTY] #— —; ASm[In1 (M) In2M2)] #— —;
B:Sm[lnd (M11In2{M11] O— —: B:Smlln1 (M2}, In2{M2)] O— —:

Odd modes — red and brown lines; Even modes — blue lines;
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: Model for NA4000-13EPSI with RTF Copper

h Y . V.

128513 RIGA AHALYTICA
LRG4ANET TEAUAENT MIeHT

h)

Atdeasured.difference_MNelco Simulation(1);
B:Model_RoughhH Bin_model Simulation(1);

24D 2013 (20741 Srberan b

6.15 inch segment model with homogeneous dielectric

Strips modeled as
trapezoidal

0V Wt e < 1 £l

Wideband Debye model @ 1 GHz and Modified
Hammerstad conductor roughness model

Atdeasured.difference_MNelco Simulation(1);
B:Model_RoughhH Bin_model Simulation(1);

Fhasze Delay, [ns]

Magnitude(3), [dE]
0T%

g itted & I |
i I

Ld

GM Insertion Loss

MC
~ A
AN

1 GHz ;
SR*0.49 um, RF=2.3

151 T=0.008

)
m

' GM Phase Delay fi I,

, Dk=3.425@ 1GHz ¢

: i -

l ! 1105

: T1.025
1
0.975
1045

I 5 10 15 20 25 30 35 40 45 50
24 Dec 2013, 14:49:03, Simberian Inc. Frequency. [GHz]
—* A Sm[In1M1LInZ#1Y] ——* ASm(In1 (M2).InZ2(M2)]:
— B:Sm[InT(M1LIn2(k17; ——< B:Sm[InT(M2).In2 (M1

0 5 10 15 20 25 30 35 40 45 50
24 Dec 2013, 14:50:21, Simberian Inc. Frequency. [GHz]
ASmnT (ML In2(M10] #— — ASm[nT (M2)LIn2(2)] *— —:
B:Smllnl(M1LIn2(MT7] = —: B:Sm[InT1(MELIn2(M2T] — —:

Odd modes — red and brown lines; Even modes — blue lines;

2/10/2014

29 DEsicnGon




urd
A

a

-

el

S L

Ildentified Material Models

O DN

Wideband Debye (WD) with dielectric and roughness losses:

Model Parameters | WD Dielectric WD Loss Tangent
Board Types Constant @ 1 GHz @ 1 GHz
FR408HR with RTF copper, inhomogeneous | 3.95/3.5 (3.66) 0.01/0.012 (0.0117)
FR408HR with RTF copper 3.76 (3.66) 0.012 (0.0117)
Megtron-6 with HVLP copper 3.69 (3.6) 0.0065 (0.002)
Megtron-6 with RTF copper 3.75 (3.6) 0.0083 (0.002)
Nelco N4000-13EPSI with RTF copper 3425 (3.4) 0.011 (0.008)

composite/resin

Wideband Debye (WD) dielectric with loss tangent from specs and Modified
Hammerstad model (MH) for conductor roughness losses:

Model Parameters | WD Dielectric WD Loss Tangent | MH Roughness | MH Roughness
Board Types Constant @ 1GHz | @ 1 GHz (SR,rms) (um) | Factor (RF)
Megtron-6 with HVLP copper 3.64 (3.6) 0.002 0.38 3.15
Megtron-6 with RTF copper 3.72 (3.6) 0.002 0.37 4
Nelco N4000-13EPSI with RTF copper | 3.425 (3.4) 0.008 0.49 2.3

Values from specifications are provided in brackets for comparison

DEsicnGon




¢ Preliminary 6-inch Link Analysis
e - o

|02 LL TLiZ) LR |01

132 Loy 102 1C1 101 [
il ol mg ool

24 Dec 2013, 15:16:41, Simberian Inc. Editor Mode [press <Ex for Metwork Wiew].

Abodel_Inhomog.kin_WithLaunches. Simulation(1);

900 209214 224 Sebern e o Mo s 62 ——— 4 B:Model_Inhomog.Bin_WWithLaunches_BD.Simulation(T1);
Magnitude(S), [dE)] e C:Measured FR40BHR_Bin_&50GHz_original MFF:
0 Fhasze Delay, [ns]
P S Differential Transmission
’%ﬁ T1.075
ol . Phase Delay
g\ Measured |
207 b g \%\
\ A 11025
=0y Long stub Measured
- . . 4 ‘I
Differential Insertion Loss / Sy o .
40t \ SEATT R B e e A sy
¥ _ . 10975
N N NS O S N DR I I | Short stub 8
0 5 10 15 20 25 30 35 40 45 50 , X \ , \ , , . , : ;
24 Dec 2013, 15:10:50, Simberian Inc. Frequency, [GHz] 0 5 10 15 20 25 an 35 40 45 50
24 Dec 2013, 14:58:19, Simberian Inc. Frequency. [GHz]

ASmm[D1,02] #=— —: B:5mm[D1,.02] *— —; C:S5mm[D1.02] O— —;

Measured — red lines; Model with long via stubs - brown lines; Model with
short via stubs — green lines;
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Measured Structures

~ir -.‘\-—

Probe pads '

s
3D EM Solver Generated Extract parameters-based 3D EM Solver Generated
Via and Pad S parameter Transmission Line Model Via and Pad S parameter

e Eight-layer board and the striplines are on layer four

e Extracting frequency-dependent model requires stripline-only measurement
— The S-parameters of the via and pad structures are obtained from field solvers
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[ Via Stub Impact vs. Length
&-..-_."_L_

probe pad
m —— n | — —
— 4 trace I
% _:E 32 mil [IJH EJ]H i mil ﬂ E}H 3 mil g]ﬁg
W viastub || | i m
(a) (c) (d)
0o Magnitude of S 4, ) Magnitude of S,4;,
25 5

:a) 32 mil (812.8 um)
:b) 19 mil (482.6 um)
:C) 12 mil (304.8 um)
:d) 3 mil (76.2 um)

Diff.-Mode Insertion Loss (dB)
S
P

Diff.-Mode Return Loss (dB)
\V)
T

1‘0 1|5 2‘0 2% 3JO 3‘5 4‘0 4‘5 50 0 |5 1|0 1‘5 2‘0 2‘5 3‘0 3‘5 4|0 4‘5 50
_ freq, GHz _ L ] freq_', GHz
 The reflection and band-limiting impacts of the vias and pads

need to be considered
— Back drilling is necessary to minimize the impacts of via stubs

— The via stub length need to be accurately measured |
2/10/2014 DEesienGon:
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! Back Drllllng in FR408 & Nelico Boards

~—_ FR408 HR | Nelco N4000 13EPSI

__.._‘_«._“

e Significant variations in the back-drilled holes
— from board to board

— from via to via within a board (differential pairs)
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Back Drilling in Megtron 6 Boards

b-.“l‘-‘_
Megtron 6 RTF

713 um Qd

e For example, the Megtron 6 board _Average m712 .
— Range of the back-drilled depth Max 748.10
e 748.10 um — 680.90 um = 67.2 um —
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]

g Model and Correlation

bm N R 1
Via Stub Length (um)

Board Pad to trace Back drill Via stub
Board Type Thickness| Via Iength depth length
FR 408HR 1470 620 250

Nelco N400O EPSI 1360 540 555 265
Megtron 6 RTF 1400 560 710 130

Megtron 6 HVLP 1400 560 713 127

Board Parameters

Model Parameters | WD Dielectric WD Loss Tangent | MH Roughness | MH Roughness
Board Types Constant @ 1GHz | @ 1 GHz (SR rms) (um) Factor (RF)
FR408HR with RTF copper 3.76 (3.66) 0.012
Nelco N4000-13EPSI with RTF copper [ERYERREN 0.008 O 49
Megtron-6 with RTF copper 3.64 (3.6) 0.002 0.37 4

Megtron-6 with HVLP copper 3.72 (3.6) 0.002 0.38 3.15

* The parameters are used along the S-parameters
of via, pad, and remaining stub structure
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¢ FRA408 and Nelco with RTF
R

) Magnitude of S,; _ Phase of S,4,; (unwrap)
[}

Q-5 o 6in

o S -5

~ -104 2

S -15- = -10

= _ | 1]

g 20 S -15 12in

< 25— <

o -30- S 20+

o ©

g -35— § -25_

= -40- : Measurement © -30| : Measurement

S 45— wuuees: Model ' i -=e=s : Model

-50 I S I S I S I ' S -35 T T T T T T T ]
O &5 10 15 20 25 30 35 40 45 50 0O 5 10 15 20 25 30 35 40 45 50

frea. GHz E xle3 freq, GHz

o O o U

:;_ ;g_ 3 6.in %) 5. _—6in

3 -15_ S “E—- -10-

S -20- == 2 15

§ -25 12in S=s S 12 in

2 -30 \ _g‘ -20-

8 -35- S 254

S -40- 2 -

= 45 - Measurement £ .30 : Measurement

= ===aas - Model o ===s== . Model

q 50 — T T T T T T 1 & -35 — T R B — |

O 5 10 15 20 25 30 35 40 45 50 = O 5 10 15 20 25 30 35 40 45 50

freq, GHz E x1e3 freq, GHz

w
~
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¢ Megtron 6 with RTF and HVLP
e o o

Magnitude of S,; ) Phase of S,4,; (unwrap)
o O . n
:3_ 5 | 6lin 5| 6in
@ -10-
- _157 '10_
S -20 15-
=
s -25
2 a0 -20-
o -35- 25—
S 40 : Measurement -30_ : Measurement
w -45— waun== - Model ===xus : Model
g -50 -35 | | | | | \ | | |
0O 5 10 15 20 25 30 35 40 45 50

| \ \ \ \ \ | | \
O 5 10 15 20 25 30 35 40 45 50
freq, GHz freq, GHz

6in

6in

-25_|

: Measurement
~30— wssess : Model

-35

s Measurement
45— wausen s Model

Diff. Mode Insertion Loss (dE
o

R S R R B R S
0 5 10 15 20 25 30 35 40 45 50
x1e3 frea. GHz

I I I \ \ I I \ \ \
0 5 10 15 20 25 30 35 40 45 50
frea. GHz

Diff. Mode Insertion Loss (degret Diff. Mode Insertion Loss (degree)
S
Q)
W

w
[e0]
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¢ Conclusions: Lessons Learned
h--’-ﬂ < TOEEE

 Formal quality metrics are useful for pre-qualification of measured S-parameters

 Expected symmetry of manufactured test fixtures was violated by:
— Fiber weave effect (FR408HR)
— Manufacturing tolerances (back-drilling on all boards)
— Probes positioning (or de-embedding? on some boards)
— Loss of localization by vias at higher frequencies (dependence on stub length)

e These non-idealities reduced bandwidth of GMS-parameters for model
identification

* Frequency-continuous models for dielectrics and conductor roughness can be
extracted with the reduced-bandwidth GMS-parameters to 50 GHz and beyond

 |Inhomogeneity of FR408 and Megtron 6 dielectrics has to be accounted for to
increase accuracy and to account for FEXT (not needed for N4000-13EPSI)

e With separate roughness models and loss tangents from specs, identified
dielectric constants are closer to specs
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