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WHERE THE CHIP MEETS THE BOARD

High-level Design Challenges

Choosing appropriate
diff pair geometry,
board material and
stackup to meet
insertion loss budgets
for industry
standards can be
overwhelming

Ref: IEEE 802.3bs Annex 120E [27]
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RE THE CHIP

Transmission Line Modeling

0 - - Insertion Loss vs Frequency Important to mOdel

) dielectric and conductor
- et loss accurately

:25 :tl:::i =0 O N I ILota ( f ) = 1Ly (f )+ KSR(f)>< 1L conductor ( f )

freq, GHz

Simulated with Keysight ADS [6]
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WHERE THE CHIP MEETS THE BOARD

Failure To Model Roughness Can Be Problematic

Simulated Insertion Loss

s O3 freq=14.00GHz
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Simulated with Keysight ADS [6]
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RE THE CHIP

Dielectric Properties

Insertion Loss (T) and Phase Delay(B) Data Sheet

- Failure to correct D, from
3 data sheet due to

m :::: ;_1‘10 g
. =g conductor roughness =>

A = inaccuracy in simulated IL

0.95

L & Phase Delay

-3 I I I | I T I I
0 5 10 15 20 25 30 35 40 45 50

freq, GHz
---- Measured ---- Simulated

Simulated with Keysight ADS [6] 6
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EDA Tool Challenges

v" Many EDA tools include latest and greatest models for conductor
surface roughness and wideband dielectric properties

But obtaining the
right parameters to
feed models is always
a challenge




"
DesiGnCon'erm ‘@' JAN 29 - 31,2019

WHERE THE CHIP MEETS THE BOARD

Design Feedback Method

B X-section Data Benefits: -
= —  Practical
— Accurate
] Issues:
— Expertise required
Fit — Time
— Money
— Extracted
D
e o parameters only
ggughness o accurate for sample
from which they
Extract were extracted

Design Product Channel Simulation Parameters .
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“Sometimes an OK answer NOW! is better than a
good answer late....” — Eric Bogatin
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What You Will Learn

How to apply my Cannonball stack model to determine
roughness parameters for Huray model from data sheets

How to determine D, due to roughness from data sheets
How to apply these parameters in popular field solvers.
Impact of causal metal model to simulated results

Impact of Oxide/Oxide Alternative treatments on roughness,
insertion loss and impedance

How to pull it all together and compare simulated
transmission line interconnect models with case studies

10
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Overview

11
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5:\j7zf];-ta
DC current is uniform AC current above ~10MHz
through cross-sectional flows mainly along “skin” of
area of conductor the conductor

Uo = Permeability of free space in H/m o = Conductivity in S/m. 12
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Conductor Roughness

X

S

No such thing as a perfectly smooth
PCB conductor surface

Roughness is always applied to
promote adhesion to the dielectric
material

13
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Copper Foil Manufacturing Processes

Rolled Electro- dep05|ted (ED)

Untreated Foi

 Smoother  Rougher
* Higher Cost  Lower Cost

14
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Common ED Roughness Profiles

Ultra Low Profile (ULP)Class

-Other names: HVLP, V'SP
-No IPC spec
-Typically R, < 2 um max

No min/max spec R, <5.2 um max

SEM Photos Reference [28] 15
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Treatment

Drum Side —l Drum Side
/ Q Nodulation ° I
Drum Side Untreated 0/ L Matte Side a Matte Side J bj

- /. | .
Untreated Treated
Foil Foil

o

Matte Side Untreated

SEM Photos Reference [20]

Drum Side Treated
OR

Matte Side Treated
16
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Oxide/Oxide Alternative Treatment

During PCB fabrication untreated copper on each side of core
laminate undergoes a roughening treatment to promote

adhesion

50-70 uin copper removal smoothens

macro-roughness and adds micro-

roughness voids to surface

Cleaner |—>

Rinse I—>

Predip l—)

OAH

Rinse I—)

Drying l—)

Photo Reference [29]

17
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Untreated matte side Matte side after OA treatment

Treated drum side

4.443 um

A

R

5.715 um

A

R

3.175 um

z

R

18

Photos courtesy of Oak-mitsui [9]
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WHERE THE CHIP MEETS THE BOARD

Roughness Parameters

RMS (R,) / Average (R,) 10-point Mean (R))

25 4

2.5 4

2 - 2 4
Mean 1.5 +
ANERY -
IH ]
U 3
Yus
0.5
Referen:e
line

0 25 50 75 100

Height, yum

Height, ,um

125

125
Sample Length, yum

Sample Length um

1$ve R =Ly
Ry = W;Yi a‘ﬁ§|i|

ZIYV. |

=1

ZIYP. [+

19
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Modeling Conductor Roughness

20
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“All models are wrong but some are useful...”
- George E. P. Box

21
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Triangular Roughness Model

1571 Measured Roughness Profile

0.5 - v 4 A | N T\ 7\ v 4 a
£
3
% 0 Mean & R
= -0.5 +
P 1 A
-1.5 -
Sample Length
: : : R
If RMS height of triangular profile = A, then: A=2\/Z§

Likewise if A~ R, then: R, = Rq(Z\/§)

22
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WHERE THE CHIP MEETS THE BOARD

Hamerstad & Jensen Model

Insertion Loss vs Freq. RT Foil
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1IL_rough seses

P 2 AV T & 10 15 20 25 30 35 40
Ky, =—2 —14 Zarctan 1.4(5j freq, GHz

Spatial Length

IL_Meas —

flat 7

Loses accuracy above ~ 3-15GHz
A= RMS tooth height in meters depending on roughness of copper

Simulated with Keysight ADS [6] 23
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VHERE THE CHIP MEETS THE §

Huray “snowball” Model

Based on non-uniform distribution
of spheres resembling “snowballs”
applied to a matte base

-1
rou Aﬂae 3 J Ni>< |;ZEli2 é(f) éz(f)
KSRH(f)__ P = . +_.E_1 1+ + 3.2

flat flat flat a'i i

SEM Photo Reference [15]

24
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WHERE THE CHIP MEETS THE BOARD

Huray Model Prior Art

Hexagonal Lattice

Hexagonal Tile

: ‘g
b Height
vy | 58 um

; :
EM hoto Refrence [15] Plot Reference [15]

Assumes stacked 11 spheres min; 38 spheres max Fit equation parameters to

“snowballs” arranged in of radius 1um to fit within hex measured data

hexagonal lattice tile area and height of 5.8um

25
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N, x 47r?
flat

An atte

JAN 29 - 31,2019

Cannonball-Huray Model

14x 47r?
36r?

KSRH( §(f)+§2(f)

r 2r?

3 i
+ —
Aflat ZIZ(

N;=14 Spheres

+ > |jl>
(1 6(rf) 5 (f)j

2r?

J

2.33r7

&

5(1) , 8°(f)

r

2r?

|

\\\\\\\

Base Area (A4 )

r~0.06(R,); Ay, ~36(r)’

26




DesicnCon'ea @r JAN 29 - 31,2019

WHERE THE CHIP MEETS THE BOARD

Applying Cannonball-Huray Model For Popular EDA Tools

Tool Parameters

* Polar Si9000e [5]; Mentor Hyperlynx [19] include| R,
the Cannonball-Huray model as an option

* Ansys [25]; Cadence [26] tools require Sr(14><47”2][14><472”2J1_56ﬂz4_9
surface ratio (sr) and nodule radius (r) as Ay 36r
input parameters r~0.06R,

* Simbeor [22] requires roughness factor RF11+§{N47”2]1 §(14-4ﬂ(favg2)2}z8_33
(RF1) and sphere radius (SR1) fat 2\ 36(r,,)

SR1=r ~ 0.06R,

27
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Modeling D, .« Due to Surface Roughness

28
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Dielectric Material Terms

Complex dielectric constant ¢ defined as:
' P £ 1"
g=¢—J& tan(5) =~ e b .
& :
If real part ¢’ = D, and tan(J) = D; then: o :
gl

D, =— _
Y o = loss angle

29
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WHERE THE CHIP MEETS THE BOARD

Marketing Data Sheet Issues

Properly
Typical
Vaiue
slass Transition Temperature (Tg) by DSC. 200 170-200 -
Temperature (Ta) by TGA © 5% weight oss 60 . 0
T260 B - Minnizs
T2Es san Minizs
Pre-Ty B8 Aaus
£, -ty ‘I P |;; g P
A PrE-Tg__ 18 Aass
L [ ;x‘?; 18 Lt
Z-axis Expanslon (50-260°C) 28 b
Thermal Conducvity -~ [X] WK
Thermal Stress 10 sec @ 288°C - - -
d—po; P Pass iUz ey
54
, Pemitvity
Lamenste & prepreq 35 lamina)
at 6e% resin
=3
, Loss Tangent
Laminate & pecprog as lominated)
BTy —
[T
Volume Pesisthety u2em
L
Lo
Sartace Resistity 260 me
2130 1P
DiekecTnc Breakoown >80 o
AIC Resistance 1 & Se0oNGs.
Eleciric Strengih Laminate & prepreg a5 laminated) 20 =) o
Camparsthe Tracking Index (CTI) s oy
A Low prafie coppar i and vary ko [T
1
Nmm 2482
Peel Sirengh unct] 2483
Flexural Strangtn = Bt za4
A Lengiiise cliection o
Tenshle STRNqR B Crosawhe dreckn IDng
¥oung's Modulus & Lol diectin u .
A Gz drectin [T
- E. Al dracton [RE] =
Molshure Absorption ] [ 2621
Flammablilty (Laminsts & prepreg 2 laminated) [ Raing [T
Wiax Dperating Terpesature E] W Gat &

{crmc, 2 poncthoms of the agraeme under WS they a7 G0k,

The cista, whils e i e et and b on anelybiosl mebocs constderer o e rekiable, & or nfomTation purpases onky. Ay sl of these racucts wil b govemed by e

Reference: Isola [10]

A. @ 100 MHz (HP4285A) 3.72 54 2553
DK, Permittivity B.@ 1 GHz (HP4291A) 3.69 - 2559
(Laminate & prepreg as laminated) C. @ 2 GHz (Bereskin Stripline) 3.68 = = 2555
Tested at 56% resin D. @ 5 GHz (Bereskin Stripline) 3.64 = 2355
E. @ 10 GHz (Bereskin Stripline) 3.6 - 2555
A. @ 100 MHz (HP4285A) 0.0072 0.035 2553
Df, Loss Tangent B.@ 1 GHz (HP4291A) 0.0091 - 2559
(Laminate & prepreg as laminated) C. @ 2 GHz (Bereskin Stripling) 0.0092 - - 2555
Tested at 56% resin D. @ 5 GHz (Bereskin Stripline) 0.0098 - 2.5.5.5
E. @ 10 GHz (Bereskin Stripline) 0.0095 — 2.5.5.5
Using D, /D;: numbers from
marketing data sheets for stackup
and channel modeling will give
inaccurate results
30
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WHERE THE CHIP MEETS THE BOARD

Engineering Data Sheets

Core Data

T et Sirees Thickness  Dielectric Constant(DK) / Dissipation Factor(DF) .
Constructions  Content (%) (inch) (mm) 100 MHz 500 MHz 1.0GHz 20GHz 50GHz 10.0GHz 150GHz  20.0 GHz PrOVIdeS ]
337 336 334 332 330 330 °
1x106 720 0.0020 ZBC 0.0508 ZBC
0.0075 0.0089 0.0096 0.0101 0.0107 0.0107
3.42 340 238 336 334 333
1X1067 69.0 0.0025 0.0635
0.0075 0.0084 00095 0.0100 00105 00104 C u a C O r e p r e p r e g
367 364 362 361 360 359
1x1080 57.0 0.0025 0.0635
0.0071 0.0079 0.0089 0.0082 0.0007 0.0095 .
thicknesses
1x1085 %0 0.0030 o762 0.0072 0.0079 0.0091 0.0092 0.0008 0.0095
354 352 350 348 347 347
1x1080 g0 0.0030 oo 0.0074 0.0082 00092 0.0098 00102 00101 / .
Resin content
a3 10 0.0035 00889 0.0068 0.0076 0.0084 0.0087 0.0002 0.0080
346 345 342 340 338 337
5 X
2+108 &0 0.003 00889 0.0074 0.0083 0.0094 0.0098 0.0104 00102 /
363 361 358 357 355 354 k f O r
10671080 50 0.0040 o-1018 0.0072 0.0080 00090 0.0093 00098 00096
372 370 368 366 165 165 .
5
13313 550 0.0040 01018 0.0071 0.0077 0.0087 0.0090 0.0095 0.0094 I e re nt g a SS Sty eS
357 356 354 352 351 350
10671080 610 0.0043 0-1022 0.0073 0.0081 0.0092 0.0085 0.0009 0.0098
354 352 350 348 347 347
21067 630 00043 01092
0.0074 0.0082 0.0092 0.0096 00102 0.0101
355 354 352 3.50 348 348
106/1080 62.0 0.0045 0.1143
00073 0.0082 00092 0.0095 00100 00098

Reference: Isola [10] 31
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Causal Dielectric Model

Because Complex Dk has real and imaginary components => Causal Dielectric model

e — Most EDA tools include
232 - 0.00404 wideband Debye model
334 - 0.00402
333 - 0.00400

x 332 - 0.00398 «
ii; | - 0.00396 — Input Dk(f) /Df(f) at a
s - 0.00394 .
oy | 000392 single frequency near
P Nyquist of baud rate
Freq, GHz

32
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Dielectric Modeling Issue

Dkeff Data Sheet
41

When Data Sheet D, is not

E m15
D L ]
the same as Effective D,
' m14
35 T T T T | T T T T | T T T T ‘ T T T T
0 5 10 15 20
freq, GHz
m14 m15
freq=10.00GHz freq=10.00GHz
Dkeff ADS=3.626 Dkeff Meas=3.761
A-3.6%

Simulated with Keysight ADS [6] 33
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IPC-TM-650 Clamped Stripline Resonator Test Method

Resonant Element Pattern Card

Gnd Plane Foil X \ % GngiPIé/r;e Foil

1y &
Clamp Plate — /{ \ —
/

\ /

Clamp Plate

il il mﬁk}:’

v

Test Specimen ? Test Specimen
SMA

Side View (Unclamped) N.T.S.

IPC-TM-650 - Section 2.5.5.5 - Rev C - Test Fixture [14]

Side View (Clamped) N.T.S.

Issue:

Since resonant element pattern
card & material U.T. not
physically bonded together =>
small air gaps between various
layers & conductor roughness
affects published results

Published D, not same as D,
due to roughness

34
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D,.+ Due to Roughness Model

Data Sheet R, Reality Dyett rough Model
Dkeff Csmooth Hsmooth L Dkeff_rough Crough Hsmooth

& A & A
C mooth = Dk " [ 0 j D E——— Crough = Dkeff_rough (o—j
smoot ¢ H smooth 2 Rz ) H smooth
&, A
Dy |22 J

Hsmooth _ CFOUQh _ o [ Hsmooth _ Dkeff_rough D = H smooth X D
H =C = oA "D keff _rough H 7R keff

rough smooth Dkeff ( 0 } keff ( smooth Z )

Hsmooth

35
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FR408HR/RTF Simulation Results for D,

Dkeff Data Sheet Dkeff Due to Roughness
S 41
- £DS
3.9 3.9
3 m15 5 m10
a a
3.7— mi4 3.7
35 L L T ‘ 3.5 — I L B B T —
0 s 10 s 20 0 5 10 15 20
freq, GHz freq, GHz
m14 m15 m8 mi0
freq=10.00GHz freq=10.00GHz freq=10.00GHz freq=10.00GHz
Dkeff ADS=3.626 Dkeff_Meas=3.761 Dkeff ADS1=3.727 Dkeff_Meas=3.761
A -3.6% A -0.9%
Data Sheet Values D, Roughness Model

Simulated with Keysight ADS [6] 36
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Causal Roughness Correction Factors

Complex impedance Real part of internal Imaginary part of internal
of rough metal impedance of rough metal impedance of rough metal
A A A

l \ ~ 1 \
Zp i) = KA+ D7/ R, =T ()= K, (WA R, + K, + K, (WA R,

. oo — ‘ Y '

Complex roughness \ Loss correction.-". Inductance
correction factor .. factor _.--7 correction factor
<
This is what we used to call
“roughness correction” factor

37
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RE THE CHIP

FR408HR/RTF Simulation Results for D,

et Treaen D, corrected due to
i Measured _—
10 ot roughness and complex
_ o NonCausal -+~ roughness correction
5 e factor applied
3-6_0 é 1|0 1|5 2|O 2|5 3|0 3|5 4|O 4|5 50 /Excellent ReSU|tS!

freq, GHz

Modeled with Hyperlynx [19] and Simulated with Keysight ADS [6] 38
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HDPUG Oxide Alternative Study Results

A
o
=
3
*

In 2016 the High-density Packaging
0.305 User Group (HDPUG) [16] undertook

Base CU

A a project to evaluate the high
erch | [ 0545 | .
0,440 frequency loss impacts of a variety of
i - 0:286 OA treatments on a Megtron-6 (Meg-
Non-Etch | [N 0317 6) test platform using HVLP base foil
D oaws on core laminates prior to lamination.

R, data reference [17]

39
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Typical Etch vs Non-Etch OA Treatments

Drum Side Drum Side
LI A & : : '

-~

-

-

-V
-
~

‘. 5 .' A ‘O

a3 ) 4 34 AN

>’ ‘ S5 y ’
AIAE A

) /
» W\ : 1/ "‘ . 5
P N 3 At
s Sty ').I"”;' ,0’-1';r'v&~*‘”".” Khdd
J ! 3 4 % 5

+3 - = : N . L Al [} il 1]
MagDerrvd 10,0k\E14, 307 ¥5.00k SEZB17/2016 08,40

Etch Samples A, B, C Non-etch Samples D, E, F

Photo Credit [16] 40
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VHERE THE CHIP THE BOARD

Impact of Oxide Alternative Case Study

Megtron-6 / HVLP Foil 4.5-8-4.5 Geometry Sample [ OAR.* | OAR** | MatteR, | Dy Core | Dy Prepreg Dy

(um) (um) (um) @12GHz @12GHz @12GHz

. Substrate 1 Height H1 [ngg
Edge-Coupled Offset Stripline 1B1A1R Substiate 1 Dielectic B [ a4es Base CU | 0.3050 1.0566 1.5000 3.4856 3.2541 0.004
| R H2o | 560 A 0.5470 1.8949 1.5000 3.4856 3.2984 0.004

Substrate 2 Dielectric Er2 [W
e oo i W [ow B 0.5480 1.8983 1.5000 3.4856 3.2986 0.004
oo v [T C 0.4400 1.5242 1.5000 3.4856 3.2787 0.004
Tas e S 550 D 0.2860 0.9907 1.5000 3.4856 3.2507 0.004
Trace Thickness T [o:6000 E 0.3170 1.0981 1.5000 3.4856 3.2563 0.004
Separalion Region Dielectic REr [ 27000 F 0.3130 1.0843 1.5000 3.4856 3.2556 0.004

Differential Inpedance  Zdiff | 97 70 * Rq data reference [L7]; ** Ry ~ Ry (2V3)

41
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Impact of Oxide Alternative on IL & Impedance

Insertion Loss per inch

. 0.0
Megtron-6 / HVLP Foil 4.5-8-4.5 Geometry T
'0'57: SDD21_BaseCU oeoe—o
L+] -]7] Substrate 1 Height Hl [ 33000 o 10 SDD21 OA A  —
Edge-Coupled Offset Stripline 1B1A1R Substrate 1 Dielectric En mﬁ &‘ 15 SDD21_OA_B
| Substrate 2 Height H2 [ 56000 é : SDD21_OA_C -
I Substrate 2 Dielectric E2 [ 32581 207 ~ . SDD21_OA_D
u Lower Trace Width w1 [45000 2.5 SDD21_OA_E
F— Upper Trace Width w2 [ 20000 .o ] SDD21_OA_F
Trace Separation $1 [ 0000 0 \l; 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 50
Trace Thickness T [m freq, GHz
Separation Region Dielectic REr [ 27000 Differential TDR
Differential Impedance  Zdiff ,ﬂ aps 103
TDD11_BaseCU e-eeo—oo
* 0.07 dB/inch delta between OA sample B . OD11_OA A ——
and sample D @14GHz 0.16dB/inch delta @ 2 S
a _OA_
28GHz P TDD11_OA_D
) TDD11_OA_E
* May not be an issue for 56GB but may be oD OA F
R N R N

for future 112G depending on interface Tl e o a0 me w0 o "

time, psec



DesiGNCoN e wé JAN 29 - 31, 2019

Model Validation Case Studies

43
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HERE THE CHIP MEE

Megtron-4 RTF Case Study

Features:

Megtron-4

1067 Core/prepreg
Y2 0z RTF

1”; 6”; 5”; Diff pairs

Test board and data courtesy of Ciena Corporation [18] 44
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Meg-4/RTF Data Sheet & Test Board

Design Parameters

Matte Side

Prepreg o

P ) , I W ) 2
Matte Side ‘ Matte Side ‘

—r

I A . 4

‘ Drum Side ‘ Drum Side |

I wy T § T Wi ! H

1

Core Drum Side

Test board and data courtesy of Ciena Corporation [18]

Parameter

Value

D, Core/Prepreg @ 10GHz

3.55/3.41

D; Core/Prepreg @ 10GHz

0.008/0.008

R, Drum side

2.5 pum

R, Before Micro-etch-Matte side

3.4um

R, After 50 pin (1.27 pm) Micro-etch treatment -Matte side

2.13 um

Trace Thickness, t

0.63 mils (31.73 um)

Trace Width Base (W;)

3.5 mils (88.9 um)

Trace Width Top (W,)

3 mils (76.2 um)

Space (S)

4.5 mils (114.3 ym)

Core thickness, H;

3.9 mils (99.06 ym)

Prepreg thickness, H,

3.95 mils (100.33 ym)

De-embedded trace length

5.00in (15.24 cm)

45
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WHERE THE CHIP MEETS THE BOARD

Determine D, « Due to Roughness Core/Prepreg

Matte Sid
Prepreg : D _ H, D — 100.33um 3.41-356
[T ‘ ————— | " P (H,-2R,) * (100.33um-—2(2.13um)) -
! Drur::ide ! S Dr .::}:Side I ! S - H, D - 99.06 um «3.55=7374
W o (Hl B ZRZ) c (9906'um _2(25ﬂm)) l o
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WHERE THE CHIP MEETS THE BOARD

Determine Sphere Radius (r) & Base Area (A;;)

A r_matte ~ 0'O6Rz_matte
R ~0.06x2.13
~0.128 um

Matte-side r matte +r drum
ravg == 2 ~
[T 0.150+0.128
2
~0.139um
2
A r_dmm ~ 0'06R2_drum Aflat = 36(ravg )
v ~0.06x 2.50 = 36(0.139 zm)>
~0.150um =0.696 um?
Drum-sid

a7
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WHERE THE CHIP MEETS THE

Input Designh Parameters Polar Si9000e

P Eniy Uri B Cousally Extrapolate Substrate Data - o x
= = EEE BEBE | 2 | AP0 EE G M e
‘ = E| il =l = = E= © Micwns Mimeies Step 1 Set Substiate Causal Extrapolation A Step 2 ; Set Frequency Range and Select Calculate =
Frequency Distribution Measurement Data
S Lenigh i Line W [s0m € Logaithnic @ Lisat Mo Datalmperted Options... Subsnate 1 Height Hi Frequency Mismum MKz Piin [~ 70,000
o Tiace Conductivly(S/m] 1€ [Ga0Esor — _ Set.. Fesul Presemtation [ Subsiiale 2 Height H2 Fisquency Masmum (GHz]  FMax [ 50010
i Loss Tangens TorD [ 5015 — Goalsack| | © Langihol Ling Sepaation Region Diskeeni. AEN Fisquecicy Steps Foios [ a0
Fiize Time [ps) n (1 dEnded Substiate Data S-Parameter Configuration
" Constant E1/ TanD Tequency Steps
% Fenuercy Vo () P [ 0368 & Cony ExrspoltaEr/ TarD _Edh =
P — Froguency Masinum [GHz]  FMae 50000 M U Mubiple E1/ TarlD e At D
L Frouercy Steps Foteps [ 5w Sosce  Land keff_rough
E [ huin Cae i) 500 000 Guaph | Fiesuks| -
ammvitad Kunbeing Made agh Satig
- o
€ Goise 41| @ Moden € Clasiic 41 Causally Extrapolate Substrate Data
CastedM & Hur Dioploy Sees
osed Mcioikip id ) = v polarinstruments com [k Commn &1 =]
Giaph | DadMode | EvanMode| SPICE ALGC| 4Pans Paramstes - Grash | 4 Po S-Paameters - Data | Mined Mods S Paameters - Grach | Wigg Mode 5-Parametsr - Data | Crcsstak | pfesunemers Data | — T m— 7 m—REr
— Graph Settings = Picked Dl Feit Infomalion
E Edge-Coupled Offset Stripline 1B1A1R Displ Seves 2 t
Coated Mtotin Diftererial [&1 Lovies =] 5 |
] W Conducior Loss  BESSSN Dielocinc Loss W Alienuafion == Conductor Lass with Roughness ES Alienaation with Roughness o 2
[ = g3
Dt - = L
E g r e Los: Budgst (dB) %1
Dual Coated g F — 00000 _Rsfiesh | .. | g [ ——
Miconi 16 o -;.._‘_-:_.‘ TS EEETE PP P R N S ————— ]
@ [ Picked Data Point Infomation 6000 10000 15000 20000 26000 30000 35000 40000 45000 50000
E £ ok \‘\. Frequency - MHz
3T
I Costed 4
Micrestiip 28
= 5L Mairisz| Pt Espot
8 X
= i - —
Enbedsed z Effective B3t Radk E
Microsirp 1B1A < C o o Cancel
[ fues ol 8 Caut (s m]. (=
ool o fovv e v v v e b b c e b P s Nunbes of Bl e v - f——
5000 10000 16000 20000 26000 30000 36000 40000 45000 50000
Smcther Aougher
—— Fraquency - MHz
Embedded
oare 624, T =15 froauency Dependent Caculstion T Senstvty Amiven T Vo crecis
Tolerance Minimum  basimum
- Substrate 1 Height H1 35000 ={=[ 00700 [ 35000 [ 38000 Calculsts
Edge-Coupled Offse oline 1B1A1R Substrate 1 Dislectic Er 3700 == 00700 [ 37374 [ 374%  Colelate Enste Currcebobtiuny
Substrate 2 Height H2 45799 [ 00700 [ 45798 [ 45739 Calelate ManeSide Roughress
Substate 2 Dielectric E2 [ 35600 ={*[ 00700 [ 38575 | 3565 Coloulats RzMatielpm [ 27300
Lowet Tracs Width w1 35000 ~+{ [ aavon [ 3497 [ 5024
Cakuiate
Upper Trace Width w2 30000 ={+[ 00700 [ 260 [ 30020 Calelate ==
Trace Separation st 45000 ={*[ 00700 [ 44369 [ 45031 Coloulats Dium Side Roughness
Rz nm
Trace Thickness T 06298 <[ 00700 [ 08295 [ 0BADF Calculate ol
Sepatation Region Diclectric  RE( 35600 ={*[ 00700 [ aga7s [ 3565 Caledlate 48
Differential lmpedance  Zdiff [ 94.05




W
DesiGNCon'emm o
&

JAN 29 - 31,2019

WHERE THE CHIP MEETS THE BOARD

Simulated vs Measured Non-causal Metal Model

Differential Insertion Loss Differential Phase Delay

) 0 0.86
. i ’ unwrap ( phase($21))
] 0.85 TD(f)=-1 P
i 360x freq
5 0.84—
@ i 0.83—
a 0]
o -10— < 082
~ | 89—
]
g ] -
@ . 0.81—
—15—_ 0.80—
1 Measured Measured
] 0.79—
4 Simulated B Simulated
'20|||||||||‘|||||||||||||||||||||||| 0-78|||||||||||||||\||||||||||||||||||
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
freq, GHz freq, GHz
49

Modeled with Polar Si9000e [5] and Simulated with Keysight ADS [6]
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Simbeor Huray-Bracken Causal Metal Model

3( N4 2 3(14-4 (r )2 Dkeff
r -4
I z
SRl: r_matte + r_drUm . 0150+0128 9
2
~0.139um e -
Roughness Model Type: | HurayBracken w - T —e—0—e—v—o
Surface Roughness (SR1): | 0.139 [0., 1000.] [micrometre] Dkeff Meas -
4  Dkeff_Causal
Roughness Factor (RF1): | 8.33 [1., 1000.] eff Causal 066
Dkeff NonCausal S-S-2-2-0
1_Ea" MndEI AddedltAddthnal LEVEI—LS alls 34 L | L | L | UL | T T | T T 17T | I T 17T
0 5 10 15 20 25 30 35
freq, GHz

v Excellent Correlation!
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WHERE THE CHIP MEETS THE BOARD
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TDD21

0.4
ADS . ADS
AL i Measured — g

] Non Causal —

0.3—

] Causal —

0.2— "
- E
> - O

0.1—

0.0

'01 T T T T | T T T T | T T T T | T T T T

0.8 0.9 1.0 1.1 1.2
time, nsec

TDD11

Measured

Non Causal

Causal

time, nsec
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VHERE THE CHIP MEETS THE BOARD

BUT how well does this
method work to model a
practical backplane

channel?

o) o o o ) o L ]
CHINOROR SSSSH

52
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ExaMax Demonstrator Platform

Design Intent - 28 GB/s NRZ

Meg 6 or N400OO-13EPSI Options
- Nelco N4000-13EPSI Version Used

MW-G-VSP % oz. foil (VLP)
2.9 mm coax connectors
Case 1 =8.25"(20.25”) L12
Case 2 =14.80” (26.8”) L10
Case 3=20.22" (32.22”) L10
Case 4 = 26.70” (38.70”) L12

53
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WHERE THE CHIP MEETS THE BOARD

Topology Model N4000-13EPSI Summary

PCB1324-002 PCB1324-001 PCB1324-003

K-conn FG5 135 K-conn

0.4” { [ c ]» 0.4”
c c
5 = o)
0.4” «[ L — o Sl e E— } 0.4”
5.6” Y 5.6”
Diff-pair
K-conn Case 1 = 8.25” (20.25”) L12 K-conn
Case 2=14.80" (26.8”) L10
Case 3=20.22" (32.22”) L10
Case 4 = 26.70” (38.70”) L12
W = 4.9mils W = 6.3mils() W =4.9mils
S =6.1mils S =5.7 mils() S =6.1mils
t =0.6 mils t = 0.6 mils() t = 0.6 mils

e

K-conn
(2.92mm) 54
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WHERE THE CHIP MEETS THE B( )

Data Sheet Parameters

p Q M I Ts U I Performance Copper Foils
el MITSUI KINZOKU CORPORATE GROUP 4
¥ < I)\:)‘t"ﬂu MICA MW_G_VSP KINZOKU
N4000-13 SI¥ / N4000-13EP SI” - Dielectric Properties Table
Rz Jensle | eiogation | Peel Strength
Bl G | e ® (kg/om)
Thickness & Tol Construction RC% 2GHz Dk 2GHz Df 10 GHz Dk 10 GHz Df = o = = ™ e
00020 & 00005 |1 106 69% | 304 + 005 | 00082 + 000021 |302 % 0055 | 00086 % 000023 MW-G-VSP| 35 25 350 16 1.3
00020 + 00005 [1 1035 67% |307 + 0024 |00081 + 000009 |[304 + 0024 | 00085 + 000010 70 25 250 19 15
00025 & 00005 |1 1078 58% 319 & 0037 [00077 + 000014 |316 & 0037 | 00080 % 0.00016
00030 + 00005 |1 1078 64% |311 + 0020 | 00079 + 000007 |308 + 0020 | 00083 + 000008 XEDOMEEIRRETT. RIEETEHYELA.
0.0025 + 00005 |1 1080 58% 319 = 0048 00077 + 000018 |316 % 0048 00080 = 0.00020 This is representative date, not guarantee.
00030 + 00005 |1 1080 64% |311 + 0029 |00079 + 000011 |308 + 0029 | 00083 + 000012
|_ 0003 s 00005 12013 50061329 + 0027 00072 &+ 000010 327 =+ 0027 00075 + 000011 |
DCCore | 00040 &+ 00005 [2 1035 67%|307 + 0010 [00081 + 000004 |304 + 0010 | 00085 :+ 0.00004
00040 & 00005 |1 2013 57% | 3.19 = 0012 | 00076 # 000005 |3.17 * 0012 | 00079 % 0.00005
00040 + 00005 [1 2116 45%|338 + 0029 | 00069 + 000011 |335 + 0029 | 00072 + 000012
00050 & 00007 [1 2116 56% |321 & 0001 | 00076 + 000000 |3.18 % 0001 | 00079 = 0.00001
00050 + 00007 |2 1078 58% (319 + 0015 |[00077 + 000006 [316 + 0015 | 00080 + 0.00006
00060 % 00007 [2 1078 64% | 311 & 0004 | 00079 + 000002 |308 + 0004 | 00083 % 0.00002
|_000s0 s+ 00007 |2 1080 s8% 1319 + 0026 | 00077 + 000010 316 + 0026 | 00080 + 000011 |
BP Core | 00060 & 00007 |2 1080 64% 311 + 0013 [00079 + 000005 [308 # 0013 | 00083 + 0.00006
00070 + 0001 |2 2013 50% | 3.29 + 0027 | 00072 * 000010 |327 0027 | 00075 & 000011
2GHz | 2GHz | 10GHz | 10GHz | Thickness
Glass RC% Dk o] Dk D (inches)
106 75 298 0.0084 295 00088 | 0.0025
1035 75 298 0.0084 295 0.0088 | 0.0030
BP/DC 78 68 300 | 00080 | 306 | 00084 | 00032
1080 65 309 0.0080 3.06 0.0084 | 0.0032
Prepreg Iiu L6 316 [ 00077 | 315 | 0.0080 | 00044
2118 &5 322 0.0075 319 0.0078 | 0.0052 55
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ExaMax Demonstrator Platform
Data Sheet Design Parameters Summary

N4000-13EPSI

N4000-13EPSI

**OA Treatment Sample C [17]

Parameter Backplane | Daughter Card
D, Core/Prepreg @ 10GHz | 3.08/3.06 3.04/3.06
Drum Side
o D, Core/Prepreg @ 10GHz [ 0.0083/0.0084 | 0.0085/0.0084
repfeg " " H, R, Matte side | 2.5 um 2.5um
Drum Side ‘ ‘ Drum Side ‘ R, Drum side w/OA** | 1.5 um 1.5um
B R M_’_.- Trace Thickness, t | 0.6 mils 0.6 mils
Matte Side ‘ Matte Side ‘ 4.9 mils (Diff)
. Wy ; s ‘ Wy U Trace Width, w, | 6.3 mils 5.4 mils (SE)
core ! 4.3 mils (Diff)
Matte Side Trace Width, w, | 5.7 mils 4.8 mils (SE)
R I i i e I P S o N WS
Trace Separation, S | 5.7 mils 6.1 mils
Core thickness, H1 | 6 mils 4 mils
Prepreg thickness, H2 | 6.2 mils 6.2mils
56
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Determine D, « Due to Roughness Core/Prepreg

Daughter Card Backplane
H H
Drum Side Dkeff _prepreg — (H sm;nF: ) S Dk_ prepreg Dkeff _prepreg W 28 Dk_ prepreg
smooth — < "z_drum smooth 7_drum
Prepreg I 6.2mils x 25.4 3.06 6.2mils x 25.4 %3.06
2. . = - X 9. = n .
‘ W, W 2 (6.2mils x 25.4 - 2x1.5um) (6.2mils x 25.4—2x1.54m)
‘ Drum Side ‘ Drum Side ‘ -3.12 =212
””””””””” Mtt:--
Matte Side ‘ Matte Side ‘ Dkeff core — Hsmomh Dk core Dkeff core — %x Dk core
| W, | s w, | N ( H smooth 2 Rz_matte ) N - ( H smooth 2 Rz_matte ) -
H, 4.0milsx 25.4 204 6.0mils x 25.4 2,08
= x 3. = - d
Core Matte Side (4.0mils x 25.4 —2x 2.5,m) (6.0mils x 25.4 —2x 2.5,m)
R Tl T i i o e S =3.20 =3.18

57
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Determine Sphere Radius (r) & Base Area (A;;)

i rdrum ~ 006 Rz_drum
~0.090um
~ rmatte + rdrum

! g '] avg ~ 2
~ 0.120um

2
A r ~ O 06R Aflat ~ 36(ravg )
matte ~ “~* Z_matte
v 0149, ~ 0.514 1m’

Matte-side

58
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WHERE THE CHIP MEETS T}

& Surface Roughness Compensation - Huray X

Ratio of Areas
Effective Ball Radius (um) 0.1200 Cancel
0

| Avea of Ball Count (sq pm) 0.5141

Number of Balls in Area 14 - J—

Smoother  Rougher

Length of Line LL Im
Trace Conductivity [5./m) TC Im
Lozz Tangent TanD Iw
Rise Time [ps] Tr I—‘ID
Frequency Minimurn [(MHz) FMin Iw
Frequency Mazimum [GHz)  FMax Im

Frequency Steps FSteps I 1000

[ &uto Cal

= Causally Extrapolate Substrate Data

- O x

Step 1: Set Substrate Causal Extrapolation Reference Paoints Step 2 - Set Frequency Range and Select Calculate

Cl
FieqiHz)  RefEr  RefTanD L‘

Substrate 1 Height H1 lm lm |TD35 Frequency Minimum (MHz]  FMin m

Substrate 2 Height Hz 1.00E+10 31200 0.0084 Frequeney Makimum (GHz) ~ FMax 50,000 } Set
Substrate 1 Height H1 I A.0000 TR el

. -_iL'aTculala:

Substrate 1 Diglectrc Er I 32000
Substrate 2 Height H2 I E.4000

Grah | Resuts |
Substrate 2 Diglectrc Er2 I 31200 Greph

- Causally Extrapolate Substrate Data Dlsp‘aﬁe":

Lawer Trace ‘width il I 54000 s vow.polarinstruments.com Diekclrc Constark €1 -
UDDE[ TIaCE W"jth Wz 48000 E3 1~ Picked Data Point Informatior

532
Trace Thickness T e F

CETTERE N

o

FERGAR

s E—
Impedance Zo [ 4908 O A T o L e o T T T

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Frequency - MHz

59



,f W)
DesignConerm Loy
WA G

JAN 29 - 31, 2019

WHERE THE CHIP MEE BOARD

Surface Roughness Compensation - Hura: X
Length of Line LL I 5E00.00 s sttt b i
- Ratio of Areas
Trace Conductivity [5/m) TC B.80E+07 Effective Ball Radius (um) 0.1200 Cancel
Loss Tangent TanD 00195 " Area of Ball Count (sq um) 05140
. . Number of Balls in Area [ 4= J—
Rize Time [ps] Tr 10

Smoother  Rougher

2

Frequency Minimum [MHz) Fhdin 10,000
Frequency Mawimum [GHz)  FMar I B0.000

Frequency Steps FSteps I 1000

[~ Awto Cale Calculate

|

Causally Extrapolate Substrate Data

Step 1: Set Substrate Causal Extrapolation Reference Points Step 2 - Set Frequency Range and Select Calculate

Close:
FreqHz)  RefEr  Ref TanD
Substrate 1 Height H1 [ooE+10 32000 0.0085 Frequeney Minimum (MHz]  FMin 10,000
Substrate 2 Height Hz 1.00E+10 31200 0.0084 Frequeney Marimum (GHz)  FMax 50,000 }5;"

Substrate 1 Height H1 Frequency Steps FSteps m
I 4.0000
Substrate 1 Dielectric En I 3.2000
Substrate 2 Height Hz I £.4000
b 5 Bt - Grah | Resuts |
ubstrate ielzctic I I 31200 = <
Causally Extrapolate Substrate Data E,s,::yge,.es
Lower Trace Width il 49000 wiw.polarinstruments.com Dielectric Constant (Er] =
C N R
Uppe[ T[ace Wldth Wz 43000 E} [~ Picked Data Paint Intarmation
Trace Separatian 51 £.1000 % .l
; i “ I £ \\
race Thickness I 0.6000 =
éz S S—
LR ST WS N S E N NN RN R =
Differential Impedance  Zdiff I 97.25 s Fresiea:y—!\:tiznn e e
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Polar ExaMax Backplane Diff Trace Parameters

IE Surface Roughness Compensation - Huray

X

Length of Line LL ** I 525000
— . Ratio of Areas _—Apply
Edge-Coupled Offset Stripline 1B1A Trace Conductivity [S/m) TC [ EanE+07 Effective Bal Radius (um) 01200 e
. ancel
Lozz Tangent TanD I 0.0195 || Avea of Ball Count (sq pm) 05140
. . Number of Balls in &rea 14 = J—
Rize Time [DS] Tr I 1a Smoother  Rougher
Frequency Minimurn [(MHz] FMin I 10,000
Frequency Maximum [GHz]  FMax I 50,000
Frequency Steps FSteps I 1000
[~ Auto Calc Calculate | SIS |
Causally Extrapolate Substrate Data — o X
Step 1 : Set Substrate Causal Extrapolation Reference Points Step 2 : Set Frequency Range and Select Calculate
) :req Hz) RefEr Ref TanD i * ’ i &I
Substrate 1 Height H1 m m |T933 Frequency Minimum (MHz)  FMin m
Subshiate 2 Height H2 m m |TD34 Frequency Maximum [GHz)  Fhiax m} Set.
Substrate 1 Height i i Frequency Steps Féteps l—,m :TU
Substrate 1 Dielectrc Er I 31800
Substrate 2 Height H2 I
& £.4000 Graph | Resuts]
Sufbetis 20FER iz I 31200 Causally Extrapolate Substrate Data 7;;?; Se”ez
Lower Trace 'width il 53000 e vt polarnstruments com [Dietic Corsanti® <]
— 3 ~ Picked Data Point Information
Upper Trace Width W2 I 5. 7000 @30 Flta: Do Port s
Trace Separation 51 I 5 7000 § 120
Trace Thickness T1 | 0.6000 31
s T
031 el T T o L1
5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Differential Impedance  Zdiff I 93.08 Frequency - Mz

61
**Length of Line (LL) Adjusted for 8.25”; 14.80”; 20.22”; 26.70”
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WHERE THE CHIP MEETS THE BOARD

Generic Topology Model

Daughter Card Backplane Daughter Card

[

Con Con j
e -
L;—n& Lﬂ SE

— S4P - I— S4ap = — S4P
SnP54 SnP112 SnP53 SnP51
S: Ll‘
SnP100 SnP102
Measured

T TermG
TermG4
Num=4

1 | z=50 ohm

— TermG .
TermG5
Num=5

1 |2=50 Ohm

— TermG
TermG6
Num=6

1 |2=50 Ohm

TermG
Teme S-PARAMETERS

Num=7

1 | 2250 Ohm S_Param

= SP1
Start=10 MHz
Stop=50 GHz
Step=50 MHz

Modeled with Keysight ADS [6]

TermG

‘2 | Termas
Num=8
1 | z=50 Ohm
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ExaMax Backplane Case 1 Total Length = 20.25"

SDD21 Insertion Loss TDD11
1~
as ° | aps 125 ]
-20— ]
i 120—]
40— .
£Z 7 115
5o 60— ED .
N - ® £ .
AN ~ — -
opn  -80— —~ T 110
[ara) i e ]
0 () ]
n
My -100— [ ]
oo i 105—]
-120— ]
7 100—]
-140—| N
AT 711 T T T T T 1 L L O L
0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16
freq, GHz time, nsec
---- Measured
---- Simulated 63

Simulated with Keysight ADS [6]
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WHERE THE CHIP MEETS THE BOARD

ExaMax Backplane Case 2 Total Length = 26.80”

SDD21 Insertion Loss TDD11
ADS 07 ADOS 130
-20 125—
-40—
. 07 120—
Eo
»g 60— EQJ
<< g »e 15—
N — —
80 -80— =T
| o
Y% ap 10—
Mg -100— [
To |
105—|
-120—
-140— 100
B e e I R ST—T——71 T 1 T 1 T T T T T [ T T
0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16
freq, GHz time, nsec
---- Measured
---- Simulated 64

Simulated with Keysight ADS [6]
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WHERE THE CHIP MEETS THE BOARD

ExaMax Backplane Case 3 Total Length = 32.22"

SDD21 Insertion Loss TDD11
ADS 0 | ADS 140 4
-20— ]
i 130—|
40— .
EQD } © ]
»e 60 ED 120
T — - (%) E -
AN — = .
On -80— T ,
S 32 o
0% -100 2 110
©o i i
-120— ]
i 100—|
-140—
AT T T T T T T T 1 I e L I L L
0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16
freq, GHz time, nsec
---- Measured
---- Simulated 65

Simulated with Keysight ADS [6]
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WHERE THE CHIP MEETS THE BOARD

ExaMax Backplane Case 4 Total Length = 38.70”

SDD21 Insertion Loss TDD11
ADS 0 | ADS 140 4
-20— ]
i 130
40— .
= } © ]
»e 60 E3D 120~
T — - () E -
N ~ — .
oA -80— e ,
T 33 o
ma 100 FE 110
To i i
-120— ]
i 100—|
-140— ]
AT T T T T T T T 1 I I B A B
0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16
freq, GHz time, nsec
---- Measured
---- Simulated 66

Simulated with Keysight ADS [6]
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WHERE THE CHIP MEETS THE BOARD

Generic Channel Model

@ o |

ChannelSim
ChannelSim1
NumberOfBits=2000
ToleranceMode=Auto
EnforcePassivity=yes
Mode=Bit-by-bit

Daughter Card Backplane Daughter Card

Con Con E

EyeDiff_Probe | god s2
’—4- EyeDIff Probet | gos10 SnPitg Eye_Probe
E ’_; ’_I_‘ ’_]_‘ ’_I_‘ =|Eye_Probet
E‘ : SE Ll L] Ll Lol Joy ] SE >
=% i o e " ol o
Tx_Diff1
Rx_Diff
S4P S4P = s4p

BitRate=28 Gbps sap = — s4p Rx_Diff1
Vhigh=1V SnP113 SnP137 SnP138. SnP139 SnP117 ExcludeLoad=no

Viow=-1V
EnableCTLE=no
EnableFFE=yes

RiseFallTime=15 psec
Mode=Maximal Length LFSR
ExcludeLoad=no ! ! EnableDFE=yes
EQMode=None

s: s:

SnP121 SnP119

Measured

sip =
SnP122

67
Modeled with Keysight ADS [6]
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Channel Simulation 53.12 GB/s Case 1 20.25”

Eye Density Simulated

Eye Density Measured

\oltage, V

Near-end

| R, S, EY s S ) OO S D] S, LI, o | Bt s e S s S S S S SO S S S S S S|
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
time, psec time, psec
Eye Density Simulated Eye Density Measured
0.025

Far-end

Voltage, V
Voltage, V

— e ! — T T T T T T T T T 11
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
time. psec time, psec

) | cermutelHeightABER2)
| 7224m
I
|

perm ute(WiSthAEERD)
7.718p

permute(HeiohtAEERD |
7.447m |

permute(Height ABER0)

[ permutelrieichiaseny) | permute(HeichiaBERD
seoem | s.280m | 5.451m

permute(WidthABER0)

| permute(WicthAEERT) | permute(WisthAEERD)
7.530p | 73425 | 75305

perm ute(WidthAEER0)
—

[
|

[

Simulated with Keysight ADS [6] l

718p

68



DesiNCONETT |y JAN 29 - 31,2019

Summary

v’ By using dielectric material properties, copper foil and
oxide alternative roughness parameters obtained solely
from manufacturers’ data sheets, a practical method of
modeling high-speed differential channels is now
achievable using commercial field-solving software
employing Huray model.

v Even though some models are wrong, they can still be
useful for getting that answer now rather than later.
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