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Overview

O Introduction

O Roughness Correction Coefficients (RCCs)
= Unified 2-parameter form
= Additive and multiplicative extensions
= Commonly used RCCs in the unified form

O Inductive effect of roughness
O Practical examples
O Conclusion
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Printed Circuit Boards (PCBSs)

O Copper interconnects in layered dielectrics 100 Gbps — 6 mil, 5 inch strip

Pt g,

O System-level integration/packaging at relatively
short distances (up to ~ 0.5 m)

= Best bps/volume
= Good bps/Watt — beats optical
= Best bps/$ - beats optical & cables + conn.

o Data rate can be extended up to 100 Gbps
(NRZ) or 200 Gbps (PAM4)

= Requires understanding and proper selection of
laminate dielectrics, copper foil and fabrication process

= Requires broadband dielectric and conductor surface
roughness modeling

= We have to be prepared to simulate rough copper
interconnects well beyond 100 GHz...

More in “Material World” tutorial and “Laminate Material Characterization” webinar...
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Rough copper bottleneck

O Copper made rough to stick to laminate dielectric and prevent the
delamination
= Rolled “smooth” copper roughened by copper foil manufacturers and by
PCB manufacturers (oxide treatment)
= Electrodeposited copper is rough on both side and may be further
roughened by PCB manufacturer on the drum side
O Narrow rough copper traces is the major obstacle for increase of
communication speed on PCBs

= Low-loss homogeneous dielectrics are available, broadband models can
be constructed from the specs data (Dk and LT at one or multiple frgs)

= Practically nothing on copper foil datasheets can be used to build
broadband models (Ra/Sa is not sufficient, all other numbers are
irrelevant)

= To have analysis to measurement correlation at frequencies above 3-5
GHz, copper roughness models must be identified
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Roughness models

O Direct electromagnetic analysis is simply not possible
or very approximate Croas WAtk

O Differential Extrapolation Roughness Measurement kot R g
(Koledintseva, Rakov,...) :

O Effective Roughness Dielectric Layer (Koledintseva,
Koul,...)

O Roughness Correction Coefficients (RCC): K = P /p "

= Hammerstad model (Hammerstad, Jensen) ’ oo

Bushminskiy’s model (Bushminskiy, Yakuben,...)

Groiss model (Groiss, Bardi,...)

Stochastic models (Sanderson, Tsang,...)

Hemispherical model (Hall, Pytel,..)

Huray’s snowball model (Huray,...)

Modified Hammerstad (Shlepnev, Nwachukwu)

Causal Huray model (Bracken)

Profilometer

How to get all that models into software?

See some references in the paper and at: Y. Shlepnev, C. Nwachukwu, Practical methodology for analyzing the effect of conductor roughness on
signal losses and dispersion in interconnects, DesignCon2012
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Unified 2-parameter form for six common
roughness correction coefficients

K, =1+(RF, -1)-F (SR, 3,) 5,=(wt-u-0)™" “skin depth”

RF>1 — Roughness Factor — maximal increase in loss due to roughness (common for all models);
SR — Surface Roughness parameter — defines roughness onset frequency, different for different RCCs;
F(SRi,cSS) - Roughness Transition Function (from O to 1), different for different RCCs;

4 s

F, (Ai,as)g-arctan[1.4[%” Hammerstad (RF=2) and Modified Hammerstad (RF)

Fb(Ai,5s):tanhL Qis} Bushminskiy aka Simbeor Original

S

Fy (A.ﬁs)—exp[(fA j] Groiss (RF=2) and Modified Groiss (RF)

2
F (r,8)=—s—-
hS(rl 5) ﬂ_ZriZﬂfé-s

Re[n%(a(l)w(l))}‘—% Hemispherical (diverges at high frq)

2\~

1
Fhur(ﬁ,5s)=(1+75+2;2j Huray snowball (1-ball case or “cannonball™)

th(ri,és):(lJr(l—j)%j Causal Huray aka Huray-Bracken
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Comparison of roughness transition functions

SR=1 um for all models, except Hemispherical
SR=2 um for Hemispherical

bl e

P O ammerstad A/ y, o
—_ ™ / A0
Fhus; 0 Gr .r‘/
Fg; Huray
Fhsj 04 Bush NS i\J'
anj

02

ﬂ___.---" = mispherica

1107 1108 1x10° 1210 1x10M 1x10"

Frequency, Hz

All are real — are the final models causal?
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Additive and Multiplicative extensions

Additive — multiple bumps
or balls at the same level

K., =1+Z(RFi -1)-F(SR;,4,)

AZ
A1$ i

SR =A

First Additive approach is Huray “multi-ball” model:

P. G. Huray, O. Oluwafemi, J. Loyer, E. Bogatin and X.
Ye, "Impact of Copper Surface Texture on Loss: A Model
that Works," in DesignCon 2010 Proceedings, Santa

Clara, CA, 2010.
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Multiplicative — fractal-
type surface

K =] [[1+(RF ~1)-F(SR4,) ]

AZ[Z SR = A

]

First multiplicative approach is the extension of the
Hemispherical model suggested in:

Y. Chu, Method for modeling conductor surface
roughness, US Patent #8527246, 2013.
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Multilevel Modified Hammerstad RCC

Multiplicative form:

2
2 A, N . _
Ksr — H :|__|_(|:\>|:i _1), Z.arctan|1.4| =1 Ai root mean square peak-to-valley distance (SR for level i)
i T S
4, RFi-roughness factor, defines maximal growth of losses due to
Conductor skin-depth 55 = (7[- f e o') metal roughness (increase of surface at level i)

3

28

—> Plane wave outside 24 T :

N

aa|
1]
N

- original

A, , —H
A , K51 i) Hammerstad
1 ppﬁ 16 A /I RF=1.5

“Absorption” by the surface

L]
W
n\
LY

Bumps are much smaller than wavelength! 110" et 10 1100 Lot
fj Frequency, Hz

1-level (i=1) model with RF=2 is proposed in E.O. Hammerstad, @. Jensen, “Accurate Models for Microstrip Computer Aided Design”, IEEE
MTT-S Int. Microwave Symp. Dig., p. 407-409, May 1980.

1-level (i=1) modified model with RF is proposed in Y. Shlepnev, C. Nwachukwu, Roughness characterization for interconnect analysis. - Proc. of
the 2011 IEEE Int. Symp. on EMC, Long Beach, CA, USA, August, 2011, p. 518-523
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Multilevel Bushminskiy model

Multiplicative form:

A.
Ksr = H 1+(RFi —1)- tanh| —— Ai ~ root mean square peak-to-valley distance (SR for level i)

| O S
_ _1/2  RFi - roughness factor, defines maximal growth of losses due to
Conductor skin-depth &, = (77‘ fu 0) metal roughness (increase of surface at level i)

A)

— 28 r
H F= +

5 Plane wave outside MTA =1 um i K
24 ’
Xl a2 1 4
A A, o, A RF=2)|
1 b -K_r:?: .'o “/,_—-
- o L8 - C N
“ . ” 16 !! "ﬁi =1..
Absorption” by the surface I SN BENl
14 r 5 T
12 .‘°". _--/ - 1
! 2 DS e e
Bumps are much smaller than wavelength! P T
1x107 1x10° 1x10° 1x10'° 1x10"!
3 Frequency, Hz

1-level model (i=1) is published in Russian at: bywmuHckul W.M., Nyokos A.T., AkybeHsb /1.H. [lomepu 8 Hecummempu4Holi MUKPOoa0cKosoli
AuHuu. / Bonpocsi paduosnekmpoHuKu.- M.: PaduomexHuka.- 1982.-Bein. 2.- C. 73-87.
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Multilevel Modified Groiss model

Multiplicative form:

16
KSr = H ]__|.(R|:i _1). exp _(252 J Ai ~ root mean square peak-to-valley distance (SR for level i)

_ _y2  RFi -roughness factor, defines maximal growth of losses due to
Conductor skin-depth ¢§, = (7[- f -,u-O') metal roughness (increase of surface at level i)

1 28 o
11 RF=3..1

v Plane wave outside A =1 um %
24 -
KIE—EJ a9 + . .
A A, m_glpjj": .,-' RF=u?_: original
1 m T / 1 [lll|Groiss
“ . ” ]~ 16 'l _,/" RF= .E;
Absorption” by the surface - e LT
14 7 AT L anii
£ L 'o"'
Bumps are much smaller than wavelength! - L
1
1x10" 1x10® 1x10° 1x10' 1x10'
f; Frequency, Hz

1-level model (i=1) with RF=2 s proposed in: S. Groiss, I. Bardi, O. Biro, K. Preis and K.R. Richter, Parameters of Lossy Cavity Resonators
Calculated by Finite Element Method, IEEE Transaction on Magnetics, Vol.32, No.3, 1996, p. 894-897.

1-level model with RF=2 is the Groiss model used in HFSS
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Multilevel Hemispherical model

i 3 ) %)
Re [né (a(l)ﬂ')’(l))} ‘ +“: (Avite — Abase)

Ks=|

ol
'l% Atite

1

(32)

Fig. 13, Current streamlines of flowing over a single protrusion.

S. Hall, S. G. Pytel, P. G. Huray,D. Hua, A. Moonshiram, G. A. Brist, E. Sijercic, “Multigigahertz Causal Transmission Line Modeling Methodology
Using a 3-D Hemispherical Surface Roughness Approach”, IEEE Trans. On MTT, vol. 55, No. 12, p. 2614-2623, Dec. 2007

Unified multi-level form (multiplicative):

2 3 1 26
K, = 1+(RF -1)-| ————|Re| n—(a()+ Q) |—=
i H ( ' ) (m‘iz,uaﬁs { 4k? ( ) 2 24 pe
228 a
RFi - roughness factor, defines maximal growth of losses due to spheres r= 1,1m o # 1
with radius ri at level i (RFmax = 1+P1/2 — physical limit); 212 =2,
ri — sphere radius at level i (SRi parameter in Simbeor); Khsly g6 -
Roughness factor and Atile in the original equation: Khslpd; 4 g v 4
) - * (T4 L
RE =14+ 2”'ri ri — shpere i radius; Kby g ," T
! Atile. Atile_i - tile area at level i; 148 2l P__..a--"'f _
i : [ / RF= 1; 5
Sphere radius to Rough and Bbase (ADS): 132 dBP=si L
P ne==T
ROUghi = Bbasei = 2ri 1.16 ’:{: L
1
Roughness Factor (RF) and radius and Dpeaks (ADS): 1x10° 1x10'" 1x10™
. Frequency, Hz
27 -1? 2 £
RF =1+ —— Dpeaks, =T,
Dpeaks; RF, -1
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Multi-ball Huray snowball model

Losses estimation for conductive sphere are used
to derive equation for multiple spheres:

Additive model

P A 3& ( N.i4dra® 5 o
rough Marne -
~ += S =+ — |
‘p.wm.‘om Ahe.r 2 ; [ Ahe_r . ai Qaiz no Ievels )
P.G. Huray, The foundation of signal integrity, 2010
Amatte/Ahex can be accounted for by change of resistivity; 6 Py
2-parameter addtive version of Huray Snowball model: 244 ’d
s s -1 228 =1 un RE=3 f'
Ky =1+ > | (RF =1)-| 14+ =+ — 5, =(r-t-uo)™” 212 2
i o2 s K4 19 il
Krl i RE=2
RFi - roughness factor, defines maximal growth of losses due iR ]
to all balls with radius ri; K5 a A
ri — ball radius (SRi parameter in Simbeor); N. RE —1 13 ’ 7 RF=1.5
.. . i i : , L I
Roughness factor and the original equation: 2 . y A iy
RE -1 3N, -47Z-I’i2 ri — ball i radius; Ao 67T, L R4l P
i +§ A Ni — number of balls with radius ri; L16 RS S il P
ex 1 %‘1" =T
Roughness Factor (RF) and Hall-Huray Surface Ratio (sr): 1x10 1x108 1x10° 1x10'° 1x10
3 2 £ Frequency, Hz
RFi = ]__|__.3ri : Sr, = _.(RFi —1) sri— Hall-Huray Surface Ratio in HFSS;
3
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Use of roughness correction coefficients
INn simulations

O

O

Adjust t-line attenuation in propagation constant:
L(f)=K, (f)-a(f)+ipg(f)
Adjust conductor internal impedance (static t-line models):
Z(f)y=K,(f)-Z,(f)+i2zf-L(0) Zs(f)=(1—i)-Rsn-ﬁ-cot((l—i)- 5;1 ﬁj
Z,(f)=R,-f -@+i)
Adjust Surface Impedance or Schukin-Leontovich BC:

Z(f) :%(1”) S,=(n-f ~,u-0)_1/2 “skin depth”

S

Adjust differential conductor impedance operator (Zcs):

.. K (f),
ch = ng . ch . Ksliz at high frequencies converges to diagonal Z ( f ) 2;_—5(1“)

S
Ksr is the diagonal matrix with RCC for each area of the conductor surface

Real Kr increases the real and imaginary parts of impedance keeping Wheeler’s rule
Only Huray-Bracken model has complex Kr and increases the imaginary part more —
it is causal, but breaks the Wheeler’s rule

< Simberian 1o0/15/2017 © 2017 Simberian Inc. 14
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Causal Huray-Bracken model

J. E. Bracken, A Causal Huray Model for Surface Roughness, DesignCon 2012

7 2r,

-1
)
Ky =1+ (RFk—l)-[1+(1—|)—) 5, =(x fuo)™” Zmugh=:—5(;-(1+i) Makes SIBC causal!

S

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 inductlance
1 Im(Z =|Re(K, )+Im(K_ )| ——
RO(Z ) <[ Re(K, ) Im(K, )] —— Zrun) =[Re(Ky ) +Im(K, ) |- =
l ) 00 ‘ )
Y Y
26 = 3.2
244 o 298 e
i r=14m . T
28 = * 276 4] = =
=3 =1um RF=3,.r
212 L4 234 K
Re(Knb, -Im(Khb2) 194 d Re(Knb; +Im(KBb2) 33 s
‘Re{Kiblp3; T KibIp3;) | g SURE=2 L Re|KhblpS; )+ Im(Khblps;) 5 d
Re{Khb3,|-Im{Khb3;) ,." - -R;ﬁhwj}ﬂmqmwj} " RF=2.
> 4" RE=1.5 1 T il
13 d"‘ 1-”’/ . aall 1 l ,"‘ LTl R =1.‘2 -
l.l.», -/, gpn P 144 =gl =g -
14 PR Sl 1 PR L20pem T e e
1107 1x10° 1x10° 1x10" 110" 107 Leiot 1e10° Le10l® Letol!
f Frequency, Hz 1, Frequency, Hz
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The effect of roughness

TWS foil with

CAPACITIVE? sharp Splkggﬁ e »

A. Deutsch, et al, Accuracy of Dielectric Constant Measurement Using the Full-
Sheet-Resonance Technique IPC-T650 2.5.5.6, , EPEPS 2002 p. 311-314

A. Albina at al., Impact of the surface roughness on the electrical capacitance,
Microelectron. J. 37 (2006) 752-758.

Y. Shlepnev, C. Nwachukwu, Roughness characterization for interconnect
analysis, IEEE Symp. on EMC 2011, p. 518-523.

OR INDUCTIVE? AIR

INCIDENT E-FIELD

—_— —

A. F. Horn ; J. W. Reynolds ; J. C Rautio Conductor profile effects on © 06 06 0O
the propagation constant of microstrip transmission lines — In Proc. ©0 0

of IEEE MTT-S International Microwave Symp., 2010, p. 868-871. W% ENCIRCLED

GOOD CONDUCTOR

L i

7. Magnetic ficld encireled by the surface current flowing on a rough
Ll)]'ld'lli.'lllf and excited by the incident electric field results in substantial
surface inductance, above and beyond that generated by the smooth surface
skin effect.

Let’s fact check it with the electromagnetic analysis...
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Roughness model with posts in PPW

Cut plane along the PPW through the posts
Magnetic field intensity [A/m]

Parallel-plate waveguide with

one ideal conductor and Peak values at 10 GHz

another with 1 um posts (0.5
by 0.5 um) at 0.5 um distance

=0.25 dZmaw=599.565
401 Fi .

b |

W\

N
RS
A333448L 1

WRRRRRRRY
AR

RRRRRRRRAY
ARRRRRRRAN
ARRRRRRRRR
RRRRRRRAA
MRIRRRRRRRR YRR RS

g

9'\

34 Clet 2007, 06 4115 Sirnbweiaes e

04 Oct 2017, 08:353:40, Simberian Inc. 30 Wiew Mode [press <E> to Edit).

Uniform H inside and
between the posts

30 View Mode [press <82 to Bl

Computed with Simbeor THz R
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< Simberian 1o/15/2017

Electromagnetic Solutions




Roughness model with posts in PPW

Parallel-plate waveguide with Cut planes along the PPW through the posts
one ideal conductor and
and between the posts

another with 1 um posts (0.5 ) A
by 0.5 um) at 0.5 um distance Current flow density [A/m”2]
Peak values at 10 GHz

(.25, d=0.25 dZmax=599.585

I Larger currents at the bottom and
between the posts

Structured Mesh: X:90, V2 3427

=0 |Max=5.07e+008 [&/m"2];
Tes008 [A/m"2)

102" port 2

04 Oct 2017, 06:55:20. Simberian Ine. 30 View Mode [press <E» ta Ex

o

e

4 Ciet 207, 06 56 33, Sirabomsion Irec.

Smaller currents in the “valleys”

Computed with Simbeor THz
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Roughness model with posts in PPW

_ _ Cut plane along the PPW through the posts
Para!lel—plate waveguide with Magnetic field intensity [A/m]

one ideal conductor and Peak values at 100 GHz

another with 1 um posts (0.5 - R S

by 0.5 um) at 0.5 um distance

¥
W IdIsY

Shuctured Mesh: #:45.%:17, 2.7, d<=0.5, dv=0.5 dfmax=533 585
Elements: 5355 Matrices: SM: 64 260, Ch: 34, Final 2:
Analysis: Muliport

#11 Hfield[CutPlane) at 100 GHz; T=10 ps: Peak:

Min=2.954. Max=196.7 [&/m]:
196.7 [&/m]
1475
98.35
4318
oo

e

e

11

Wi

{ |
'hff q,
FEFEE

174

-~ Stuctured Mesh: %:90, 734, 2.7, d4=0.25, dv'=0.25 dZmax=533.585
Elements: 21 420; Matrices! SM: 257 040, CH: 140, Final: 2;

S 7 i Analpgiz: Multiport

- & 3 - S LRl =) at 107 GHz: T10 ps: Toak:

g2 etans BT [A L

96 Adm]

A1)

47
HE

03 Oct 2017, 15:51:36, Simberian Inc. 30 View Mode [press <E> to Edit)

Larger H between the posts
Smaller H inside the posts

- » - » » * . » - * . . L} - » [ ] =
1 T
CompUted With Simbeor THZ D4DctZDW,DE'gE'DF,SimhemanE\'i . - . -

3D Wiew Mode [press <E> to Edit)
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Roughness model with posts in PPW

: . Cut planes along the PPW through the posts
Parallel-plate waveguide with d bet th t
one ideal conductor and an etween € POS S
Current flow density [A/mN2]

another with 1 um posts (0.5
by 0.5 um) at 0.5 um distance Peak values at 100 GHz

Large currents on vertical walls

Shuctured Mesh: <290, - 344y, d==0:25.

422026, dy'=0.25 dZmax=599.585
Elements: 21 420; Matge 257 040, M 140, Fi \ normal to propagation dil‘ection
100 GHz; T=10 ps; Peak;
° y ol (at the bottom of the posts)

00 GHz; T=10 ps; Peak;
;I 00 GHz: T=10 ps: Peak:

esh: %90, v:34. 2.7, dX=0.25, dv'=0.25 dZman=533.585
420: Matrices: SM: 257 040, CM: 140, Final: 2;

04 Oct 2017, 0B:27.48, Simberian Ine.

itylCuiPlane) at 100 GHz T=10 ps: Peak:
Mir 6e+008 [4/m"2;

£ 3952+008 [4/m"2]
674724008
443824008

2.249e+008
an

Smaller currents in the “valleys”

Smaller currents on sides parallel

the propagation direction
Computed with Simbeor THz

3D View Made [press <E> to Edit)
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Roughness model with “mushrooms” in PPW

Parallel-plate waveguide with one
ideal conductor and another with
1 um “mushrooms” (1.5 by 1.5
um cap, 0.5 um stem) at 0.5

distance

Cotasd i ol witinhomd Too il
Struchaed Mach <30, M.
Elaewets: 71 470, Maices: 51
AR 0

Mira2 414,

pecldr
1
1IRT
Lok
on

4

O Dot 2017, 07 2955, Sevbuatian Ine

20 Vi M [pos 2 “‘1
4

04 Oct 2N 7. 00 25 21, Sembenar Inc.

Larger H between the “mushrooms
Smaller H inside the “mushrooms”

Computed with Simbeor THz

' Simberian 1o/15/2017
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Cut plane along the PPW through the posts
Magnetic field intensity [A/m]
Peak values at 100 GHz

AR
ARRRRY
RRARR

AARAARY
AR

Kool ot ritigkeed T mobhon, use “Tsbakos” command o F
Btructued Mech 90, (134, 2 7;d4e0.25. =025 Crmanee559.565

mn 20 banems: SMGST 40, CH, 140 Pk
j & 100 GHey. l-?o‘?'w.ﬁld'

gl 574, M S
BRI Wy
U8 g LAl
"7
B .7
i

P oo AR A
T
ooV eV AR A
‘,".o.,f‘a‘,f 4
A A Y LAY
Crrrer T i

-_ ’.

‘

Nnum’.ﬂ?fﬁm.ﬁh\h‘nlm.
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Roughness model with “mushrooms” in PPW

parallel-plate waveguide with one 3 cut planes along the PPW through the

ideal conductor and another with “mushrooms” and- between

1 um “mushrooms” (1.5 by 1.5 Current flow density [A/mN2]
um cap, 0.5 um stem) at 0.5 um Peak values at 100 GHz
distance = i

Computed with Simbeor THz

0w Mo
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“Mushrooms” in PPW — current flow density at 3
cut planes (between, through cap and stem)

04 Oct 2017, 15:23:01, Simberian Inc.

B ) Animation at 100 GHz over one period
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“*Mushrooms” in PPW — magnetic field intensity Iin
cut plane through cap (additional inductance)
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Roughness model identification with
measurements

Identification with GMS-parameters for CMP-28 channel modeling platform
from Wild River Technology — uses S-parameters of 2 line segments

Acbdeasured.sl_Binch.Simulation(1); BIMHRCC.sl_Binch.Simulation(1); C:MGRCC.s|_Binch. Simulation(1);
C:HRCC sl_Binch. Simulation(1); E:HSRCC.s_Ginch. Simulation(1); F:S0RCC.sl_Binch Simulation(1);
G:HBRCC.sl_Binch Simulation(1);

Atdeasured.sl_Binch.Simulation(1); B:MHRCC sl_Binch.Simulation(1); C:MGRCC.sl_Binch.Simulation(1);
D:HRCC.sl_Binch.Simulation(1); E:HSRCC sl_Binch. Simulation(1); F:S0RCC.s|_Binch Simulation(1);
1

GHERCC. sl_Binch.Simulation(1);
Magnitude(S), [dB]

& Phase Delay, [ns]
\\ é 1103
51 n | GMS Phase Delay:
N é Measured — green * 1102
TR ; MHRCC — red o
-0+ GMS!Insertion Loss: é HRCC — blue squares 7101
Measured — green * \ MGRCC — purple X
MHRCC — red o L HSRCC — cyan + »
HRCC — blue squares 3 BRCC — black rhombs
BTMGRCC — purple x \2& HBRCC — green o
HSRCC — cyan + \ S 1099
BRCC — black rhombs \ “m--@ntaﬁ___
20T HBRCC —=greemn|o | ‘_-£=='aﬁ;;q%‘=#==#i:ﬁ+o.gs
3
5 10 15 20 25 30 35 40 45 50 : : : : : : : : :
05 Oct 207, 07:12:28, Simberian Inc. Frequency, [GHz] 5 10 15 20 25 30 35 40 45
——k ASm[InT (M11IR2(M1)]: = B:Smn (MILIn2M1TL =< CSea[in (M1)In20M17]: 05 Oct 2017, O7:16:23, Simberian Inc. Frequency, [GHz]
=1 D:SminT (10In2(k13]; E:SmInT{kd11In2 (k417 —— F:Smlln(b17In2 (170 ASmInT(M1LIn20M1] #— — = B:Smn1(M10In2 (1] O— — = C:Smn1 (M1LInZ[1)] 2= — =
5 GEmnT(M1LIn2(M1]]; DeSmin (M13In2( 1] O = = E:Sm[In1{k17In2(k17] S FSmnt(bd1LIn2(1)] o= — =

GiSmInT(M1LIn2(M1)] O— — =

Details of the method: Y. Shlepnev, Broadband material model identification with GMS-
parameters, in Proc. of 2015 IEEE 24th Conference on EPEPS, October 25-28, 2015, San Jose, CA.
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Difference in GMS magnitude and phase
delay: measured vs. identified

—_

Modified Hammerstad (MHRCC, red 0): SR=0.313 um, RF=2.595; Dielectric model is Wideband
Huray (HRCC, blue squares): SR=0.123 um, RF=7.846; Debye:
Modifed Groiss (MGRCC, purple x): SR=0.216 um, RF=2.759; — Dk=3.811, LT=0.00111 @ 1 GHz

Hemispherical (HSRCC, cyan +): SR=0.563 um, RF=3.969;
Bushminskiy (BRCC, black rhombs): SR=0.362 um, RF=2.405;

Huray-Bracken (HBRCC, red *): SR=0.123 um, RF=7.846; Dk=3.787, LT=0.00111 @ 1 GHz

A:MHRCC. difference.Simulation(1); B:MGRCC.difference.Simulation{1};
C:HRCC.difference.Simulation(1); D:HSRCC.difference.Simulation{1};
E:SORCC.difference.Simulation{1); F:HBRCC.difference.Simulation{1);

Magnitude(S), ]

AMHRCC. difference.Simulation(1); B:MGRCC.difference.Simulation{1};
C:HRCC.difference.Simulation{1); D:HSRCC.difference.Simulation{1);
E:SORCC.difference.Simulation{1); F:HBRCC.difference.Simulation{1});

Phase Delay, [ps]

I X Jﬂ.t’;
t A
0013 : ol ﬁr?
i ! N
}
| 4 i
4 13 'l
0.001 = ' \l\ Qg;:éj?
w o\ J"ﬁ e 1 #
T NN N - *4\\.” l,r‘f 105
— = 1
0.0001 2 ‘»\%&H_’_:?__% -k
s ot ﬂ_’_ e A"
MGRCC TSy .
— e d"j - T e e e e T
+ el - \ 0
1e-005 = -
I r
: S HBRCC
5 10 15 20 2% 50 % 5 10 15 20 2 30 8
05 Dct 2017, 07:24:17, Simberian Inc. Frequency, [GHz] P30t 2017, 072657, ?:i)m_h'?'ia" e e o Frequency, [GHZ]
——9 A'S[1,2]; — B:S[1,2]; —= C:S[1,2]; D:S[1.2]; A:S[12] 0= == BiS[1.2] *= == C:5[12] B= == D:S[1.2]

—— E:S[12]; ——* E:S[1.2[; E:SN.21 o= == FSf 2 ===

Higher inductance and lower Dk increase impedance. No way to validate — CMP-28 was not cross-sectioned!
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Practical example with cross-sectioning

A
i

Differential strip with FEXT, HVLP copper

N

0 gy 0t 7P S e

FR4: Dk=3.54, LT=0.0058 @ 1 GHz;
Resin: Dk=3.76, LT=0.0058 @ 1 GHz;
Roughness: Modified Groiss SR=0.19 um, RF=2.75

AcMeasured dif. Smvlabon{1 1 8:Mode_ 20l segment_20n Simulationd1):

Mglﬂmkl'sl 8] Phase Deday, [re]

35

34

33

- _
-~
wz‘:m—ﬂw » - .
| - - B o e i = o o e = e — e — O = S
+ + + i P ' i + - - !

1.5 25 s

O
1875

625 75 875 10

11.25 125 1375 15 1825 175 20
05 Aug 2017, 071959, Smbesan Inc. Frequency. [GHz)
—k AeSmfle M1]In2M1]] W= = —— SerdIr1 M2 In2(M2)) P = s B:Smllnd[M1LInZM1]] K= = = Bl M2)In2MZ]) ==
. .
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FR4

Details in App Note #2017 03 at www.simberian.com

FR4: Dk=3.465, LT=0.002 @ 1 GHz;
Resin Dk=3.63, LT=0.002 @ 1 GHz;
Roughness: Huray-Bracken SR=0.2 um, RF=7.75

33

d dil Sir i BModel_20iel,
MagrehadelS L [B] Phaie Delay. [ns]
355
I
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* 34
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e
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Nt 1 1 | ] .
| ] —s—-_—“S-':S—_§::§::§:ﬁ?:¥:$:#:¢23:$:$=$__: =

3 4 5 E 7 8 3 10 1" 12 13 14 15 1€ 17 18 13
23 g 2017, 105847, Senbesian Inc. Frequency, [GHz]
=% ASmrAM1LIn2M1|| #= = = = A SIn1 MM #= = = =] BESnlniMILIR2IM1I O = = =] B:Smlin] M2Lin2M2]) 0= = =
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Validation with TDR

At eazured 06-85-L3-24inch. MFP; B:Model_2Diel zeq_24in. Simulation(1]; C:Model_2Diel Huray.seq_24in.Simulation(1];

Z. [Ohm]
120 1 -
24-inch segment
1MoT
Huray-Bracken roughness measured
model with copper resistivity /
ol adjusted at to match IL at low ‘ |
frequency ’_Aéaﬂ’
N
.——'—‘-'-__—_ --—_1-_-‘_J

X1 — e |
et T "\ wod
T Moleed Groiss

—
1 roughness model
a) + (nonkcausal
HoRA-Cadsat)
I 1 2 3 4 5 B T g 9
23 Aug 2017, 11:67:5E, Simberian Inc. Time, [nz]
A Zmm[D7.01]; A Zmm[D2,D2); AZmm{C1,C1]: AZmm[C2C2]: — — —  B:Zmm[D1.D1];
=== BZmm[D2D2]; B:Zmm[C1.C1]; B:Zmm[C2.C2]; C:Zmm[D7.07]; CZmm[D2.02];
C:Zmm[C1.C1]; C:Zmm[C2.C2];
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Conclusion

O Unified 2-parameter form for most of the roughness
correction coefficients with additive and multiplicative

extensions is proposed K;=1+(RF, -1)-F (SR, d,)
O Some observations on the roughness

All mentioned roughness correction coefficients are “heuristic”

We definitely know that the roughness increases the losses — no
doubts about it and all RCCs predict it

Drawing flat boundary changes both capacitance
and inductance of the model — may be interpreted
as capacitance or inductance of rough surface

Some surfaces may increase the inductance above predicted by
the Wheeler’s rule and beyond the boundary positioning —
accounted in Huray-Bracken RCC

Some surfaces may increase the capacitance beyond the
boundary positioning — cannot be accounted by RCCs
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