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Can conductor roughness effect be
accounted for in dielectric model?
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Introduction

O A transmission line can be described by
generalized Telegrapher’s equations with
complex impedance and admittance per unit
length (matrices in general)

= Conductor model with roughness should be aV(x) _
accounted for in impedance per unit length (Z) Ox - _Z(f)‘l (x)
m Dielectric model is accounted for in admittance 87(x)

per unit length (Y)

O What if roughness losses are inappropriately
accounted for in dielectric model? One conductor case:

O In other words, what if Y is adjusted for B .
roughness instead of Z? C(f)=Z(f)-Y (/)
Z(f)

= If such adjustment keeps propagation constant (I')
unchanged, what about characteristic impedance (Z0)? Zo(f) - Y(f)
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To investigate the consequences

O

O

Construct transmission line model with appropriate rough conductor
model (accounted for in the impedance p.u.l.)

Then, account for the roughness in the dielectric model (or in
admittance p.u.l.) under condition of identical propagation constants
and evaluate changes in characteristic impedances

We will use

= Huray snowball, modified Hammerstad and Simbeor roughness
correction coefficients

= Static analysis (semi-analytical model)
= Electromagnetic analysis (numerical model)

Do it for high-loss dielectric (LT~0.02), low loss (LT~0.002), normal
and low profile copper
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Static model for impedance p.u.l.

o Wideband cotangent model for smooth conductors:

Z(f)=Z. +i2nf - L(0) [0”_’"}
m

Z(f)=(01-i)-R, 'ﬁ-cot((l—i)';}” ﬁ) R, = Rj/(fﬁ)) L:j%} Resistance at f0

DC

Converges to Rdc at low frequencies
and at high frequencies to (1+17)- R, \/7

0 Model with causal roughness correction:

Z(f)=K.-Z +i2nf-L() {Oh_m} Kr is impedance roughness correction coefficient

m (Huray, MHCC or Simbeor for instance)

O Linf, Rsn and Rdc are computed with a static field solver
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Static model for admittance p.u.l.

O Complex capacitance model:

. A o 8D i i 12 £
Y(f)ZZZﬂ'fC(f) Y(f)=2xnf 8,(00)6'( V+i2x f (1+ ,

0 Causal wideband Debye model.

J-C(oo)

&'(0)

" e c, | .
D S BT F(f):m{mf}

L+

Re[F (/)]
27 -Im[F(f,)]

(m, —m,)-In(10)
C, =
=27 -Im[F(f;)]

G, (f))  C(0)=C(fy)+ -G, (/o)

o C(f0) and Gd(f0) are computed with a static field solver

The model is good only for homogeneous dielectric case!
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Shift of roughness fromZto Y

o T-line with roughness accounted in Z

C(f)=yZ.(f)Y(f) 2(f)= %{))

Z(f)=K,-Z +i2nf-L(®) =(K,-1)-Z +Z +i2nf - L(0)=(K, —1)-Z, + Z(f)

i . _venl1+ 5 2 oy K2
0 We can adjust Y: r.(n=v) (1 77 Zsj Y(f) (1 RS RTNTES zsj
0 Model with adjusted Y has identical propagation constant
C(f)=yZ(/)-Y (f) =JZ(f)Y, (/)
O But different characteristic impedance:

Z.(f) Z(f) Let’s evaluate
Y(f) Y.(f) the difference

Zlo(f)=

Zo(f)z
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Impedance roughness correction coefficients

O Huray ?’nOWba”_mOdel Regular treated copper
correction coefficient Huray model: r=0.85 um, At=65
2 ) um”™2, N=11
Kr,m:1+[N'47r'r j/[1+5+ 52j 25
A4, ro 2-r 247,
Huray g
O Modified Hammerstad  «, - MHCQ pEea
. g b TN )
correction coefficient ¢ N :n\\/
(MHCC) B i
2 ) Simbeor
K, =1+[£-arctan{l.4(éj D-(RF—I) I 7 f
a o = ! e v m B STy
O Simbeor correction L
coefficient MHCC and Simbeor models:
Krs:1+(tanh{0.56%D-(RF—l) delta= 1um, RF=2
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Admittance roughness correction coefficient
(roughness moved into Y)

K —1 K —1
Y.(/)=Y(f) F.(f) F(f)=|1+=—-Z |=|1+ —r Z
Z(f) Z +i2xf - L(0)
) . R
Z,(f)=(=0)-Ry [ -eot| (1=i)-—==[f
DC
Qi Yals L
-»lgn I:)e.oﬁ_ﬁ TN
1008 > i ] Ryl
/ ,7 ““*32\
|Frhu | L_m3_#,/ f \Q&%
|Frh | Hure vd Pl N
uran S A
Fisil | o y LN NN
- - \;/,,e P N \.\\\
y” - MHCC )
1.001 // F
_.—-"""FF;- ""JH
L
1
1x107 1x10° 1x10° 1x10° 1x10t

fj

Constructed to produce propagation constant identical to corrected impedance

< Simberian 2/4/2013 © 2012 Simberian Inc. 10

Electromagnetic Solutions




Static model for evaluation

O Symmetric strip line, about 50 Ohm impedance,
high loss dielectric (Dk=4.2, LT=0.02 at 1 GHz)

Linf=0.352 uH/m, Rsn=1.08 mOhm/(m*sqrt(Hz)), Rdc=4.7 Ohm/m
C(f0)=132.5 pF/m, Gd(f0)=16.6 pS/m*Hz, f0=1GHz

0 Same line for low-loss dielectric (LT~0.002)

Linf=0.352 uH/m, Rsn=1.08 mOhm/(m*sqrt(Hz)), Rdc=4.7 Ohm/m
C(f0)=132.5 pF/m, Gd(f0)=1.66 pS/m*Hz, fO0=1GHz
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Increase in conductor impedance due to

roughness
Real part of Kr*Zs is plotted - imaginary is identical
1x10° -
Huray - {blu ~f = caii
nA —~ T | 1 \ Jﬂ“"ﬂ;ﬁ -
MHCC —|black P -
Simbeon - pink ) g
Re[Zwtj} 100 —— - \\
Re(Zwtj -Krhu; ) f{_’_{,
Re(Zwy; -Krh;) it NlO rougnness
Re(Zwtj K_rs]} ‘.\qu r-t W )
10
/
1x10' 1x10° 1x10° 1x10%° 1x101!

Non of the models predicts change of asymptotes from
sqgrt(f) to linear (typical roughness parameters)
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Impact of roughness on overall losses
(high loss dielectric case LT~0.02)

100
N1 1, —~ o~ — -
INI( ougmness =1 =
. Huray — pblue N =
\\ \\\\ -"';":..-ff
REI;F]] \\ e =
Re('rhny | \\ ﬁf‘f’ —~=
| o // ._F-f”FF'JHH
Re[_l—']]m]'} -
..-’f o R
Re[l"]]d]} — il .-_;,_,.-f—ff \
™= | \
L~ ol ~ ~ b~ H n
» AT Lossless dielectric ~sqgrt(f)
) — = = \\
|~ \\
> LOSSIess COnauctor nvi
.-"”'-
0.01 -
1%10° 1x10° 1x10° 13100 1x10'

fj
All other roughness models produce I very close to Huray model
Absolute values for different roughness models is difficult to compare -
relative can be used
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Does it produce linear insertion loss?

O 10 cm segment of line, 50-Ohm normalized S-parameters (small
reflections due to mismatch with characteristic impedance)

Possible linear

approximation __ No roughness - red
Huray - blue

—10

— |
20log( |Sg215| ) dMHCC - bIaCk
b5 N Simbeor - pink

(
(
(
(

Mg |sg21rhy| ) =20

Mg |Sg21rsj- |]

-30

—40
2x10%? 4x10'? 6x10'° 8x10'° 1x10'!

. . .k
On Log scale on vertical axis, the curve shape is similar
to attenuation on the previous slide
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Impact of roughness on attenuation

O Increase in attenuation in % relative to case with
smooth conductor (wanted)

20
MHCC

s \\ e /FEH“\.\
100 [Re('hi}-Re(T5 )| Huray Zﬁ::::::&
_ |Re(rj.]| \ \‘\\\\
100 |Re(['th;)-Re(I;)] . f,z% \\\\\A\\\\
L |Re(T5)] 10 _ )/ Ny 4]
100 |Re[l"r5j_]—Re[I"j_]| SlmbeOﬂ' / >/./ \\\

Re(l; h
_ [Re(@y)] \\\ ,,/ Ay
] L /.f
fff__,,.-—r—""-f (’f{//
.-——-‘"'ﬁﬂﬂjf"“/
1%10° 1x10° 1x10° 1x101° 1x10'!

f;

Up to about 15% increase in attenuation due to roughness
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Impact of roughness on phase constant

O Increase in phase constant in % relative

to case

with smooth conductor (maintains causality)
03 M
| . HCC
Simbeor | HUray \
100 len( sy )T ()| \* 5‘/’”’“"‘“ 8
[ (1) ' prall i ]
100 |Tm(Tehy )~Tm (1) /’/ N ”7 T x
T ) AU \\Q
100 Jlm (U5 -Im(1y)| |~ AL N
T ()] o1 | e — ”\:‘:
Py / \“‘x
/// -f”/
— LT
1x10" 1x10° 1x10° 1x10' 1x10'!

f

Up to about 0.2% difference (small correction)
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Model with roughness correction in Y

O Propagation constant is identical to the case with corrected Z
O Characteristic impedance decreases — unwanted effect

-~ Huray MHCC

e Rl N J
0zt 21 Sim bf,or \ /
_ |zod] s N\ \ L
100 |Zorh;~Z1orh; | \L;f N e L]
T T RN ,:i/”7 “wi\
100 |Zorsj~Zlors;| 4 -l \\\\\
el s SN

/ // x\:::
02
—
_—'—'_—'_’fﬂ_ﬂ_/fff////
1x10’ 1x10° 1x10° 1x10" 1x10'!

£

Less then 0.6% difference — not significant!
We can move roughness effect into dielectric model for high-loss dielectrics
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Dielectric model that “accounts for” the
roughness — Dk and LT computed from Y

Original model - red

Huray - blue
i MHCC - black
Re[eyj} ’ S I .
imbeor - pink ,
Re(evhy) P Changes in Dk are
efevh:) 42 R . . -
Relests) e[| not significant
Re(eysj) i
4 Hﬁ:ﬁh‘%.._
38
1%10 1x10° 1x10° 110" 110"
0.026 -
Simbeor
0.024 N HENE ey
. 1 | | .»*""/;7 H&h‘%m .
el m\“‘m—lf | About10%| == | Changes in LT are
tandyhu; i /-’/ = H - e . . -
o R d ifference | ||| significant
EYSJ' T |
~ oos NHCC -
Huray MHES Origina
0.016
110 1%10° 1x10° 1%10" 1x10"!
f;
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What if we compute Dk and LT directly from
the propagation constant ()7

5
Re(es) Lossless|conductor (correct) - black line
=] =4 . .
=] Lossless|dielectric - brown
Relzghy T ~ L
EECgh ) T Smooth lconductor - red
RECth — - Hiilrav h e MHACC ~ i i
S — Huray - blue, MHCC| — gyan, Simbeor - pink
Re(cegs;) REEHHHE“HE%%H
T e
Re(cgm;) T o e s =y o
Re(cgld;) ===
1x10' 1x10° 1107 1x10'° 1x10*

rect dielectric

_‘
b

} tangent in co nodel is slightly rising

tanigy \ Los
tandghu; 0.15

<
i with frequency, but effective LT is|decreasing due to
tandeh; \ conductor and roughness losses
tanﬁgsi 0.1
tan—ﬁglm] \\?%Qﬁ?ﬂg
Tt ——ﬁ::::::::_____
—
. 1
1x10' 1x10° 1x10° 1x10'° 1x10'1

f.
Effective]Dk and LT extracted from I with all losses are similar to observed
in A. Blankman, E. Bogatin, D. DeGroot, DesignCon 2012 paper
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What if we use the effective Dk and LT
model (move all conductor losses into Y)?

O Propagation constant stays unchanged
O Characteristic impedance decreases more:

10
g\\ Huray - red

oz ] |\ MHCC - blue

T Simbeor - black

100 | Zorh;~Z1orh; | \,

L |Zorhj| K\.\\\:

i —Zlors; N ' —~—r '

- 'ﬁ%jl il “X Less than|2% above |1 GHz
2 %\bﬁbh%% é{_
1x10" 1x10° 1x10° 1x10'° 1x10'!

10" £

May be acceptable in this case of high-loss dielectric
(considering other factors that can change the impedance)
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Impact of roughness on overall losses
(low loss dielectric case, LT~0.002)

100
Il ncclace ~rAanAvnicFAr AL F
LLUOJOICT OO WU J UICU LU ~
N
10 . ]
Fa Nl =l ar ¥ B | necC r AN .
1 o | e e ) 1 \\ — -
RE[;F]} . \F_'_'_,_,_ g
Re(['thy; ) fuUra Y T ue S ™ f;x{f} l'f'::?#
J L—1"1 m N
R [l_']]m } 1 \ \ .f"‘ﬂf.ﬂr"’”’ "] _.-""ff
E . \\ \\ T
iy ‘\‘\ fﬁf i "
Re(1') N — Bs
LT AR
-~
|
0.1 / =" \
il _-“‘"’f-‘- = = [ aal | FaY Fa) | |
o 1€SS <cic il
s sqrt(f)
™| ‘
0.01 cat
1x10’ 1x10° 1%10° 1x10%° 110

f]

All other roughness models produce I very close to Huray model
Again, let’s compare relative differences between roughness models
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Does it produce linear insertion loss?

O 10 cm segment of line, 50-Ohm normalized S-parameters (small
reflections due to mismatch with characteristic impedance)

Clearly non-linear No roughness - red

\(/ Huray - blue
_IMHCC - black

'Simbeor - pink

wlog([sg2y])

20log( |Sg21rhy ) \
201og( [se21ety|)

20iog([s@21r5]) g

T
\

T

2x10'° 4x10'° 6x10' gx10%° 1x10

—10

1

On Log scale on vertical axis, the curve shape is similar
to attenuation on the previous slide
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Impact of roughness on attenuation

O Increase in attenuation in % relative to case with
smooth conductor (wanted)

20

) MHCC
100 |Re[I"rhu:i_]—Re|:I"j_]| N\ T ] auy
Rel(1;)] \y/,:?“*h \
" q e |
100 |REI:I rhj;]—REI:Ij:I‘ H LI rEIy ///fi,-f 5
. |Re(I5)| 40 %//
100 |Re(I'rs; )-Re (I} )| \
Re(l: L
— R | Simbeor \ ,,/
N eI
\\\ fﬂ”i;%//
_,__-—rf"'fffrif/
e
1x10' 1x10° 1x10° 110" 110!

fj
Up to about 60% increase in attenuation due to roughness
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Impact of roughness on phase constant

O Increase in phase constant in % relative to case
with smooth conductor (maintains causality)

0.3

HCC

Simbeor | Huray
100 |Im(T'thw; )=Im (T ) h A \ T T
| I: r uj". [ J.| \ n \ é/ HN'\‘
B Pzl N\ ]
100 |Im (D'rhy )-Im(T7)| Ve \1 ] 7 “m§
|Tm () | yd aRny \
100 [Tm(T " | rd A \ix
100 |Em I'rsj ) Tm (1 )| ] 1 N
|Im[:1"j_]| 0.1 P /ff \‘\'_‘\“x
— ] P ~
]
,_//ff f“’ﬁ/
ﬂf«fﬁf
-
1%10’ 1x10° 1x10° 1x10'° 1x10'!

f.
Up to about 0.2% difference (small correction’ about the same as in high LT case)

< Simberian 2/4/2013 © 2012 Simberian Inc. 24

Electromagnetic Solutions




Model with roughness correction in Y

O Propagation constant is identical to the case with corrected Z
O Characteristic impedance decreases — unwanted effect

>
)
<<

L

0.8

100 [zt 1ok | Sjmbeor \ f/
- |z°rh"j| \ \ ) L
100 | Zothj~Z lorh; oo - \ Pailn ]
N I Sy
_ |anhj| \“——”ﬂ# \\ﬂ_.a,.-""r q““‘\
100 |Zors;—Zlorsi| 0.4 = = /f" kﬁ“g‘gh
_ |zers] | Py Ny
L] Pl H‘"""‘:‘H
|1
_'_'__._'__,_,_,——"'ffﬁf__'_,.—-"
1x10° 1x10° 1x10° 1x10'° 1x10'

f.
Less than 0.6% difference — not significanlt as in case of high LT!
We can move roughness effect into dielectric model for low-loss dielectrics too
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Dielectric model that “accounts for” the
roughness — Dk and LT computed from Y

Original model - red

Huray| - queIL
MHCC - blac
Re(ey) I S N .
e imbeor + pink .
Re(eyhy) BRI = || P More visible
e(evh;) 42 = —— = —— .
Relosty) ————_———-—_| changes in Dk
Re[&ysj'_} ]
41
1x107 1x10° 1x10° 1x10'° 1x10'!
fj
0.01
Huray .
T D \ Driginal
- Simbeor \ 7
]
= s | gy
tanbyh; 6x10 — N PN R I S ESa S Impact of roughness
tandyh; T L E&% i i |
ik B T _~ Abou 0% - on effective LT is huge!
tanbys; | LA ] ., S~
— I il N difference &
21072 — - L
0 MHCQ
1x107 1x10° 1x10° 1x10'0 1x10'!
f.
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What if we compute Dk and LT directly from
the propagation constant ()7

4.6
Re(eg) | ==l | Lossless|conductor|(correct) — black line
’ — = 1 1 g= 1 M . 1
Re(gghuj}“'s RESY Lossless|dielectric - brown
Relceh) N Smooth| conductor - red
\\"‘;w.\_\ o i : : | :‘ - _ -
Re(egs;) %%ﬁq Huray - blue, MHCC - cyan, Simbeor - pink
Re(eghm;) 42 S|
Re(egldj) ——F— 1 n e
4.1
1x10° 1x10° 1%10° 1x10™ 1x10'!
fj
tanbe, Lossiangent in correct dielectric model is almost flat at
bk 0.15 0.002, but effective|LT is much larger and decreasing due
; 0.
anich \ to the conductoriand roughness losses
]
tanégs_i 0.1 %‘%
tandglm; x
tandgld; o5 %
- %%:-__
T e L]
0 ——————= =
1x10° 1x10° 1%10° 1x10' 1x10'!
f;
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What if we use the effective Dk and LT
model (move all conductor losses into Y)?

O Propagation constant stays unchanged
O Characteristic impedance decreases more:

10
\\

g NS Hu ray - red
o %[ MHCQ ~|blue
T el M. Simbeor - black
100 |Zorh;~Z1lorh; | \\
B K\ Less than 3% above 1 GHz
100 |Zors—Zlors;| 4 %\:§
[z Ty,

2 Eﬁ%%ﬁﬁa

EEHﬂlmhm.""""‘"-----..----..
110’ 1x10% 1%10° 1x10' 1x10!

f;

May be not acceptable in this case of low-loss dielectric
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Roughness correction coefficients for low
profile copper surface

o MHCC and Simbeor — delta=0.5 um, RF=4
O Huray model — r=0.5 um, At=25 um”"2, N=32

r"f-d
'_,.f"
4
//'
ydva
3 . ’
Krhuj /f’f
Koy y~
2 ?g»/
wrd
v
fﬁ i’/ g
I e

! 1x10° 1%10° 110" 110
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Increase in conductor impedance due to
roughness

Real part of Kr*Zs is plotted - imaginary is identical

1x10
L, , | Y
= D ~J
A P 1 | | 1
YIiACLCU | — DIACK N
1%10° . . N
I =)}l
|| i | | | =4Il
L} _,.-F:-J:F
Re [‘Zw1j ) ,c,.«ai-"*‘“f n
: e T |
Re (_Zw1j Kriny ) - —
00 P fﬁ” _,-f"'“f
Re(Zwtj -Krh;) S
-
il
Ee| Zwt; -Krs; S \
f,fﬁﬁf N 1
/ N ou g nness
v = ~SFE()
l/
1%10’ 1x10° 1%10° 1x101° 110!

fi
Non of the models predicts change of asymptotes from
sqrt(f) to linear (though, it is closer now)
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Impact of roughness on overall losses (high
loss dielectric case)

100
NA rofirialhnoacao ro ,a-“"f"’;
INU [N\ uyll 1< 1 o ff’_,.ﬁ
o =
. Huray - blue AN pr =
\\ ‘\\ ..:"__..-ff
RE(F]} \\\ o == »
.-’Xif__.-"'f _'_'_,_,..-—'-""-’
Re(I'rhy | ?.-::..r"f_.- -
: L]
e " ]
Re(I'lld;) i —
= "_'-F'-F‘-'_F
0.1 il rd  oce ; ~ - £)
- - = \\
el Oossless qonductor ~
L]
0.01 ]
1%10" 1x10° 1x10° 1x10™° 110!
fj
All other roughness models produce I close to Huray model and do not
confirm linear attenuation growth concept
All other conclusions are similar to the case of regular copper
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Does it produce linear insertion loss?

O 10 cm segment of line, 50-Ohm normalized S-parameters (small
reflections due to mismatch with characteristic impedance)

Linear approximation mﬁr;iughbqﬁzs ~red
. o -
may be applied locally \ 1tMHCC - black

£ |Simbeor - pink
20log( |Sg21|)
- 20
20log( |Sg21rhy; )
20log( |Sg21rhy] )
20log( [Sg21rsj]) —30

=

— 30
2x10% 4x10% 6x10" gx10'° 1x10'
£
On Log scale on vertical axis, the curve shape is similar
to attenuation on the previous slide
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Conclusions from static model investigation

O It looks like the roughness effect can be safely
accounted for in the dielectric model

O Smooth lossy conductor model must be always used to
simulate conductor effect
= Transfer of all conductor losses into dielectric model can
significantly change characteristic impedance, especially for low-
loss dielectrics — not acceptable!
O As the next step we will try to build dielectric models that
account for the roughness and try to apply them to strips
with different widths

= Numerical electromagnetic analysis with Simbeor will be used
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Numerical experiment outline

O Build dielectric model that includes roughness effect

= Build electromagnetic model for strip line segment with
roughness

= Build model with smooth copper and adjust dielectric parameters
to match insertion loss and phase to the model with roughness
O Change dielectric thickness and strip width and verify
how new dielectric model with included roughness works
= Build model for strip line segment with roughness

= Build model without roughness and with new dielectric model
and compare the results
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Strip line to identify dielectric model

O 8.3 mil strip, 0.73 mil thick, 10 mil dielectric above and below, 1.2 mil
thick planes

O Wideband Debye dielectric model, Dk=4.2, LT=0.02 (high loss case)
and LT=0.002 (low loss case)

O Conductor roughness for all surfaces: SR=1 um, RF=2

F E
EE'Z,HmiI]
op
20t
151
— "ignaH
10t
5_
.. _______________________________________________________________________ W
. [mil]
<45 40 -3 <30 25 20 15 10 &5 0 5 10 15 20 25 30 35 40 45
20Jul 2012, 13:32:39, Simberian Ine. 3D View Mode (press <E> to Edit).
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Dielectric identification (high-loss case)

0 New wideband Debye model that includes roughness effect:
Dk=4.24, LT=0.022 (10% increase)

O Insertion loss and phase match well (1 inch line segment)

A:RoughConductor. Segment_Tinch.Simulation(1); B:SmoothConductor. Segment_Tinch.Simulation(1);

Magnitude(s), [dB] Angle(s), [deg]
C E g 3 4 E
I, ?\ | \ |
| v A
1t — S 1100
R ha y \ . .
< ——— 150 With Simbeor
R " = ) I roughness model
\ I : k\ k T~ \
3t \\ : %] 160
vl & ™
Vol % Y \ = \* &\gr\ \ 100
-1 Q\ I i \% " R
5! ﬁ\ 4 ﬁﬂ \ \ h%% 1150
25 & 75 10 125 15 175 20 225 25 275 30 325 35 375 40
200Jul 2012, 14:30:55, Simberian Inc. Frequency. [GHz]

——# AS[1.2] #— — —= B:E[1.2] o— —;

Model with rough conductor - stars
Model with smooth conductor and new dielectric - circles
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Comparison of two models

A:RoughConductor StripSE. Simulation(1); B:SmaoothConductor. StripSE. Simulation(1);

O Good correspondence
as expected

4625 1
a
451

ARoughCaonductar. StripSE. Simulation(1): B:SmoothConductor StripSE . Simulation(1);

Attenuation, [dB/mm]

01g /
Attenuation
0.001 + -~

20 Jul 2012, 14:39:26, Simberian Inc.
—* AMode[1]. ——= B:Mode11;

Frequency, [GHz]

Model with rough conductor - red lines with stars
Model with new dielectric — blue lines with circles
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EpsEffective, ]

47517

Effective Dk

43751 \
4281 \%\

41051 %t‘a%&a%
=t

S

5 10 15 20 25 30 35 40
20.Jul 2012, 14:40:08, Simberian Inc. Frequency, [GHz]
—* AMode[1 —2 B:Mode(1];

A:RoughConductor.Strip3E.Simulation(1); B:SmoothConductor. StripSE. Simulation(1);
Magnitude(Za), [Ohm]

B3t
Characteristic
R2AT . |t
. Impedance = .— - —
| . j"f’&f

£ /g/

E15 /

BT

<

(D
o

Lower Zo|as predicte
by static model

5 10 15 20 25 30 35 40
200Jul 2012, 14:40:25, Simberian Inc. Freguency, [GHz]
—# Ahdode[1], —= B:Mode[1];
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Can we use new dielectric model for
different strip widths?

O Let's reduce dielectric thickness to 5 mil and narrow strip
to 3.8 mil to have about 50 Ohm line

154
Z. [mil] E:L

op
10t
ignall
5 L
0+ ottorm
', [il]
} } } } } } } } } -
-0 -15 -10 -5 0 5 10 15 20
20Jul 2012, 14:48:02, Simbenan Inc. 30 View Mode [press <E> to Edit].
r 5 g
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The model is not good!

O New dielectric model produces very close phase, but insertion loss
is smaller than in the model with rough conductor as we can see
from simulation of 1 inch segment

ARBoughConductorMarrow. Segment_Tinch. Simulation(17;
B:SmoothConductorMNarrow. Segment_Tinch. Simulation(1);

MagnitudeéS), [£EB] 3 Angle(S), [deg]
E I’
. :H\‘ i F\ T"\ T‘\ \ 1150
k!
B : E‘g.i \g‘i\ \‘H}., | \L |\ S "% \l 100
' k! 3 . .
oL | P 1‘\\ } i \ L (" With Simbeor
A O | X Y D roughness model
-3t < Y |
SRNAVAVE SeEA
A \ \ ! ) ' \ _
é\ | ﬂ?\ : % 5; I E |\ﬁ\ ki 1-100
B L ! \ \ : e,
\) il \ "'l \ ‘\i \ 150
' b ! | ! | F—— Another 10%
2D.Ju|2012,14:53:450,8imberianln1c.ﬂ " ? s ¥ 35Frequenu:y,[GHz] increase in LT needed
—* AGMN.2] #— — —= B51.2] o— —; tO matCh IL

Model with rough conductor - stars
Model with smooth conductor and new dielectric - circles
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Comparison of two models for narrow strip

O Unacceptable discrepancies

In attenuation (and Zo)

A:FoughConductorarrow StripSE. Simulation(1);
B:SmoothConductorMarrow. StripSE . Simulation(13;

Attenuation, [dB/mm]

/

Attenuation

0.011

0.0 01 1 10
20Jul 2012, 14:53:07, Simberian Ine. Frequency, [GHz]
—* AMode[1] —2 BiMode[1]:

Model with rough conductor - red lines with stars
Model with new dielectric — blue lines with circles
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A:RoughConductorMarrow StripSE. Simulation(1);
B:SmoothConductorMarrow. StripSE Simulation(1);

EpsEffective, []
[

5 |

475

& Effective Dk

457 \
42871
b 10 15 20 25 30 35 40

20.Jul 2012, 15:01:24, Simberian Inc. Frequency. [GHz]
A:RoughConductorNarrow StripSE Simulation(1);
B:SmoothConductorMNarmow. StripSE.Simulation(1);

tagnitude(Zo), [Ohm]

Nh"‘“"@dﬁm

&

e

56 1T

Rt

il Characteristic
impedance (Zo)

-

AR —— e

5 10 15 20 25 30 35 40
20.Jul 2012, 15:01:47, Simberian Inc. Frequency, [GHz]
—# AMode[1], —= B:Mode[1];
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Dielectric identification (low-loss case)

0 New wideband Debye model that includes roughness effect:
Dk=4.24, LT=0.0045 (more than 100% increase)

O Phase match well, but IL deviates a little (1 inch line segment)

A:RoughConductor Segment_Tinch.Simulation(1); B:SmoothConductor'D.Segment_Tinch. Simulation(1);
Angle(s), [ded]

Magnitude(3), [dE]

1150

100

50

10

1-50

1-100

-150

¥ ¥ % i k
! I Iy i iﬁ T;\
\ I I | |
' | R
el | I LIy |y .
.25 i ) | 1k [ m = ]
i ﬁ\* | g | % i s\ > égh
05+ | ! : :’3‘\ ! II"\\ : 1"1L [ [ 1
N VR Y YRR |
AR T IR
075 -lﬂl I \,ﬁ ! ‘\ I = | I e
| \ )
4 | ;| \ ! | | y | 3
| < — —
P b | y | L3 A §
I | i 1 T Y 1\
N X | | | A
1254 ]"! l'I.I i Illl\| 1II\l \'.l %H‘“ﬁ_{
’ ) I ¥ I # | F . 4 . L] . 4 ‘-\"0
5 10 15 20 25 k]l 35
20 Jul 22, 150712, Simberian Inc. Frequency. [GHz]
—+ AR[1.2] #— — —= B:&[1.2] o— —;

Model with rough conductor - stars

Multi-pole Debye model
must be used to achieve
better match!

With Simbeor
roughness model

Model with smooth conductor and new dielectric - circles
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Comparison of two models

O Correspondence in
attenuation is not so good

A:FoughConductor.StripSE. Simulation(1;
B:SmoothConductor/DL.StripSE. Simulation(1);

Attenuation, [dB/mm]

Attenuation

0.011

0.001 ¢

nm D1 — 1 — 1D

20.Jul 2012, 15:10:59, Simberian nc. Frequency. [GHz]
—#* AMode[1]; —= B:Mode[1];

Model with rough conductor - red lines with stars

Model with new dielectric - blue lines with circles
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ARoughConductor StripSE . Simulation(1); B:SmoothConducto®'D . StripSE. Simulation(13;
EpsEffective, []
467

a Effective Dk

A
S

¥ ::azavzze_——;- - "
5 10 15 20 eh 30 35 40
20Jul 202, 15:12:07, Simberian Ine. Frequency, [GHz]

—* AMade[1]; —= B:Mode[1];

A:RoughConductar. StipSE.Simulation(1); B:SmoothConductar'D. StripSE.Simulation(1);

tMagnitude(Zo), [Ohm]
*

ERR
Characteristic
5311 =
Impedance
2.5 P
el ower Zo as predicted
by static model
B1ET ] //* - - - 1
5 10 15 20 25 a0 35 40
20Jul 2012, 15:13:09, Simberian Ine. Frequency, [GHz]

—* AMode[1], —= B:Mode17;
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Dielectric identification (low-loss case)

O Multipole Debye model with 8 poles fitted to have
minimal least-square error

ARoughConductaor. Segment_Tinch Simulation(1); B:SmoothConductortdPD.Segment_Tinch Simulationi1);
Magnitude(3), [dE] Angle(3), [deq)
3

\?'I qﬁ‘ T‘I i ﬁrl.l i |
| R | \ A 1150
0251 &i Q\L I tI iﬁl % H &\
_ ﬁ‘\ % I }‘I I I?I % I q:\ Jl;H 1100
)g L I TL‘, | % I% I }I ¥
051 ! Rt I | ! ) L ! ' \ 150
3 % iﬂ\"# Vool NI Y
\ ! * | N I b I% I % 0
0751 ﬁ L | \ \‘ I
I\ \.5 \T i }gﬁ lt.&@“‘i\& ‘% I QI 1-50 | |
'* | T ; . With Simbeor
' ) N ! < i ™ roughness model
' I; ‘I\i Lﬂl EIE W“‘w -
28t I i Y 4 Ei‘ M

25 5 75 o 125 15 175 200 225 25 275 30 3R 3B 3FH
26 Jul 2012, 11:04:53, Simberian Inc. Frequency, [GHz]
—* AG[.2] #— ——2 BE.2] o— —

Model with rough conductor - stars
Model with smooth conductor and new dielectric - circles
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New dielectric model that includes
roughness effect

O 8-pole model (may be further improved)

O Shows larger LT at lower frequencies — not what we typically see
from experimental extraction for low-loss materials!!!

3 0.008
428 0.007 -
426 D k 0.006

0.005
424
0004
a22
0.003
a2
0.002
413
0.001
416 R
1.00DE+08 1.00E+09 1.00E+10 1.00E+11
1.00E+08 1.00E+09 1.00E+10 1.00E+11
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Thin dielectric and narrow strip

O New dielectric model produces very close phase, but insertion loss
iIs much smaller than in the model with rough conductor as we can
see from simulation of 1 inch segment

ARBoughConductarNarrow. Segment_Tinch. Simulation(17;
B:SmoothConductorNarrowhdPD.Segment_Tinch. Simulation(1);

Magnitude(S;: [dB] ; : ﬁ AnglelS), [deg]
R
b I\\\ :\ \\ : \‘\ T\\ T\\
| A % Y L \. f I|l
05t 5 | 1 k 4 | q 1100 . .
% b u With Simbeor
| Q%s I i | %1 I % | \Q\ beo
B | x\x\x\\h ‘LM . \ | Y . roughness model
K | | ! d
Ty \:\lk \ IR Vo T
sl L R h !\1\ ! ! \ :
-1571 .| \ | | i § VoIl 1 -u_je_ﬁ___ﬂ\ i
. | \gll < \ﬁ i \0\ \7\3;\:\;\&\‘ \\ﬁﬁ\x: 100
! . | 0
2! X ¥ \ xg \ i Another }OO /o
vl N || | K N T increase in LT may be
2E.Ju|20']2,'I'I:2IJ:'I2,5!3in'|l:uariar1Inc.1[| * « # o * Frequenu:;D[GHz] needed to matCh IL
——* AS[1.2] #— — —2 BS[1.2] 0— —;

Model with rough conductor - stars
Model with smooth conductor and new dielectric - circles
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Comparison of two models for narrow strip

ARBoughConductarNarrow. StripSE . Simulation(1)3;
B:SmoothConductortarrowi'D StipSE Simulation(1);

O Unacceptable discrepancies el

in attenuation (and Zo)
A:RoughConductorMarrow. StripSE. Simulation(17); 4525

B:SmoothConductoriarrow'D . StripSE. Simulation(1); C -1
Aftenuation, [dB/mm] E ffe C.t|V€ D k
457
4375 \RK

Attenuation aas} = — ;
5 10 15 20 25 a0 35 40
20Jul 212, 15:19:07, Simberian Inc. Frequency, [GHz]
—#* AMaode[1], —= B:Mode[1];
NI ARBoughConductorMarrow StripSE . Simulation(17;
r B:SrmoothConductorarmow'D . Strip SE. Sirmulation(1);
Magnitude(Za), [Ohm]
LY
ERZ6T
5t CharnAAEarickHE i~
CGITIAl ALl Iollu
0.01 01 1 10 53.75 11 HM DEda. ce (ZO)
200.Jul 2012, 15:18:29, Simberian Inc. Frequency. [GHz]
—* Ahode[1], —= B:Mode[1]; !
k\'},‘h*—_— * # * % x
Model with rough conductor - red lines with stars : 10 15 20 25 30 3 i
Model with new dielectric — blue lines with circles 20Jul 2012, 15:19:32, Simberian Inc. Frequency, [GHz]
—* AMode[1], —2 B:Mode[17;
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Conclusion

O Roughness effect can be transferred into dielectric
model in some cases

O However,

= Such model may be good only for a particular line type and small
variations of strip width

= [tincreases complexity of dielectric model, especially in case of
low-loss dielectrics (multi-pole Debye should be used)
O All conductor losses cannot be transferred into dielectric
model
= Causes significant changes in characteristic impedance

= Dielectric model becomes even more dependent on strip width
and line time
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Appendix: On linearity of the losses

O It is visual illusion! — see next slides

Insertion loss --—- Comparison

0 : . . _ ! T T T
- ; : : § i | — Material 1
From M. Y. Koledintseva, J. L. | J ; i ; -\ — Material 2
Drewniak, S. Hinaga, F. Zhou, A. 2 RS e Material 3
Koul, and A. Gafarov, Experiment- F N 16> S‘[Ei'i liné ||~ ~"Material 4
based Separation of Conductor and -4 i P | i Material 5|
Dielectric Loss in PCB Striplines, | ’ ’ | Material 6
DesignCon 2011 &L i . — Material 7|
T T TS ST T T Material 8
_ "'h___n rough : — Material 9
<
f -10
12 :
/']‘F i i i i T
On log scale, curve is similar | ngh rough .
in shape to attenuation 16 i j g i '--r---j---- |
computed as In(|S21|)/length i i ' i |
. ; i i i | | i i |
m{l 2 4 6 8 10 12 14 16 18 20
Frequency(GHz)
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Visually linear IL produces attenuation with
non-linear terms!

O S-parameters normalization and Zo mismatch may contribute to the
linearity (not accounted in the extraction below)

I 1 i 1

[ | [ |
. ; . . ; 45| [—High roughness -STD foil /
N ' = === Medium roughness - VLP foil
- H1gh roughness (HR) | A Low roughness - HVLP foil
v Medium roughness (MR) e )
Lowroughness (LR) 35 ,/
3 J / ‘ e /
- N
) £ 25 - =
g | b | . |,
— | ] | %y } 1.5F 1 -
! | i . v, / n
12 '- : : e, 1 e
. i | ! it
P S - Measured total loss
ARf = | | 05 — ,
: i : i : 1 0 1 1 1 ‘ I ‘ ‘ I
7Y RS SRS KNSRI SRR YSNUSONED SISUSEN NSNS VSN SU—- S_—. 0 2 4 5 3 0 12 14 16 18 20
! ; i Frequency (GHz)
I ' I
2 4 6

% 8 0 12 14 16 18 20 STD " 5 oA 11 24 2
Frequency (GHZ) o7 " =1.386-10"y® +3.399-107" @ —-2.682-107" o~

. IIPZZ . -6 . Bl . 334 . =23 __2
Largest sqrt and square terms in o 200-10°y +2.070-10 " ©+2.334-10 % o

HVLP - -6 -11 -23 2
the least lossy case! o™ 2230910V +1.745-10 1 0 +3.192-10 % 0

From M. Y. Koledintseva, J. L. Drewniak, S. Hinaga, F. Zhou, A. Koul, and A. Gafarov, Experiment-based
Separation of Conductor and Dielectric Loss in PCB Striplines, DesignCon 2011
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Another example...

O Shlepnev, Nwachukwu, DesignCon 2012

AL3_RTF_15deq.measured_din(1).0riginal; 10
B:L3_VLF_15degmeasured_4in(1).0riginal; .
g o) Attenuation
\ GMS-parameters, g
At . -
\ insertion loss,
2} \Low-Ios: dielectric > Visible non-linearity (RTF) /
3t \\\@ VLP ¢ ¢ SN ~
copper ot
At \:@\\\G // pp avlp,
| 2\;\\4 4 AN
RTF EoppPr e Almost linear from
61 = .= about 3 GHz (VLP)
\:\‘ 2
_? L u\)
U 2I5 im eriéan ne ?.IE 1ID 12‘5 1I5 Fre 1jé5n [GHz] /
e e Ab;Smrllnifmn,lnzfmm;—e B:Sm[InHMH,InZtMm;q i %
0 5%10° 1x10'° 1.5%10'°
f;
Though, there is something in this linearity above 3 GHz for copper
with very low profile copper — may be not much roughness effect?
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Contact and resources

O Yuriy Shlepnev, Simberian Inc.

Tel: 206-409-2368

O Download Simbeor® from
on your problems for 15 days

Simberian web site and contacts
Simbeor demo-videos

App notes

Technical papers

Presentations

O O O 0O O
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