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How to model signal integrity?

> full 3D numerical tools

— direct access to multiport S-parameters
and time-domain data
— holistic but time-consuming
PlayStation 3 motherboard — (some times too easily) believed to be accurate

> divide and conquer
— multiconductor lines, vias, connectors, packages, chips, ....
— model each of them with a dedicated tool
— derive a circuit model for each part
— obtain the S-parameters and time-domain data (eye-diagram, BER, crosstalk)
from overall circuit representation
— gives more insight to the designer (optimisation)
— overall accuracy might be difficult to assess



T Introductio

UNIVERSITEIT
GENT

Multiconductor Transmission Lines

simplify (idealize) to a 2D problem

2D fields, charges, currents

RLGC

N

<\<\

PlayStation 3 motherboard
Transmission lines
voltages & currents

3D fields, charges,
currents
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Telegrapher’s equations (RLGC)

Oi N -
é:—ijv C:C-|—G/jw
ov S ~ .
gz—ijl L =L+ R/jw

N+1 conductors one of which

plays the role of reference conductor

i : Nx1 current vector

v : Nx1 voltage vector

C : NxN capacitance matrix
L : NxN inductance matrix
G : NxN conductance matrix
R : NxN resistance matrix

Electromagnetics Group 274

schematically

1 2 N

reference

many possibilities

ref

(b) (c)

ref ref

ref

(d) (e)

metal [:|
1 dielectric [ ]

air [ ]

()
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m broadband results (time-domain)
20.8 L4 28 14 20.8 _ _ _
» t—1 1 m many regions (some semi-conducting)
o b m good conductors (e.g. copper)
0.5 = |« m small details
et < gmoe HHN 406
reference i 5. 8¢ e 3 8-2 334 ® exact current crowding and
R - EE --g:g skin effect modelling
l c1 C2 C3 C4 x 1.5
0.9 [12€0, gaop +
T 2.8 300pm . .
12€0, o wish list number 2
PEC L :
. m variability in cross-section
on-chip interconnect example:
« 4 differential line pairs m variability along propagation direction
* semi-conducting region m stochastic responses

* unusual reference conductor m prediction of stochastics for overall

interconnects (sources, via’s, lines, ..)
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" The manufacturing process introduces variability in the

geometrical and material properties but also along the signal
propagation direction

e /—é Photolithography: trace separation

/7shape

Impurities: permittivity,
loss tangent, etc.

= Deterministic excitations produce stochastic responses

random /
parameters r
| | I I I | 1141
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m RLGC-modelling of multiconductor lines
m variability analysis along the signal propagation direction

m analysis of statistical signals resulting from random
variations in geometry, material properties, component

values, linear and non-linear drivers and loads
m brief conclusions

m questions & discussion
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C and G can be found by solving a classical potential problem in the cross-section
m sources/unknowns : (equivalent) boundary charges %r:d. cond.
m preferred method: boundary integral equation

o—@
m relation between total charges and voltages Q= CV i diel. :j;
&

L and R could be found by determining the magnetic fields due to
equivalent contrast currents je,.. = (0 + jw(e — €o))

¢. placed in free space

cond
? ii} cond.

diel.

O]
Cond. ® Cond_
@ ® ®

diel.

Suppose we find a way to replace these currents by equivalent ones on the boundaries

m sources/unknowns : equivalent boundary currents

m preferred method: EFIE with e. =

C)O on co@uct or

= = —jwA, — jwLi

wA,
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(@)

out

ko, o

(Eo, Hyp)

m two non-magnetic media “out” & “in”
(conductor, semi-conductor, dielectric)
m separated by surface S

m fields inside E,, H,

m fields outside E,, H,

(Eo, Ho)

m we introduce a fictitious (differential)
surface current J,

m a single homogeneous medium “out”

m fields inside differ: E, H

m fields outside remain identical: E,, H,
10
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Advantages

m modelling of the volume current crowding /skin-effect is avoided
u, out g

m less unknowns are needed (volume versus surface)
ko, 110

m homogeneous medium: simplifies Green’s function
J m valid for all frequences
5
m losses from DC to skin effect + “internal” inductance

(Eo, Ho) .
can all be derived from J;and E,,;on S

Disadvantage or Challenge ©
The sought-after Jgq is related to E,,, through a non-local surface admittance operator

Js(r) = / V(r, v )E;u, (r')dS(x')  in3D <
S 7~ How to obtain ) ?

jon(r) = f Yir,r')e.()de(r’)  in2D

1

admittance operator similar to j,(r) = ¢ e, (r) but no longer purely local !

11
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in2D  Je(r) = / Y(r.r' e, (r)de(r’)

m analytically using the Dirichlet eigenfunctions of S —

m numerically for any S using a 2D integral equation (prof. P. Triverio)

in3D Js(r) = / V(r ) By (1) dS (1)

m analytically using the solenoidal eigenfunctions of the volume V
m see e.g. Huynen et al. AWPL, 2017, p. 1052 - m

12
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35

25 30

1 1 L
5 10 15 20

40 45 50
— > A

79.1 MHz - skin depth & = 7.43um 10 GHz - skin depth & = 0.66 tm (Vs.ocal = \/j'j“ )
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Telegrapher’s equations (RLGC)

j; = —jwCv C =C+G/jw

ov o~ -

52—?&.”_1 L=L+R/jw
Final result:

The 2-D per unit of length (p.u.l.)
transmission line matrices R, L, G, and C,

as a function of frequency

(see ref. [5])

reference

wish list number 1

m broadband results ©

m many regions (some semi-conducting) ©
m good conductors (e.g. copper) ©

= small details ©

m exact skin effect modelling ©

14
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Differential line pair
air 153um - 153um .‘Mp
18um S > Y copper
g, tand 72um
< 107 1um

I 18um

g = 3.2
Geopper = 2.8 107
tand = o/weqe, = 0.008

C 11= ¢ 99= (96.16- j0.64)pF/m and '

2= C 2 7=(—4.19+;0.002)p F/m

15
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Differential line pair

16 110°

LH'"'H,PEB

1.2+

0.8 I'1 z" L12.PEG

06
0.4

p.u.l. resistances in {¥m

0.2

normalized p.u.l. inductances

-0.2

-0.4
10

10

10° 10° 10 10

frequency [Hz]

10° 10

LI]?PEC‘-_—ZBI.‘{I-QHH/HT R]]DC:785Q/”? L11 - L22 R11 = R22

L.,=L R..=R
Ly ppc=30.15nH/m Ry1 pc=1-85Q/m 12 21 12 21

16
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Metal Insulator Semiconductor (MIS) line

Wi
UNIVERSITEIT
GENT
air <« B00um
18um PEC
€,=97,0=0 135um
£,=9.7,0 500um
N PEC
B
< 6600um |
0.95}
09f
0.85
c = 50S/m

Loc =422.73nH/m
Cpc =481.71pF/m

065}

normalized p.ul. Cand L
[
oo

10°
frequency [Hz]

ool
=]

=]

=

=

pol. Rin £/m and G in S/m

17
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Metal Insulator Semiconductor (MIS) line @ 1GHz

12

1.1 012 =
=
01 2
vl £
008 =
=
Udiel =
09 006 2
o4 ®
0.8
0.02
0.7 - - 0
107 10’ 10° 1o 1o°
good dielectric SR — good conductor
We
C =2 7
Vdiel = 3.10°/V9.7 m/s 107° < tand < 10

[ -
v 0.0054 S/m <o < 5.410° S/m 5
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Coated submicron signal conductor

3117 nm

I

'\ 238nm 1 450 nm

Cu -
Cr -~ - 500 nm

*'5“- 1450 nm

copper: 1.7 uQQcm
chromium: 12.9 uQdcm
coating thickness o: 10 nm

(At

A

=7
%

A
7 .
7

7

19
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Coated submicron signal conductor
10
450F
E
= 400+
£
3
;5 coated Cr/Cu
é 350 - — - homog. Cu
= —-— homog. av. 1
300k - - - - === 7 AT
]
107 1010 10t 0% 10t? 104

frequency (Hz)
inductance and resistance p.u.l
as a function of frequency

Resistance ((2/pum)

20
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Pair of coupled inverted embedded on-chip lines

100 um

A

I Aluminum: 6 =3.77 10" S/m

8i0,: £, =3.9, tan & = 0.001

. Silicon: g, =11.7, 0 =10 S/m

21
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Pair of coupled inverted embedded on-chip lines
4-5)( 10
4
3.5

-15

Discretisation for solving the RLGC-problem
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Pair of coupled inverted embedded on-chip lines: L and R results

1 50

— 0.8 0

E 2

= e

= 0.6 30 =

—~ o

: 3

5 04 0 S

= z

E 5

— 0.2 10 &~

Frequency [GHZ]

23
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Pair of coupled inverted embedded on-chip lines: G and C results

2500 ---g=75° 110°
— 9=90°
200 -~
= &
= 150 01 <
9) NS
&
Y 100 §
S g
04: -2 g
s 50 11075
5 LS
0
-3
-50 — 19
107 10" 10°
Frequency [GHz]

24
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+ all dimensions
in um
+ o4 = 40MS/m
+ 0y, = 2S/m
+ Gyop = 0.03MS/m

Electromagnetics Group :

4 differential pairs on chip interconnect

20.8 14 28 14 | 20.8
I | I
€0
deg 0.4pum 51
- 0.5 > |« ol
¢ < W 0.6 ] [ 4 0.6
;: €5 Ce C7 C8 0.9
406
CR 4 0.9
HE 1 A 4 0.6
C1 €2 C3 C4 15
0.9 [12€0, Tudop i
le
" 238 300pum
12¢0, ogub

384
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eight quasi-TM modes
quasi-even quasi-odd
1T mode m1 (SWF = 2.41) 1T mode ms (SWF = 4.17)
Q ¥ o] o]
oo mm . HNE NG EUNSNEG RO
$=30° 26° g 7° 11° 10° 0° 0° 12° o Il 6° 0° .
1L -1L
1T mode m9 (SWF = 2.67) 1T mode mg (SWF = 4.24)
0 Lrd®] ¢ o] (o] 1 00 80 OO
BT | T ol O N oy U - [
7o Lo e T O wmar " 00 o il ™™ M
-1L -1L
1T mode m3 (SWF = 3.08) 1T mode m7 (SWF = 4.29)
87° 68° - 0° 19° 67° 57°
ok -- ........ ettt -- . oF-- - _._ ....... _._ ........ g - T—
0° 0° 49 4° -41° -79° 0° . 22° 65° 55°
-1L -1L
[ mode m4 (SWF = 2.85) 1T mode mg (SWF = 4.28)
2100 -11° mm BB 20° 19° — 450 10 m
O-. ”I”””I ........ B L. ... III“””I 0_ IIIII ........ sminininl T e e R
20° 1° 0°  0° 54° -28° o° . 8°
1L -1L
I | | | I I | | | | I I | | I I
c1 c2 c3  c4 csE  cp cT  C§ c1 c2 c3  c4 cE cg ct  C8

conductor number

the modal voltages V = V exp(-j¢)
are displayed (V,= ll) @ 10GHz

conductor number

slow wave factor:

mode prop. velocity v = c/SWF 26
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complex capacitance matrix @10GHz

200r Capacitance C = C + G/jw
| (pEF'/m)
150 =X Cus
. Caq
100k —(Clay
- 10 Gay Jw
S50F 10 G33/w
10 Gy fw
0 | ul | ul |

102 100 102 104 106
Substrate loss tangent ogyp /wWegyp

27
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complex inductance matrix @10GHz

Inductance L = L + R/jw
1.5k (nH/m)

1.0_ LBB

0.5 \
R34 /w

102 100 102 104 10°
Substrate loss tangent o, /wegp

B W Rgg/w
Laa K Ryq/w

28
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brief conclusions
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What if the cross-section varies along the propagation direction?
mmm) Use a perturbation approach !

Quick illustration for a single line (with L & C complex — hence R & G are included)

Viz) _ —jwL(2)I(z) V(z) = V(2) + AVi(2) + AVa(z) + -
ri??z) + perturbation around_< I(z) = {( 2) + ALL(2) + Aly(z) + - - -
2 = wCEVE) hominal value C(z) = C+ AC(z)
L(z) =L+ AL(z).
2 - —
d ]V2 + k3. V=0  nominal
az
2 .
@"AV; + k2AV, = K210V — jk:oi 7. Z01) perturbation step 1
0 0
dz dz
2
d .
4 ;ﬁVz + kg AVy = —kiTc AV — jkod—(TLZOALl) perturbation step 2
az Z
ko = wVLC o = (AC)/(C) Llncludlng this second order
i is CRUCIAL !
Zo = /L) r, = (AL)/(L)

30
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Fibre weave: differential stripline pair on top of woven fiberglass substrate

glass prepreg a b

————, differential
_____— stripline pair

fill {um)

0 1000 2000 3000 4000 5000

- copper

cross-section of differential stripline pair

31
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Fibre weave - discretisation (in CAD tool)

cross-section a

P T S e L T e e T ey
Ry e - "‘i-..“ r..-r""' S

171
i - i."TPTi praoe

| P |
bt T :

cross-section b

32
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Fibre weave - material properties

7 . . 0.016
]
:
|
i —+ | tand
BEPee... = 2020 TREN e aac 40.015
]
g' i
: |
]
i
7] PRGNS gL S U G MR R ey . -0.014
|
¥ L
! €
|
5.5 * a * ' - 013
10° 10" 10’ 10" 10" 10" 1n?"
Frequency [Hz]

real part of dielectric permittivity ¢’, and tans as a function of frequency

33
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Propagation characteristics for a 10 inch line

| | 1 | I | 1 | ﬂ | | | 1 I 1 L
Perturbation technique | | Perturbation technigue
Op 4 Chain parameter matrix -10 4 Chain parameter matrix |
-10 - = = Uniform interconnect
%‘“ m 20| =
= 20 =2
s — =30 -1
=
n o .
= 40 A -40
50 i 50 - ¥
{ L
| | l | | | | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Frequency (GHz) Frequency (GHz)
differential mode transmission forward differential to common

mode conversion

34
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variations in geometry, material properties, component

values, linear and non-linear drivers and loads
- PART 1: MTL
brief conclusions

questions & discussion
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Interconnect designers need to perform statistical
simulations for variation-aware verifications

Virtually all commercial simulators rely on
the Monte Carlo method

= Robust, easy to implement &
= Time consuming:
slow convergence ~1/YN @

=
7
77

Electromagneics Group 728

e

36
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Stochastic Telegrapher’s eqns. (single line): _pm

EV(Z’S’ ) = —Z(S,/B) I(Z, 8;6)7

EI(Z’ S, ,6) — —Y(S, 6) V(Z, S, 6)

single IEM line

V and / : unknown voltage and current along the line

» function of position, frequency and of stochastic parameter g
S=jw; Z=R+slLand Y=G +sC i.e. known p.u.l. TL parameters
assume — by way of example - that f is a Gaussian random variable:

B = ug(l+ opf)

normalized Gaussian
random variable with
zero mean and unit variance

mean
standard deviation

37
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= step 1: Hermite “Polynomial Chaos” expansion of Telegrapher’s eqgns.:

& Zis <‘z(3 B(€) > / K

inner product

our Gaussian distribution

.y

BRIGIGI

Pr(§)

4 NS : ] “judiciously” selected inner product
: I ! such that < ¢k(€)7¢m(€) >= k! Opm

-10

Hermite polynomials 38
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expanded TL equations

d K
E;V (z,8)pr (&
=0

s K K
= D Iz 8)0k () = =D > Vils)Vi
k=0

k=0 [=0

Electromagnetics Group /4

K K
ZZZk )i (2, 8)(€) i (§)
0 1=0

Pk (§)Pi(§)

step 2: Galerkin projection on the Hermite polynomials ¢,(£), m =0,....,K

vYm = 0,.

d

ay
dz (2,

d
dz

XLelm,

'7K7 h
K K

$) == umZi(s)Ii(z, )
b=01=0
Zz&klmyk Wiz, S)
k=0 =0

= < Or(§)Pi(§), dm(E) > /m!

“augmented” set of deterministic TL egns.

(B has been eliminated)

& deterministic

solution yields complete statistics, i.e.
mean, standard dev., skew, ..., PDF
again (coupled) TL- equations

larger set (K times the original)

still much faster than Monte Carlo

+
-+

+ + +
cec 6

39



UNIVERSITEIT
GENT

Example

E=1 mm

Electromagnetics Group 727

= transfer function: H(s) = V,(s)/E(S)

B: Gaussian RV: uz;=2mm and oz= 10%

= compare with Monte Carlo run (50000 samples )

= efficiency of the Galerkin Polynomial Chaos

100 pm

.

30 pm

cross-section AA

¢ : Gaussian RV: y,= 3 mm and o,= 8%

(ii) forward crosstalk FX(s) = V,(S)/E(s)

Technique CPU time [s] Speed-up factor
setup  solve total '
Novel approach 0.23 8.09 8.31 228
Monte Carlo 1895.72

40
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Transfer function H(s,5,¢)

’
S ]

'

201og, |F X (s, 3,¢)| [dB]

L
5
o i
g0 2 E
9 ; :
< 1 graylines: MC samp;les ‘ g
| N 3

. L ‘ ‘ . _ ‘

4 5 6 7 8 9 10 4 5 6 7 8 9 10
Frequency f [GHz] Frequency f [GHz]
full-lines: mean values p using SGM dashed lines: +3c-variations using SGM
circles: mean values p using MC squares: *3c-variations using MC

41
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introduction
RLGC-modelling of multiconductor lines
variability analysis along the signal propagation direction

analysis of statistical signals resulting from random
variations in geometry, material properties, component

values, linear and non-linear drivers and loads
— PART 2: the overall approach
brief conclusions

questions & discussion
42
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So far:

= & tractable variability analysis of (on-chip) interconnects
(and passive multiports) outperforming Monte Carlo analysis
= @ relies on Matlab implementations of the presented techniques

= @ only relatively small passive circuits with few random variables

Next:
= & extension of techniques to include nonlinear and active devices
=& extension to many randomly varying parameters
=& integration into SPICE-like design environments

0 perform transient analyses

O simulate complex circuit topologies including

connectors, via’s, packages, drivers, receivers
43
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Integration into

“augmented” set of deterministic TL egns.

150 jum 2500 GuH  length=3 cm

0 p—
Epr=d1

L d = 0.02 1t

||~r|¢'.'.lJ'.:-"u'ﬁ

hid l

length=235 cm

1pF
I length=41 m

: I 1pl ll.-ﬁpFI 582

lenpth="5 cm

random substrate thickness,
permittivity and loss tangent >

HSPICE Monte Carlo (1000 runs): ... 38 min
HSPICE polynomial chaos: .................. 7s
SPEeA-UP: ..ocvveee ettt 310 x

306

Electromagnetics Group ;

remember — slide 35 - PC projection and testing results in:
— can be directly imported in SPICE

Far-end voltage, V

0.2 average
0.15} ™%, ~7 response
0.1}

0.05}

0 \ ' !
-0.05t standard deviation
0 | 2 3 4 5 6 7 8
Time, ns
PDF of far-end voltage at ¢t = 2.9 ns
400 T T T T
3001
corresponding
I Gaussian
200 distribution
100} | f
‘\
015 0155 016 0165 017 0175 0.8

Far-end voltage, V



—%( t, _|=C
C ==> v(t C=—|C
 C T T T T TSI TTITTITTIS | | T T T T T TTTITTTTTTTTFTTTTFTTTTTTS

the deterministic augmented lines
share the same termination:

d
i t4) = CEv(t’ &) — random variable ¢

o d d |
oo + i1y +-=C g VoPo tp Vit | PC expansion

d
i (t) = Cavm(t) — decoupled equations after projection

45
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the deterministic line m now has
the following termination:

& applicable to
= arbitrary device models

J1 @ Wy + jp QW + - . tran3|s:tor-level descriptions
= behavioral macromodels
= \ voltage controlled (v g, Vi1, --) = encrypted library models

current source

46



JITEITN Electromagnetics Group /73
UNIVERSITEIT
GENT
iL -
o—=C) —o0—0
FO Y o —

iLm = (F(po@o + vi1@1 + ), @m) XF (Wim)

but iy = | F(01000() + 001 + =) (WS
> Amq = Pm($q)
0 |
- ‘F(VLOQOq + a1 + ...)’amqwq ¢4 quadrature nodes
q=1 Y
= Jq > w,: quadrature weights

the deterministic line m now has

the following termination: & applicable to

= arbitrary device models

= transistor-level descriptions
= behavioral macromodels

= \ voltage controlled (v g, Vi1, --) - encrypted library models
current source

J1AmiWy + J2Qpowy + -+
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16-bit digital transmission channel :
=
E
2
(=5
1 = W o —— MC samples
SILICON DIE vDDg T st ~ t3o i (PO) |
B 15 2.0 2'5 3.0 3I5 40 4-5 50
+_+—|}i4|4 Times (ns)
' 80 . . . :
channel #£0 R =T
LA . =]
& =%
: Tmped Lo — o I B 0
T RLC channel 41 _";_l 4
“AAA— £ 20}
: ' 0
! 1.78  L.785 179 1795 1.8 1.805  1.81 1815 1.82
e Supply voltage (V)
| T ” A [T mmpk
I chanmel #15 s R MO samples
= —O—T 6t +3a limits (MC) |
| II = - s Lo ﬁlll;lei (PC)
¥l Z 04
24
POWER RAIL 1/O BUFFERS | PACKAGE PCB 3 0af
S
. . .. —0.2F
random power rail resistance and package parasitics A S S S S O
15 20 25 30 35 40 45 50 55 60
30 T T
= MC (10)
= 25t LA - - -MC (100) H
E ] MC (1000}
= 20f d * PC i
b SN '
= 101 3 3 1
7 st 3 ¢ 1
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25 random variables using a point-matching technique: ﬂ

» parasitic R’s, L's and C’s of BJT (10%)
= forward current gain (10%)

S—

= V lumped components in LNA schematic (10%)

= widths of 4 transmission lines (5%)

for the same accuracy 10° Monte Carlo
single circuit simulations are needed

versus only 351 for the new technique
speed-up factor: 285
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broad classes of coupled multiconductor transmission lines (MTLs)

can be handled;

efficient and accurate RLGC modelling of MTLs from DC to skin-effect regime

is possible thanks to the differential surface current concept;

MTL variations along the signal propagation direction can be efficiently dealt

with thanks to a 2-step perturbation technique;

all frequency and time-domain statistical signal data can be efficiently
collected for many random variations both in MTL characteristics and in linear
and non-linear drivers, loads, amplifiers, ... thanks to advanced Polynomial

Chaos approaches — by far outperforming Monte Carlo methods;

for very many random variables the curse of dimensionality remains cfr.

roughness analysis or scattering problems — ongoing research;
initial statistics can be very hard to get e.g. a multipins connector

— ongoing research. 50
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QO additional reading material: see included list restricted to our own work

Questions and

Discussion?

QO additional questions: right now or at daniel.dezutter@ugent.be
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