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Technical Challenge

[ Technical Trend [ Problems ]
| High-Speed, High-Density More Complicated
Signal Integrity Problems

* Inductance-Dominant System ‘
* Longer and Tighter Spacing [Delay, X-talk, Ringing, GI'tCh]

[ Research Goal

4 )
‘ * New Paradigm(TWA-Based)

- Fast, Accurate, Analytical
9 Signal Integrity Models

Accuracy?
Computation Time~
Stability?

Wy
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Problems

System Function of a Single Transmission Line

near-end far-end
Driver ; :é
é Mo

—+ —+ Transmission line —+
Vo v, Vv,i | 2, | Load
ly Iy ; Ly |
[ Far-end ] 1 —
y
Hfar (S) > v_z B 7 7 7
0 cosh(yl)+="sinh(y¢)+=5sinh(y¢)+=5cosh(y/)
ZL ZO ZL
Near-end |
[ S Z,Z, cosh(yl)+Z; sinh(y/)

H (S)Zl:
L near VO ZO(ZS+ZL)COSh(7/€)+(ZO2+ZSZL)Slnh(y€)
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Unit Step Response in a Single TL

a 1 N
V.

0—far(S):;‘Hfar(S)

s-{cosh(7€)+z‘)sinh(7£)+ZSsinh(y€)+ZScosh()/€)}
W,

2 Tz, Z,
\ﬁ"om (£)=L" {E.Hfar (S)}J

2,7, cosh(7/€)+Z(‘)2 sinh(ﬂ)
s-{ZO (Zg +ZL)cosh(7€)+<Z§ +ZSZL)sinh(7/€)}

N
o]
) =L" {; -H, s )}%re\mjmerical Integrati

1

W
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Dominant Pole Approximation(using 3-Dominant Poles)

[ Far-end \ ™\
H, (s)=2= :
far - -
Yo cosh(y€)+§°sinh(y€)+§5sinh(7€)+?cosh(7€)
L 0 \L J

O not Require
uryerical Integrati

v Z,Z, cosh(yl)+Z; sinh(y /)
v, ZO(ZS+ZL)cosh(7/€)+(Z§+ZSZL)sinh(7f)

211 11 g +qg,s+q,s"+q,s
=L "\~ H S I Qi 1R B & 40
vO—near (t) {S near (S)} {S p1+pzs+p3S2+p4S3} v03—near (t)
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Problems of 3-Pole Approximation

Vo' v, "0
vl vl
——HSPICE
0.8 3-pole App.
2-pole App.

1.0 -

0.5 -

—— HSPICE

—— 3-pole App.
2-pole App.

R
0" N o7 0.4 0.6 0.8 1.0

t[nsec]

0.8 1.0
t[ nsec]

Dominant pole approximation

does not reflect “Inductance-Dominant” effects.
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Traveling-Wave-Based Waveform Approximation(TWA)
[Y. Eo, et al., “Traveling-wave-based ~,” will be published in IEEE T-CAD ]

Frequency Domain
Approximatio

Time Domain
Approximatio
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TWA-Based Time-Domain Transient Signal Characterizations

| TWA Technique
_[ Frequency Domain ]

N\ N\
Frequency Domain :>(Modal Decoupling&:> 3-Pole Approximation
System Response ) L with B.C. ] for Basis Vector

V.

— 0, (x,0)

Py (3,1 J— —> g, (x,1)

_[ Time Domain ]

/ * Linear Approximation \
&
Completed Time Domain Response 2n-Dt,y—0=<t<(2n-Dt; +0

y (t) ~ Z{Sik [ZS}cjvstpk (t)} 4 * Modified RC Approximation
Jj=1

= Q2n—1)t;y+8 <t <Q2n+1)t,y— 5

Vs

\ for Modal Basis Vector /
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Effective Time of Flight : Loading Effect

/ /1/unit segment \
aaRRRRRNG: e 1

@ R, ,/Nvum—n/\/\/\—ftﬂf\*—u/ﬂ/vv\—fm/ :£ L= Lll.neC,meJ

in

v,
. é Ry £ WjTMm: —\/\N\—’U'D'\o—ﬁji" INCL
\_ = — = = )

Capacitance-Loading Effect 1

Increase the effective time of flight (f 10 )]
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Frequency-Domain Characteristics
(Low-Frequency Characteristics)

q with 3-Pole-Based Frequency Domain Response

A —— HSPICE
—— 3-pole App.

0.8 1.0
t[nsec]

q “Reflection” means “fast transient”.
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Time-Domain Characteristics
(High-Frequency Characteristics)

v (1) 1.5

1.0 - Pz_>

\ Modified-RC Ap

roximation
L]

:'\ P3 HSPICE

TWA-based

0.5- :
R) Linear
Approximation
B
v I I I v I v
0.2 0.4 0.6 0.8 1.0

t[ nsec]

We can determine the analytical form of expressions

Hanyang University

Since we know two points.
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Verification of TWA in a Single Line

[TL Parameters }

Width] R L C Ry
[um] [Q/cm]|[nH/cm|[pF/cm]| [Q]
o ]
[Capac't"’eJ 0.8 |179.6|14.296| 0.996
/\
1.0 |143.7]13.851| 1.035
1.6 | 89.8 |12.913] 1.151 =
0~500.1~1
2.0 | 71.8 |12.468| 1.228
50 | 28.7 [10.645]| 1.808
v
[Inductive] 10.0 | 144 | 9276 | 2.776
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Step Responses

i Capacitance-Dominant [ Inductance-Dominant
v, 10 vy
" v SPICE

0.8 -

= S 2ﬁ

3-pole
0.5+ TWA-based

HSPICE /

. r ' r ' r ' r ' ' r ' r ' r ' r '
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
t[nsec] t[nsec]

TWA-based

0.6 -

0.4 -

0.2 4

Unlike the 3-pole approximation,

TWA is accurate for inductance-dominant lines.
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Application of TWA to Multi-Coupled Lines

Simple
Isolated Lines

Too
Complicated!

Decoupling l

“ AN UANE RN T T T -
Vébe \MJW%\AWW%\ Wv = \WT TR
‘G T M g

\ ‘ o ‘ v éb \WI W TN

sy T T o g L1 L
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TWA-Based Multi-Coupled Line Transient Analysis

Multi-Coupled Line
Equations

Decoupling i B [

e Multi-Coupled Lines” =<l odal Analysis ’

s =

3-Pole Approximation
for Each Mode

Some Algebra

Require ]

TWA-Techniq

Time-Domain Approximation
for Each Mode

X ¥
Linear Combination
of Modal Responses

i B
Time-Domain
Signal Transients

Hanyang University Giga-Electronic System Laboratory 16




Verification of TWA for Multi-Coupled Lines

T Parametrs Example or s s |

€]

2227

=) 502
—0.036
—-0.016

=0.522
2432

—-0.514

—-0.032

—-0.016

—0.036
-0.514
1.327
-0.514
—0.036

—-0.016

—-0.032

-0.514
2.432

~0.010 |
-0.016
—0.036
(.52

[pF/cm]

[ Structure ]

Pl

<
gr'f/"
:U J" F 3
=

A

|-0.010

[7.470
5.220
4.074
3.357

2.839

5.220
7257
1o
4.028
3 357

4.074
5.1135
7.214
5.115
4.074

[R] =diag (68.966) [Q/cm]

0.3
4.028
5115
1257
5.220

0,502+ /0.907

2.839 |
3.357
4.074
5.220

7.470

[nH/cm]

4
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Signal Transients and Crosstalk

Line "[6}’4
Length

Switching v
Patterns

34 3.

10mm

50Q / 0
0.1pF

070

50Q /
0.1pF -1t

0.0 0.2 0.4 0.6 0.8 0.0 ' 0.2 ' 0.4 ' 0.6 0.8 d
t[nsec] t[nsec]

Source/| W T SPICE center line [C rosstal k] nsec] 2 ror
L 0oa d —— TWA-based . (ToT)

R,=500, C,=0.1pF

AT o)
Slines

10mm s N
500/ [ oe==

Size

R,=100Q, C =0.1pF _fosans

R.=2000, C =1pF

1 0 mm R.=100Q, C,=0.1pF  outer line 0 1 F 2lines [ SPICE
_ / . p (To) —— TWA-based
oTo J '
d ' Rs='5og, C'L=01p'F J . s N -20 0 ' 0I2 ' 0I4 ' OIB ' 0I8 ' 1.0
0.0 0.2 0.4 0.6 0.8 1.0 : : : ' ® nseq]

t[nsec]
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TWA-Based Analytical Signal Integrity Models

50% Delay

Switching
Dependency

Overshoot
TWA-Based
Transient Signal
Analysis
Peak X-talk

Closed Forms
of Models
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Frequency-Domain Response

[Incident Wave [W(x,a))} = [S][E][B]]

[S] : Voltage Eigenmatrix

4
4

it S e [W(XZO,CO)]=[VS1---VS”]T
£)- : T
0 g [B]=[ST " [W (x=0.0)]=[B.b,..b,]
_ : el s
b= ans}cj"sj [S]_1 ] S;21 S;Zz S%n
« : _Sgﬂ S;.zz S;:m_
3 W,(x,0)= i(ijs g2t h
R R e
% ) V(ro0)= Z(Rsl-z‘skz()k )Sikbk (e‘”’“ + er“(x‘”))

4
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TWA-Based Approximation

m

n Z )
V X, )= "0k Sl-b e 4T e7k(x 20)
E (xe) ;(R5i+20kj ¢ "( ; )J
[ TWA for the k-th Mode |

: § N\
Vi(x,0)= Zsikkak(x,w)éQk(x,a)) : 3-pole approximation function
=1 J

d By
v,(x,1) = n s.b,q, (x,1) <:‘|(qk(x,t) : time-domain counter part for )
il 3-pole approximation function

~

V,-(x,l‘) ~ ZSikbkpk(x,t) <:|rpk(x,t) : time-domain approximation
f & function J
4

[ General Waveform ]

Lv" o an;{Sik [gs}gvsjjpk (x,f)}
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Closed Form of Delay Model

i

Waveform Variations ]

~N

[Checking V(f;(k))

AU
V]

3

W,

{ Rg=500, C =0.1p

R.=100Q, C_=0.1

R_=2000, C =1pF

—— SPICE

—— TWA-based

Larger than
50% value?

yesl

Determination of
Delay Region

0.0 0.2 0.4 0.6 0.8

-t XL AN
t[nsec]

Hanyang University

Model Model

[Linear Region} [RC-Iike Regio

"J
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Delay Model for Linear Region

v

M ] analytic model

................................................

last mode

0.0

tf_(n);Lg 4 th(n)+ 6
0'1 0:2

0.3 0.4 0.5
t[nsec]

vt +0
Vi(t) o~ l( f0(n)

2§(n)

) = {t7) (= 570) + % (470)

.

Q tSO%delay =

Hanyang University
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Delay Model for RC-like Region

SPICE

analytic model

\R (t2,v2)

\

transient model

th(n)+6 2t

(ttest 2 Vtest )

:

50% value

; 0 fO(n) f (n)

(t.v)

0.2 0.4 0.6 0.8 1.0

estimated 50% value

t[nsec]

ttest o (th(n) T 5(11)

Usovsdelay =
vtest ( f 0 + 5

fo()+5

) 051,
Ljos. -

(n ))) ( /0(n)

)

2t,

Vtest = Vi (ttest) ttest -
v, (31,‘./[0(”) —

/) (O.Svsi—vl. t o O, )
( (n)+§(n)) (./0() ())

(n))—vl tfo

Hanyang University
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Closed Form of Overshoot

v
M . eak point
-------------------------------------- r/ P P
3
| SPICE :
\/\transient; —~
24 model
last mode
14
0
0.0

Vi peak = MAX[VSZ., Z{Sik (Zskj -vsjj " Py (3tf0(n))}]
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Closed Form of Peak X-talk

1.5
V,(t)
M last mode
1.0 -
// SPICE
0.5
N
transient model
0.0
S mode 2
0.5 mode 1
1.0 o § i ot
"0.05 0.10 0.15 0.20 0.25 0.30 0.35
t[nsec]
MAx[z{sik[zs@-vsj]-n(rm))} z{szk(zs@--vs,-]-n(rfo<n>+5<n>)}j
k=1 j=1 k=1 j=1

Hanyang University
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Closed Form of Glitch Signal

v,(0)°
vl mode 1
44
glitch
34 peak point
24 g

-/
.~
-

transient
model

last mode

0.8 1.0
t[nsec]

vi—glitch—peak = Vi (t]_’(n)) ~

n

k=

1

{Sik( " S}cjvsjjpk (tf(n))}
j=1

Hanyang University
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Verification of Analytical Signal Integrity Models

substrate
contact

l /]

N\ effective silicon
> substrate ground

R
silicon substrate

[ Parameters

[7.160 4.924 3.838
[L]=|4.924 7.010 4.924| [nH/cm]
13.838 4.924 7.160

[ 2005 0520 0042
[C]=|-0.522 2427 -0.522
| -0.042 -0.522 2.225

K[R] =diag (68.966) [Q/cm]

"

| pF | cm]

.

- Variabl itchi
Basic rables Line Length SI\:/’wtchlng Source & Load Input
Patterns | [Test ltem attern
Delay 070 —
X-Talk 10mm To?t S 3.3V
C,=0.1pF
Overshoot 0oTo
Glitch 10mm VT [Rg=50W,C,=0.1pF| 3.3V

Hanyang University
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[Variable ]

{- Line Lengths |

| 070 Switching |

Approximatel
5% Error

Variable ]
- Switching Patterns |

2% error

Verification Data(1)

Active Line Active Line Quiet Line
Line Delay [psec] Overshoot [V] Crosstalk [V]
Length [ spice | Twa | sPicE | Twa | spPicE | Twa
1mm 19.2 17 .4 3.5913 | 3.3854 | 0.5807 0.6821
2mm 35.5 33.7 3.5868 | 3.4848 | 0.5762 0.6592
5mm 85.2 83.6 3.4601 3.4139 0.53 0.5652
10mm | 168.8 166.8 | 3.2548 | 3.2060 | 0.5192 0.4446

Active Line Delay Active Line Quiet Line
Switching [psec] Overshoot [V] Crosstalk [V]
Patterns

SPICE TWA SPICE | TWA SPICE TWA
010 168.8 166.8 3.2548 | 3.2082 | 0.5192 | 0.4446
T 167.6 165.7 | 4.0301 | 3.9860 — —
T07 170 165.9 | 3.5262 | 3.5822 | 1.0153 | 1.0275

Hanyang University

Giga-Electronic System Laboratory
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Verification Data(2)

[ Variables J ltems
] SPICE |[TWA-based Error(%
¢ Input DI’IVGI' ] [psec] [psec] rror[ 0]
|(driver/loa AA
* Output Load L
50Q2/0.1pF 168.8 166.8 1.2
- ] ‘) L7
[OTO Switching J 100Q/0.1pF | 203.2 2195 ¢ 8 b
= £
200Q/1pF 582.2 589.3 1.2
AN
Line 107 crosstalk [V] | TT0T7 crosstalk [V]
[ Variables J Length | SpPICE | TWA | SPICE | TWA
[' Line Lengths] 1mm 1176 | 15712 | 1.6705| 2.1156 1 Approximatel
15% Error
2mm 1.2022 | 1.5201 1.7357 2.093 verestimatio
5mm 1.0829 | 1.3040 1.6241 1.8696
10mm 1.0153 | 1.0275 1.3867 1.5456
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Verification Data(3)

Glitch Signal Line Delay [psec] Glitch Peak [V]
(T Switching) Length | SPICE| TWA | SPICE | TWA <
1mm 10.7 95| 2452 30698 15% Error
. verestimati
[ Variables J 2mm 18.9 16.9 | 24743 | 2.9691
L- Line Lengths | 5mm 51 46.4 | 2.2505| 2.5470
10mm 258.4 275.6 1.8435 2.0068
f 0
Non-ldentical Lines} M SPICE | TWA-based E”‘?r[/"
- 50% delay | 158.6 psec | 155.7 psec 1.8 SApproximate
- - . Overshoot 3.2265 V 3.2855V 1.8
* Line Width
» Spacing Crosstalk 0.5014 V 0.5215V 4.0
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Execution Time Computation

Execution SPICE Model
Environment SUN Ultrasparc-10 | AMD Athlon 750MHz
Time mode [sec] [sec]
SPICE 78 197 Waveform
Eq. (14) 0.03 0.06 50% delay
Eq. (18) 0.03 0.06 Overshoot
Eqg. (19) 0.03 0.06 Crosstalk

mm) 2500~3000 Times Faster than SPICE !!
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Summary of the Presentation

[ Multiple Lines ] Frequency Response
=) 24T (Telegrapher Equation)
= 'rl\—i ”I\é ; HI\\; =25 d’ |:V :I
N RN EE N WMW% q 2 =[Z][Y][V (0] q
§ \\Jﬁ%ﬁ\lm N = [2]=[R]+s[L]
=1 [1]=[6]+s[c]

[ Modal Decoupling ]

[\ AT

< WO

(=,
IPVE: i

~

[ Time-Domain Approximation

1.0 4 % 1.0

——HSPICE
—— TWA-based

0.0

——HSPICE
——3-pole

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2
t[nsec]

T T T
04 0.6 0.8 1.0

t[nsec]

[Analytical Signal Transient Model]

ot 11 Y I A |
0 /J mode2 '/ Ilast mode

tf_(n)';/\ fl_/ tf0@+8'
0.1

T
0.2 0.3 0.4 0.5
t[nsec]

T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0
t[nsec]

Hanyang University
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( Verification )
. model  spice | TwA-based | ETOr
items [%]

50% delay | 158.6 psec | 155.7 psec 1.8
Overshoot 3.2265 V 3.2855 V 1.8
Crosstalk 0.5014 V 0.5215V 4.0

o

Giga-Electronic System Laboratory
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Conclusion

 New Analytical Signal Integrity Models.
O Excellent Agreement with Approximately 5% Error.
O Considered to be a Good Conservative Estimation.

d 2500 ~ 3000 times Faster than SPICE Simulation.
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