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Ab st r ac t — Si mpl e y et  us ef ul  a nal yt ic a l f or m ula s f or  de la y, 
s lo pe a nd c r os st a lk no is e a mpli t ude  f or  c apa c it i ve l y c oup le d
t wo - , t hr e e -  a nd i nfi ni te - l ine  s ys te m s a re  de r iv e d a ss umin g bus 
l ine s a nd o the r  s ig nal  l ine s i n de e p- sub mic r o n VL SI’ s . The 
c al c ula t e d r e sul t s us ing  t he  de r iv e d f or m ula s a re  e xt e ns iv e ly 
c om par e d wi t h SP ICE  s imul at i on r e sul t s t o de mo nst r a t e  t he 
v al idi ty  o f t he  a nal yt ic a l e xpr e s si ons . Tw o mo de s ha ve  be e n
s tud ie d;  t he  c as e  wh er e  a dja c e nt  l ine s a re  dr iv e n f r om t he 
o ppos it e  di re c t i on a nd t he  c as e  wh er e  a dja c e nt  l ine s a re  dr iv e n
f r om  t he  s ame  di re c t i on.  The s e c as e s c or r e s ponds  t o t he  t ypi c al 
s it uat i ons  i n VL SI de si gn s a nd i ncl ude  wo r st  c as e s i n t e r ms  o f
no is e a mpli t ude  a nd de la y.  De l ay  e r r or  i n a ppr ox ima t ing  t he 
di st r ibu te d RC  l ine s by  N- s t e p π - la dde r  RC  l umpe d c ir c ui t  i s
also investigated.

1. Introduction

In dee p s ubm ic ron des i gns , i nt erc onnec ti on re l at ed i s s ues 
bec om e m ore  and m ore  i m port ant  i n es t i m at i ng t i mi ng
beha vi or of VLS I’s  [1] . F or i ns ta nce , coupl i ng ca pac i ta nce  i s 
com pa rabl e  t o groundi ng ca pac i ta nce . The  coupl i ng noi s e
m ay ca us e m al func t ion and t i mi ng probl e m es pe ci al l y i n
dynam i c ci r cui t s but  eve n i n s t at i c ci r cui t s,  i n addi t i on, t he
noi s e m ay gene ra te  unexpe ct e d gl i tc hes  whi ch m ay gi ve ri s e
to timing and power problems.

S ever al  at t em pt s  have  bee n m ade  t o ana l yti c al l y t re at  t he
cr os s ta l k i n ca pac i ti ve ly coupl e d i nt erc onnec ti ons .  Howe ver ,
t he re s ult s  ar e l i mi t ed t o t wo-l i ne s ys t em s  and t he ca s e
cons i de red i n t he pre vi ous publ i cat i ons  ar e l i mi t ed t o t he cas e 
whe re adj a ce nt l i nes  ar e dri ve n fr om t he s am e  di re ct i on. Thi s 
pape r ext e nds  t he ana l ys is  and cove rs  m ore  gene ra l ca s es . 
The  re s ult a nt for mul a s  ar e m ore  pre ci s e t han t he pre vi ousl y
published expressions.

The  del a y of t he R C di s tr i bute d l i nes  i s  al s o handl ed
ana l yti c al l y i n t hi s pape r.  To t he knowl edge  of t he aut hor s, 
for mul a s  for  t he del a y of t he ca pac i ti ve ly coupl e d di s tr i bute d
R C i nt erc onnec ti on s ys t em  have  not  bee n pre s ent ed s o
ri gorous l y and s ys t em at i ca ll y as  t hi s pape r.  To ana l yze  t he
ca pac i ti ve ly coupl ed l i nes , m om ent  m at chi ng t ec hnique  bas e d
on P adé appr oxi ma t ion i s  em pl oyed t o gi ve t he ana l yti c al 
expressions.

The  der i ved expr es s i ons  ar e us ef ul i n es t i m at i ng t he noi s e
and del a y i n t he ea rl y s t age  of des i gns  and gi ve i ns ight  t o

coupling related issues.

2. Notations

Notations used in this paper are as follows.
c : capacitance of line per unit length.
C : total capacitance of line (=cl).
cc : coupling capacitance of line per unit length.
CC : total coupling capacitance of line (=ccl).
Ct : equivalent capacitance of receiver MOSFET.
CT : =Ct/C.
d : pure delay of voltage waveform.
Ei  : s t ep vol t age of t he dri vi ng poi nt  of l i ne i  (i = 1,2) . The 

condi t i on t hat  E1= 1, E2= 1 i s  ca l le d an i n-pha se  dri ve . The 
condi t i on t hat  E1= 1, E2= -1 i s  ca l le d an out -pha se  dri ve .
The condition that E1=1, E2=0 is called E2=0 drive.

K1 : residue corresponding to σ1.
l : line length.
mk : k-th moment of voltage waveform k (k=0,1).
n : num ber  of adj a ce nt l i nes  (n= 1 for  t wo-l i ne s ys t em , n= 2

for three-line system and n=1 for infinite-line system).
n1 : =n+1.
p : =1+(n+1)η.
r : resistance of line per unit length.
R : total resistance of line (=rl).
Rt : equivalent resistance of driver MOSFET.
RT : =Rt/R.
s : Laplace variable.
t : time.
tp : time to give the noise peak.
tpd : propagation delay using Padé approximation.
vi, vi(x,t) : voltage of line i (i=1,2) in t domain.
Vi, Vi(x,s) : voltage of line i (i=1,2) in s domain.
vp : peak noise voltage.
x : x-coordinate along the line.
η : =CC/C.
σ1 : minimum absolute pole.
τ : time constant in single exponential approximation.

3. Basic Equations

The  bas i c  equa t ions  whi ch gover ns  a ca pac i ti ve ly coupl e d
two-line system (Fig. 1) are written as follows.



∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

2
1

2 1 1
1

1
2

2
2

2 2 2
2

2
1

v

x
r c c

v

t
r c

v

t

v

x
r c c

v

t
r c

v

t

c c

c c

= + −

= + −










( )

( )
(1)

,  whe re ri  and ci  ar e re s is t a nce and ca pac i ta nce  of l i ne i 
(i = 1,2)  per uni t  l engt h. S inc e i n bus  s t ruct ur es  and ot her 
wi ri ng s t ruct ur es  l i nes  have  t he s am e  re s is t a nce and
capacitance per unit length, we assume r1=r2=r and c1=c2=c.
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Fig. 1 Capacitively coupled two distributed RC lines.

Whe n t hre e-l i ne s ys t em  (F i g. 2) i s  cons i dere d, t he
following equations hold.
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Fig. 2 Capacitively coupled three distributed RC lines.

On t he ot her  hand,  i f i nfi ni te  l i nes  ar e pl ac ed i n par al l el 
whe re t he s am e  boundar y condi t i ons  ar e appl i ed t o eve ry t wo
lines as in Fig. 3, the following equations hold.
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Fig. 3 Capacitively coupled infinite distributed RC lines.

Al l  of t he above -m ent i oned t hre e equa t ion s et s  (1) , (2)  and
(3) can be represented by the following one set of equations.
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In t he above  equa t ions  (4) , t he fol l owi ng val ue s  s houl d be
set to n and cc for each case.

Two-line case: n→1, cc→cc

Three-line case: n→2, cc→cc

Infinite-line case: n→1, cc→2cc

(4)  ca n be s i mpl i fi e d, i f t he fol l owi ng s ubs t it ut i ons  ar e
made.
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ar e t he re s ult a nt equa t ions  af t er t he s ubs t it ut i on. Wi t h a l i near 

transformation, we have
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B y La pla ce  t ra nsf orm at i on, t he fol l owi ng equa t ions  ca n be

derived.
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The  s ol uti ons  of t he above  equa t ions  ar e expr es s ed as 

follows with the introduction of γ1 and γ2.
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, where A', B', C' and D' are integration constants.
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The n, t he fol l owi ng ar e t he gene ra l s ol uti ons  t o (4)  i n s -
domain.
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A, B, C and D are to be obtained from boundary conditions.

A.  Mom ent  Mat c hing Appr oach f or  De lay  and Sl ope
Calculation

Onc e A,  B , C  and D ar e obt ai ned,  cl os e d-for m expr es s i ons 
for  V1(x, s ) and V2(x, s ) ca n be obt ai ned us i ng (5) .
Appr oxim a te  vol t age wa vefor m  of a ful l -s wi ng l i ne has  an
s i ngle  expone nt ia l  for m wi t h pure  del a y d s hown i n t he
following figure.
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Fig. 4 Approximate voltage waveform of full-swing line.

In orde r t o obt ai n expr es s i ons  for  t he del a y t pd,  t he m om ent 
m at chi ng m et hod (P adé appr oxi ma t ion)  i s  us ed [2- 3], whe re
t he coe ff ic i ent s  for  s 0 and s 1 of t he exa ct  s ol uti on of (5)  ar e
m at che d t o t he coe ff ic i ent s  of s 0 and s 1 of t he appr oxi ma t e
wa vefor m  i n F ig.  4.  The  coe ff ic i ent  of s 0 i s  ca l le d t he ze ro- th
m om ent  m 0 and t he coe ff ic i ent  of s 1 i s  ca l le d t he fi rs t  m om ent 
m 1.  m 0 happe ns  t o be t he we ll - known El m ore del a y. Ta ylor 
expa ns i on of t he appr oxi ma t e wa vefor m  i n F ig.  4 i s  as 
follows.
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C ons equent l y, once  t he m om ent s  of (5)  ar e obt ai ned,  t he

del a y t pd and t he s l ope of t he wa vefor m  ca n be ca l cul at e d as 

follows using Padé approximation.
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In ca l cul at i ng t he cr os s ta l k noi s e,  t he m om ent  m at chi ng
appr oac h i s  not  ef fe ct i ve bec aus e  t he noi s e s hape  var i es  fr om
ca s e t o ca s e and t he as s um pt i on t hat  t he wa vefor m  i s  l i ke F ig. 
4 i s  not  val i d. F or noi s e ana l ys is ,  t her efor e,  di ffe re nt
approaches are taken from case to case.

4. Opposite Direction Drive

In t hi s s ec t ion,  t he m ode whe re adj a ce nt l i nes  ar e dri ven
fr om t he oppos i te  di re ct i on i s  handl e d. The  s i tua t ion i s 
depi c te d i n F ig.  5.  F or t hi s m ode,  ana l yti c al  expr es s i ons  t urn
out  t o be ver y com pl i ca te d i f t he equi va le nt  re s is t a nce of
dri ve r M OS FET R t  and t he equi va le nt  ca pac i ta nce  of re ce ive r
M OS FET C t  ar e t o be cons i de red,  t hat  i s , R T  and C T  ar e not 
equa l  t o ze ro.  The  ca s e of R T = CT = 0, howe ver,  gi ves  t he wor st 
ca s e s ce nar io i n t er ms  of t he noi s e am pl i t ude bec aus e  t he
ca pac i ta nce  coupl i ng ef fe ct  i s  m i ti ga te d i f R T  and C T  ar e
finite. Consequently, the RT=CT=0 case is treated here.

 The  boundar y condi t i ons  for  t hi s ca s e ar e as  fol l ows  (F i g.
5).
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Fig. 5 Adjacent lines are driven from the opposite direction (Rt=Ct=0).

Writing these conditions using (5) yields
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The  above l i near  equa t ions  ca n be s ol ved i n t er ms  of A,  B ,
C  and D.  The n A,  B , C  and D ar e s ubs t it ut ed bac k i n (5)  and
t he cl os e d-for m expr es s i ons  for  V1(x, s ) and V2(x, s ) ar e
obtained.

A. Crosstalk Noise
Al t hough t he der i ved expr es s i on for  V1(x, s ) i s  ver y

com pl i ca te d, t he pea k noi s e am pl i t ude, vp1,  ca n be ca l cul at e d
us i ng t he fol l owi ng i ni ti a l val ue  t heor em  of La pla ce 
t ra nsf orm . In orde r t o obt ai n t he cr os s ta l k noi s e on V1(x, s ),  E1

is set to 0 and E2 is set to E.
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The  re s ult a nt expr es s i on for  t he pea k noi s e am pl i t ude i s 
s i mpl e  as  fol l ows . The  for mul a s  ar e exa ct .  S peci a l ca s e
expr es s i ons  for  t wo-,  t hre e- and i nfi ni te -l i ne s ys t em s  ar e al s o
shown.
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If  t he coupl i ng ca pac i ta nce  C C i s  equa l  t o t he groundi ng
ca pac i ta nce  C , whi ch ca n happe ned i n dee p s ubm ic ron
des i gns , vp1/ E for  t wo-,  t hre e- and i nfi ni te -l i ne s ys t em s  ar e
0. 27, 0. 40 and 0. 38, re s pec ti ve ly.  Thi s  m ea ns  t hat  t he noi s e
i nduce d by t he coupl i ng woul d go up t o 40% of t he s i gnal 
s wi ng, whi ch m ay i n t urn ca us e m al funct i on and t i mi ng



probl e ms .  Thi s  s i tua t ion ca n be ver i fi ed by S PIC E [4] 
s i mul a ti on re s ult s  as  s ee n i n F ig.  6.  The  S PIC E s i mul a ti on i s 
carried out by using 10 sections of lumped RC blocks.
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B. Delay and Slope
Al t hough t he expr es s i ons  for  vol t age wa vefor m , V1(x, s )

and V2(x, s ) ar e al s o com pl i ca te d, t he m om ent s , m 0 and m 1 of
V1(0, s ) ca n be expr es s ed as  bel ow.  Onc e m 0 and m 1 ar e
obtained, the delay tpd and the slope are calculated using (6).
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The  wor st  ca s e i n t er ms  of del a y occ urs  whe n n= 2 and t he
adj a ce nt l i nes  ar e dri ve n i n out -pha se  fa s hion,  t hat  i t , E1= 1
and E2=-1. tpd in this worst case is expressed as follows.
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Typical delay simulation example is shown in Fig. 7.
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system).

5. Same Direction Drive

In t hi s s ec t ion,  t he m ode whe re adj a ce nt l i nes  ar e dri ve n
fr om t he s am e  di re ct i on i s  t re at ed.  The  s i tua t ion i s  depi c te d i n
F ig.  8.  F or t hi s ca s e,  t he equi va le nt  re s is t a nce of dri ve r
M OS FET R t  and t he equi va le nt  ca pac i ta nce  of re ce ive r
M OS FET C t  ca n be t ake n i nt o ac count  i n t he ana l ys is ,  t hat  i s ,
RT and CT can be finite.
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Fig. 8 Adjacent lines are driven from the same direction.

The  boundar y condi t i ons  for  t hi s ca s e ar e wr it t en as 
follows.
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A. Crosstalk Noise
In orde r t o obt ai n t he cr os s ta l k noi s e,  t he m om ent 

m at chi ng appr oac h i s  not  ef fe ct i ve and a s pec i al  ana l yti c al 
t re at m ent  l i ke bel ow i s  em pl oyed.  F or noi s e ca l cul at i on, E1 i s 
set to 0 and E2 is set to E.

If  we  def i ne u1= v1+ nv2 and u2= v1-v2,  u1 and u2 gi ve t he
following equations.
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The  boundar y condi t i ons  for  u1 and u2 ar e obt ai ned by
linearly combining (10) as follows.
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On the other hand, it is well-known that the equation
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has the following solution [5-7].
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Thi s  m ea ns  t hat  v(l , t)  ca n be appr oxi ma t ed wi t h a s i ngle 
expone nt ia l  func t ion.  σ1 i s  t he pol e wi t h m i nim um  abs ol ut e
val ue , and K1 i s  t he cor re spondi ng re s idue  and ca n be
approximated as follows.
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C ompa ri ng t he above  s ol ved s ys t em  and (11)  and (12) , we 
get  appr oxi ma t e for mul a s  for  u1 and u2.  v1 and v2 ar e obt ai ned
by a linear combination of u1 and u2 as follows.
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In t he above  expr es s i on, K1'  and σ1'  ar e expr es s ed as 
follows.
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The  pea k noi s e am pl i t ude ca n be der i ved by s ea rc hing for 

t he pea k val ue  i n (13) . Thi s  ca n be ac hi eve d by

di ffe re nti a ti ng (13)  and s ol ve ∂ v1/ ∂ t =0 i n t er ms  of t . If  we 

wr it e  t he s ol uti on t o t hi s equa t ion as  t p1,  t p1 ca n be expr es s ed

as follows.
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S ever al  s pec i al  ca s es  ar e di s cus s ed i n t he fol l owi ng
chapters.

A-1. Noise for the Case: RT,CT»1
In t hi s ca s e,  K1= K1' ≈-1,  σ1≈1/ (R T C T ) and σ1' ≈p/ (R T C T ) hol d.

The n, fr om (14) , vp1→ 0.  Thi s  ca s e cor re sponds  t o t he ol d
s i tua t ion whe re i nt erc onnec ti on ca pac i ta nce  and re s is t a nce
ar e not  l ar ge com pa red t o M OS FET re l at ed re s is t a nce and
ca pac i ta nce . F or t hi s ca s e,  as  a m at t er  of cour s e,  noi s e i s s ues 
ca n be negl e ct ed.  The  ca pac i ta nce  coupl i ng noi s e i s  ra t her a
new headache in VLSI designs.

A-2. Noise for the Case: RT,CT«1
In this case, K1=K1'≈-4/π and σ1=σ1'≈π2/4 hold.
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S peci a l ca s e expr es s i ons  for  t wo-,  t hre e- and i nfi ni t e-l i ne
systems are shown below.
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The  appr oxi ma t ion i s  val i d whe n C C/ C≤2.  If  t he coupl i ng
ca pac i ta nce  C C i s  equa l  t o t he groundi ng ca pac i ta nce  C  whi ch
ca n happe ned i n dee p s ubm ic ron des i gns , vp1/ E for  t wo-, 
t hre e- and i nfi ni t e-l i ne s ys t em s  ar e 0. 25, 0. 40 and 0. 33,
re s pec ti ve ly.  Thi s  m ea ns  t hat  t he noi s e i nduce d by t he
coupl i ng woul d go up t o 40% of t he s i gnal  s wi ng, whi ch i s 
t he s am e  s i tua t ion as  i n t he pre vi ous s ec t ion.  Thi s  s i tua t ion
can be verified by the SPICE simulation as seen in Fig. 9.
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Fi g. 9 SP I CE  sim ulat ion r esul ts f or the  c ase  w her e  a djac ent  line s a re 
driven from the same direction (three-line system).



F or t hi s ca s e,  t he t i me  whe n t he noi s e s hows  t he pea k t p1 i s 
approximated as follows.

t

RC

p p

p
p1

2

4

1
≈

−π
ln

A-3. Noise for the Case: CT«1
Thi s  i s  s i mi l ar  t o t he pre vi ous ca s e and t he noi s e am pl i t ude

is approximated as follows.
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A-4. Noise for the Case: RT»1
In this case,
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, where η'=CC/(C+Ct).

B. Delay and Slope
Al t hough t he expr es s i ons  for  vol t age wa vefor m  ar e

com pl i ca te d, t he m om ent s , m 0 and m 1 of V1(l , s)  ca n be
expr es s ed as  bel ow.  Onc e m 0 and m 1 ar e obt ai ned,  t he del a y
tpd and the slope are calculated using (6).
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The  wor st  ca s e i n t er ms  of del a y occ urs  whe n n= 2 and t he
adj a ce nt l i nes  ar e dri ve n i n out -pha se  fa s hion,  t hat  i t , E1= 1
and E2= -1. A s i mpl e  ca s e whe n C T = RT = 0, t pd i n t hi s wor st 
case is expressed as follows.
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Typi ca l  del a y s i mul a ti on exa m ple  i s  s hown i n F ig.  10.  It  i s 
s ee n fr om t he fi gure  t hat  t pd i n t hre e-l i ne s ys t em  var i es  fr om
0. 37RC  (i n-pha s e)  t o 2. 0RC  (out -pha s e)  depe ndi ng on t he
behavior of the adjacent lines. When E2=0, tpd is 0.98RC.
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Fi g. 10 D el ay sim ulat ion e xampl e f or the  sa me dir ec tion dr ive c ase  ( thr ee -
line system).

6. Comparison with Simulation

A. Crosstalk Noise
S PIC E s i mul a ti on i s  ca rr ie d out  t o dem ons t ra te  t he val i di t y

of t he noi s e pea k for mul a s  of (7)  and (14) . The  s i mul a ti on
re s ult s  ar e com pa red wi t h t he ca l cul at e d re s ult s  us i ng t he
ana l yti c al  for mul a s  i n F igs .  11,  12 and 13.  As  s ee n fr om t he
fi gure s , exc el l ent  agr ee me nt  i s  obs er ved bet we en t he
simulated and the calculated results.
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Fi g. 11 Si mula ted a nd c alc ula ted pe ak noise  a mplitude  using ( 7). A dja ce nt
lines are driven from the opposite direction.
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Fi g. 12 Si mula ted a nd c alc ula ted pe ak noise  a mplitude  using ( 14). A dja ce nt
lines are driven from the same direction.
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Fi g. 13 Si mula ted a nd c alc ula ted pe ak noise  a mplitude  using ( 14). A dja ce nt
lines are driven from the same direction.

B. Delay and Slope
The  s i mul a ti on re s ult s  for  del a y and s l ope ar e com pa red

wi t h t he ca l cul at e d re s ult s  us i ng t he ana l yti c al  for mul a s  (6) ,
(8)  and (16)  i n F ig.  14 t hrough F ig.  21.  As  s ee n fr om t he
fi gure s , good agr ee me nt  i s  obs er ved bet we en t he s i mul a te d
and the calculated results.
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Fi g. 14 Si mula ted a nd c alc ula ted de lay using ( 6) a nd ( 8). A dja ce nt line s a re 
driven from the opposite direction.
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Fi g. 15 Si mula ted a nd c alc ula ted de lay using ( 6) a nd ( 16). T he c ase  is f or
the same direction and in-phase drive.
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Fi g. 16 Si mula ted a nd c alc ula ted de lay using ( 6) a nd ( 16). T he c ase  is f or
the same direction and out-phase drive.
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Fi g. 17 Si mula ted a nd c alc ula ted de lay using ( 6) a nd ( 16). T he c ase  is f or
the same direction and E2=0 drive.
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Fi g. 18 Si mula ted a nd c alc ula te d slope  using ( 6) a nd ( 8). A dja ce nt line s a re 
driven from the opposite direction.
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Fi g. 19 Si mula ted a nd c alc ula ted slope  using ( 6) a nd ( 16). T he c ase  is f or
the same direction and in-phase drive.
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Fi g. 20 Si mula ted a nd c alc ula ted slope  using ( 6) a nd ( 16). T he c ase  is f or
the same direction and out-phase drive.
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Fi g. 21 Si mula ted a nd c alc ula ted slope  using ( 6) a nd ( 16). T he c ase  is f or
the same direction and E2=0 drive.

7. Approximation with Lumped Circuit

In ci r cui t  s i mul a ti on,  π-l a dder l um ped ci r cui t  i s  oft e n
adopt e d t o appr oxi ma t e t he di s tr i bute d R C l i nes . The  er ror i n
s i mul a ti ng del a y of t he di s tr i bute d R C l i ne by us i ng N- st e p
lumped ladder blocks (Fig. 22) is investigated.

The  re s ult s  ar e s hown i n TAB LE 1 t hrough TAB LE 6. 
Num ber s  i n t he t abl es  s i gni fy % er ror of t he del a y. The 
re fe renc e (e xac t del a y) i s  t ake n fr om t he s i mul a ti on re s ult s 
wi t h N= 10. C T  and R T  ar e s et  equa l  t o 0,  bec aus e  t hi s
condi t i on cor re sponds  t o t he wor st  ca s e i n t er ms  of er ror. 
Whe n C T  and R T  ar e fi ni t e,  t hey t end t o det e rm i ne t he t i mi ng
beha vi or of t he s ys t em  and t hey ar e l um ped ci r cui t  el e me nt s 
from first.
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Fi g. 22 ( a)  D istr ibute d RC  line s a nd ( b) a pproxim ati ng N -s tep π- ladde r 
circuit.

It  i s  s ee n fr om t hes e  t abl es  t hat  3-s t ep π-l a dder net wor k i s 
a good appr oxi ma t ion i n es t i m at i ng del a y wi t hi n 4% re l at i ve
error even in the worst cases.

TABLE 1  Delay % error with lumped circuit
(opposite direction, in-phase drive case)

n=1 n=2
η N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5

0.01 8.9 1.0 0.3 0.1 9.4 1.0 0.3 0.1
0.1 13.2 1.1 0.3 0.1 19.0 1.4 0.3 0.1
0.4 33.0 2.5 0.6 0.1 73.6 7.1 1.6 0.4
1 –
4

– – – – – – –
– – – – – – – –

– signi fie s tha t the  r ela tive  e rr or  c an not be  c alc ula ted be ca use the  e xac t
delay is zero but the absolute error is smaller than 0.001RC.

TABLE 2  Delay % error with lumped circuit
(opposite direction, out-phase drive case)

n=1 n=2
η N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5

0.01 8.3 1.4 0.8 0.1 7.0 0.5 -0.9 -0.9
0.1 5.5 1.0 0.4 0.4 4.5 1.6 0.9 0.3
0.4 2.1 1.7 0.6 0.2 3.7 1.7 0.6 0.0
1 1.0 1.9 0.8 0.2 4.9 1.8 0.7 0.2
4 2.4 3.0 1.3 0.4 5.0 1.2 0.4 0.1

TABLE 3  Delay % error with lumped circuit
(opposite direction, E2=0 drive case)

n=1 n=2
η N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5

0.01 8.3 0.9 0.1 0.0 8.3 0.9 0.1 0.0
0.1 8.4 0.9 0.3 0.1 7.9 0.8 0.2 0.0
0.4 6.0 0.7 0.1 0.0 5.5 0.6 0.2 0.0
1 0.5 0.1 -0.1 0.0 2.1 0.6 0.2 0.0
4 -15.6 -1.9 -0.3 0.0 -0.4 1.8 0.8 0.2

TABLE 4  Delay % error with lumped circuit
(same direction, in-phase drive case)

n=1 n=2
η N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5

0.01 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1
0.1 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1
0.4 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1
1 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1
4 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1

TABLE 5  Delay % error with lumped circuit
(same direction, out-phase drive case)

n=1 n=2
η N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5

0.01 8.6 1.6 0.0 0.0 8.8 1.7 1.3 0.0
0.1 8.2 0.5 0.2 -0.4 8.4 1.4 0.5 0.6
0.4 8.4 0.7 0.1 -0.2 5.0 0.2 -0.1 0.1
1 8.5 0.8 0.1 -0.1 1.9 -0.5 -0.3 -0.1
4 8.5 0.9 0.3 0.1 1.0 -0.6 -0.3 -0.1

TABLE 6  Delay % error with lumped circuit
(same direction, E2=0 drive case)

n=1 n=2
η N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5

0.01 8.6 1.1 0.3 0.2 8.6 1.0 0.3 0.2
0.1 8.6 1.0 0.3 0.1 8.6 1.0 0.2 0.1
0.4 9.4 1.3 0.4 0.0 10.1 1.6 0.6 0.1
1 11.6 2.6 1.0 0.3 14.2 3.3 1.2 0.3
4 20.3 8.1 4.0 1.3 29.1 7.7 3.0 0.8

8. Conclusion

S im pl e yet  us ef ul ana l yti c al  expr es s i ons  for  pea k noi s e
am pl i t ude, del a y and s l ope for  ca pac i ti ve ly coupl e d t wo-, 
three- and infinite-line systems.

The  ca l cul at e d re s ult s  us i ng t he der i ved for mul a s  of (7) ,
(14)  for  t he cr os s ta l k noi s e and (6) , (8) , (16)  for  t he del a y and
t he s l ope coi nc ide  exc el l ent l y wi t h S PIC E s i mul a ti on re s ult s . 
The  der i ved appr oxi ma t e expr es s i ons  l i ke (9) , (15)  and (17) 
ar e us ef ul i n es t i m at i ng t he cr os s ta l k noi s e and del a y i n t he
ea rl y s t age  of des i gns  and gi ve i ns ight  t o coupl i ng re l at ed
issues.

In dee p s ubm ic ron VLS I des i gns  whe re C C ca n be
com pa rabl e  t o C , t he cr os s ta l k i nduce d by t he coupl i ng goes 
up t o 40% of t he s i gnal  s wi ng and t he del a y fl uc tua t es  5
times depending on the behavior of the adjacent lines.

As  for  t he appr oxi ma t ion wi t h l um ped ci r cui t , 3-s t ep π-
l adde r net wor k i s  good appr oxi ma t ion wi t hi n 4% re l at i ve
error even in the worst cases.
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