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State-Space Analytical Modelling for On-Chip Coupling Effects
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Abstract — Increasing interconnect-densities and high clock rates give rise to cross-coupling effects between on-
chip interconnect wires — thus leading to significant delay and crosstalk noise problems that may affect signal
integrity. In this paper, state-space-based analytical modelling expressions to examine the effect of crosstalk

noise on circuit parameters are presented.
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1 Introduction

Crosstalk noise resulting from capacitive and
inductive  effects [1][[2] between adjacent
interconnect lines is becoming a major concern for
circuit performance and reliability. Crosstalk noise
is defined as the noise voltage on signal lines caused
by a change of state in neighbouring lines. The line
affecting its neighbour by its switching state is often
referred to as the aggressor line, while the affected
one as the victim line. Crosstalk noise can lead to
performance degradation and functional failure
depending on the state of the conduction wire and
its adjacent neighbours and equally importantly,
depending on the width, peak amplitude and
frequency of the generated parasitic noise [3].
Development toward Deep Sub-Micron (DSM)
technology requires that such consideration being
taken into account to accurately and efficiently
estimate interconnects crosstalk-induced noise and
delay.

On-chip interconnect wires were modelled as
lumped capacitance, then as lumped and distributed
RC lines [4][5], with Elmore delay model [6], which
only considers the first moment, was employed for
estimation of delays and related crosstalk effects. At
the DSM level, the average length of an
interconnect line being often resistive compared to
its driver resistance, and therefore requiring that the
inductive and distributed nature of on-chip
interconnect are properly modelled [7] Pillage [8]
extended the concept of two poles one zero transfer
function approximation by Horowitz and introduced

Asymptotic Waveform Evaluation (AWE) for RLC
networks. This technique is based on explicitly
matching the ‘2g-1° moments of the transfer
function using Padé approximation. However, AWE
technique, which has been mainly used for lumped
RLC interconnect networks, suffers from numerical
instability [9]. Recently, analytical and compact
expressions for crosstalk analysis of distributed
RLC line were presented in [10][11][12]. The
compact expression of a single and coupled
distribute RLC line presented in [10] is derived into
time-domain using the incidence wave of the
transmitted signal without explicitly solving the s-
domain expression of the line transfer function.
However, the analysis in [10] is based on a
distributed RLC line with arbitrary series
impedance, therefore misrepresentative of the
practical VLSI interconnect model. The above
works mainly focus on accurate modelling of noise
effects and may result in an excellent match
between models and Spice, but they lack insight
into the effect of coupling effects on circuit and
signal parameters (e.g. phase shift, operating
frequency). In this paper, a state-space based
analytical model to examine the effect of worst-case
crosstalk noise on circuit parameters is presented.
This paper is organised as follows: Section 2
introduces the single-line analytical expressions,
and the distributed-coupled RLC transmission line
model, including the worst-case crosstalk noise
expression. Simulation results are presented in
Section 3. Conclusions are given in Section 4.
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2 Mathematical Modelling

A distributed RLC interconnect of length d, with
driver resistance and load capacitance is depicted in
Fig.1.

Fig.1. Distributed RLC transmission Line

From Fig.1:
v(x,t)=rAxl(x, t)+leal(x t) +Vv(x+Ax,t)(1)
Re-writing (1):
év(x,t) i x t)+181(xt) 2
ot Ax—0

Applying Kirchhoff’s current law:
i(x,t)=i(x+ Ax,t)+ Ai 3)
i(xt)=i(x+Au,t) + e 2EHASD ;AX’” )
with
Oi( x,t 6 t

i(x,t) _ ov(x, )| )

o o g

Manipulating (2) and (5), and taking Laplace
Transform:

82v(x s)

—r s2le( 1+ / W(x,s) (6)
Filxs) _ 2y (1+ / )i(x,s) 7
ox?
The solution of (6) and (7) are given by:
v(x,s):vle_ﬂ‘x +vzeix (8)
and
i(x,5)=1i,e ™ +ie™ )

Where A = svlc 1+L
sl

By manipulating and applying the boundary
conditions to (8) and (9), the fourth-order transfer
function is given as follows:

v(xzd,s):H(S): 1 (10)

v;(s) b,s* +bys’ +bys? +bys+1
where the b;’s coefficients are as in [3].
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From (10),
Vo(x,s) _ S74
Vi(x,s) b, +bys™ +b,s +b,s +s

_ 1 b/ . b,/ 2
E(x,5)=V.(x,5) b, [1+ b4S + As

b _ _
+ %’S 3+%4s 4)E(x,s) (12)

Y(x,s)z/ E(x,s)
b4 Y(x,5)=Vy(x.s)

where E is a convenient variable to link the two
equations.

— (1

(13)

Equations (6) and (7) lead to four state variables
x,(t), x,(t), x;(t) and x,(t) as follows:

xX)(t)=x,(1) (14a)
Xy(t)=x5(t) (14b)
x3(t)=x,(t) (14c)

xy(t)= —K . )xI + (% M
RO CT

Y(t)=-Lx,t) (15)
b,

From (14) and (15), the state-space (SS)

representation of the distributed RLC line is as

follows:

x(t)= Ax+ Bx (16)
Y(t)=Cx+ Dx (17)
Such that:

0 1 0 0 Tx,7 ToTx
, 0 0 i 0 x: 0 x: (18a)
x(1)= 0 0 1w o],

_ ~b,/ -b,/ ~—b

/ 2b4 %, X4 1] x,

Xy

y(t):[%4 00 o] xj

Xy

(18b)

For a typical interconnect of length 2um, with the
following parameters: per-length mutual inductance,
resistance and capacitance are 0.246pf, 0.0015.02
and 0.000176pf; the source resistance and load
capacitance are 100 2and 0.01 pf, respectively:
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0 -35x10" With
4| 0 s%i (x,5)=csV, (x,s)—c,s°(V,(x,5)=V,(x,5) (25)
R
s s?i,(x,5)=cs’V,(x,5)—c, s’ (V,(x,5)-V, (x,5) (26)
ol; c=| 0 0 34x10"] By manipulating (23), (24), (25) and (26), the
B= 0 expression for voltage at which the worst-case
0 crosstalk occurs is given as follows:
L 5
With o (Zx,t) = ([a(l—lm)—ﬁcm]sz —r(c+2¢, )s)vf(x,s) (27)
—97 0 0 0 Ox a=cremif-l-ly
0 —0.064+ 124 0 0 2+
Atdiag) = 10" x ‘ o v (x,t
(diag ) 0 —0.064—j1.24 0 # = (7/CS2 + rcs)v_'—(xls) (28)
0 0 0 —0.22 ox’
y=l+ly

where v'(x,s) is the voltage when both lines are

In LT representation: A N
P switching in opposite directions. 1, ¢, and r are the

Y(s)=H(s )vi|H(s )=C(si-4)"'B+D (19) self-inductance, self-capacitance, self-resistance per
For a ramp input: unit length of the line, respectively. 1, and ¢, are
m . the mutual inductance and capacitance per unit
Y(s)=K[](s-z)/s[](s-pi) (20) length, respectively, between the victim line and the
. i=1 i=1 aggressor line.
with As (27) and (28) are analogous to (6), their
y(t)= ! {y( s )} (21) respective SS representation are as follows:
where z an p represent the zeros and poles of the S§S7(d,s)=SS (d Sy cop ),S leef=l+lm:ceﬁ‘(=c)
output function; m, n > 0.
The response 0 it ramp input SS7(d.s)=88ld = (L. )|, ., 30,
Yn(t)= % [v(t) =yt =Ty luct) (22) For the typical interconnect in Section 2:
R o 0 . . —2.4x10"
where Ty is the ramp rise time. 0 0
P
0 .. .. 0
2.1 Coupled RLC Line 0 0 0
A coupled RLC line is shown in Fig.2. ;
ip | RLCLne a0 = o 0 24x10%]
- Vv* G 0
Cn T lm 0
R iAI i : 3 With
o * ‘ RLC Line e -8.142 0 0 0
Vin == V4 L .
.\ " 0 -0.062+ 114 0 0
Agiag =107 % .
0 0 ~0.062-j1.14 0
Fig.2 Coupled RLC lines. 0 0 0 -0.23
The voltage equations for the aggressor and victim 0 -3.9x10%
lines can be achieved by amending (6) to include 4|0 0
the capacitive and inductive effect components, as 0 .. . 0
follows: 0 0 . 0
62
M:szlc(1+%S)va(x,s)—lmszia(x,s) (23) 1
o s _|0[c =l 0 0 39x107]
avéij’s)=Szlc(1+%)vv(x,s)—lmsziv(x,s) (24) z
where the subscripts ‘@’ and ‘v’ indicate the With

aggressor and victim lines, respectively.
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-1.2 0 0 0
. | 0 —00054+j1.28 0 0
Age = 10" x ,
0 0 ~0.0054-j1.28 0
0 0 0 -0.02
The postscripts ‘-° and ‘+’ indicate common and
differential modes, respectively.
Using (29) and (30),
SS*(d, s )— )y ot ) 31)
and
SS™(d, s)%y (d,t) (32)

3 Simulation Results

The state-space model was verified by simulating a
single and coupled distributed RLC interconnect
lines with source and load impedances, and the
results of the model was then compared with those
obtained from [13].

Fig.3 shows the phase shift in the nominal function
for the differential mode —thus corresponding to the
worst-case crosstalk. Almost a negligible phase shift
occurs at low frequencies, but a gradual increase in
the phase shift can be observed at relatively higher
frequencies. The phase shift varies between 20%
and 33% as the frequency fluctuates between 90 and
100 Hz. To counterbalance the above fluctuations in
the phase — i.e. maintaining a constant phase shift -
the frequency has to drop by approximately 11%
and 17.5%, respectively.

x 107
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Fig.3 (a) crosstalk noise, (b) phase shift.

4 Conclusion

A state-space based model, which considers the
distributed nature of an RLC interconnect, for
investigation of crosstalk effects on circuit
parameters was presented. The model can also
provide useful information to estimate time-delay,
and can easily be adapted to various applications
such as interconnect optimisation for noise
minimization.
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