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0. INTRODUCTION

The impact of interconnects on circuit performance in both the analog and
digital domains is ever increasing. No longer can interconnects be treated as mere
delays or lumped RC networks. Crosstalk, ringing and reflection are just some of
the issues that need to be understood then circumvented or utilized.

The most common simulation model for interconnects is the distributed
RLCG model. Unfortunately, this model has many limitations which can lead to
inaccurate simulations if not used correctly. This report uses the FDTD method to
investigate crosstalk between transmission lines. The actual electromagnetic waves
that propagate along striplines are computed allowing a direct, physical simulation
of the coupling between striplines.

The results are compared to theoretical and HSPICE computations. While all
three computations agree qualitatively, the magnitudes of the crosstalk signals are
quite different. The HSPICE computation is incorrect because the calculated cou-
pling parameters are too large. The FDTD results, on the other hand, are within
25% of theory and can be further improved by using finer discretizations.

The FDTD method produces useful and accurate results in the simple prob-
lem of analyzing crosstalk between parallel coplanar transmission lines. However,
its distinguishing characteristic is its ability to simulate 3-D interconnect structures
or structures exhibiting the skin effect. Since the FDTD method can be parallelized
easily, this method is likely to be used to analyze ever more complex interconnects
on massively parallel computers.

1. THE FDTD METHOD
1.1 Maxwell’'s equations

The FDTD method solves the time-dependent Maxwell’'s equations in one,
two or three-dimensional source-free space. The essential equations are the curl
equations
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0B
OXE = — (1.1.1)
_ oD
OxH = 25+ (1.1.2)

whereB = [u]H, D = [¢]E andJ = [o]E.In this work, [u],[€] and[o]

are assumed diagonal which imply that this version of the FDTD method can only
handle linear media. In rectangular coordinates, these curl equations can be written
out component-wise as
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The FDTD method solves these curl equations explicitly at each time step.
Maxwell’s divergence equations in source-free media, on the other hand, are implic-
itly obeyed by the formulation of the Yee cell (see section 1.2). It can be shown that
the time derivative of the electric flux emanating from a cell in the FDTD space is
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zero, which means that if we begin with zero flux, Gauss’ law in source-free media,
[JeD = 0, is satisfied for all time [1]. In the same way, the magnetic divergence
law, (JeB = 0, is also satisfied.

1.2 Discretization in space and time

The 3-D FDTD simulation space is made up of cuboidal elements of sides
Ax, Ay andAz known as Yee cells. The six field componentsEf E,, Hy, Hy
and H, are defined in each cell as shown in Fig. 1. Note that the field components
are not all located giAx, jAy, kAz)  but laid out in interleaved E-field and H-field
grids. Each E-field component is encircled by 4 H-field components and vice-versa
making the implementation of the curl equations obvious.

The common notation used to describe these fields is, for example

ENi, j.k] = EX[E +%§Ax, iAy, kAz} (1.2.1)

t = nAt

wherex denotes the x-componentsignificies that this is the value at the time-step
n, whereas [i,},k] indexes the Yee cell which contains this particular field. Refering
to Fig. 1, we see thatfj k] is actually located a{a + %%Ax iy, kAz}

It is important to remember that the fields are only defined at points on a grid,
not throughout the entire cell. Intervening values have to be interpolated. The con-
situtive parameterg, and , and the conductiaty, , can be specified indepen-
dently for each field component, allowing the simulation of linear anisotropic
media. At material boundaries, the weighted average of these material parameters
should be used. Each point can be considered to belong to 8 cuboids as shown in
Fig. 2. Thus the parameter value should be g4

2§ (1.2.2)

—i=1
‘=T

whereg; is the parameter for the surrounding cubdidr curved surfaces, the
incorporation of a fuzziness factor in these parameters can lend smoothness to the
otherwise staircase-like construction of objects out of Yee cells.
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Fig. 1: The Yee Cell.
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Fig. 2: Each point in the grid belongs to 8 cuboids.
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Since the fields are only defined at points and each field component is speci-
fied at a different point, the shape of the structure is different for different field com-
ponents. For example, in a 2-D mesh, a square defineq fsskghtly displaced
from that defined for £ Usually this poses no problems if we specify the material
parametersg |1 ¢ ) for all the field points enclosed by the object. In Fig. 3, this
requires specifying material parameters at fouloEations and one,Hocation if
we wish to define the Iowerl right sqgare.

Fig. 3: Squares defined for k and E, are displaced.

To obtain explicit update equations for the fields, we need to formulate the
finite-difference approximations to the derivatives. For example, the 2nd-order
accurate central difference approximation Qfitime is

+1/2.. . -1/2.. .
a X 1]1 -

2
~ +0O(At)  (1.2.3)

whereas the the approximations in space of the corresponding curl are

ng. . n.. .

o n. . Eglijk+1]-EJi,j K] >
ng. . n.. .

o _n. . . _ Egll+LKI=E,[I K] 2

Note that all three equations approximate the derivatives at time t = n and position
. ., 1 1 . .
[le, i+ éEAy, &+ i%ﬁz} . If we plug these equations into
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aHX 1 @E 0E D

o i o @26

we can obtain an explicit update equatlonfft;{ i, j,K] using previous E-
field and H-field components:

OEgLL J.k + 1 =Byl .kl O

Hn+1/2[i iK] = At% Az %+Hn 1/2[I K]
X B EDLL j + 1, K -Ej[i, }.k]E
- Ay U (1.2.7)

Similar update equations can be obtained for the electric fields.

1.3 Leapfrog time-stepping

As shown in the preV|ous section, H-fields are updated:a@w 1%& using
the previous H-field at = BH and E-fieldstat nat . E- flelds on the
other hand, are updatedat (n + 1)At using the previous E-field aint and

H-fields att = E’l+ %Sﬁt .

Fig. 4: Timeline showing when E and H fields are updated.

To remain numerically stable, the time-step must obey the Courant Stability

Condition

At< L | (1.3.1)

c J 1,1 1
(a0 (ay)? (82)°
To obtain good spatial resolution, the cell size should be less than a twentieth of the
shortest wavelength A

Az ——. (1.3.2)
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1.4 Boundary Conditions

The simulation space must be terminated by boundary conditions pertinent to
the problem because the central-difference equations for the E-fields cannot be
applied at the boundary since the curl equation requires H-field values outside the
boundary as shown in Fig. 5. H-fields at the boundary, however, are normal to the
boundary so the curl is well-defined in terms of the tangential E-fields that exist
right at the boundary.

outside E,
’ H
/ Hy /{ z
A _* —_

inside

Fig. 5: Fields at the boundary of the simulation mesh.

The three common boundary conditions are the perfect electric conductor
(PEC), perfect magnetic conductor (PMC) and the absorbing boundary condition
(ABC). The PEC simply forces the tangential E-fields to zero, creating a perfectly
reflecting wall (short circuit) for electric fields. The PMC forces the tangential H-
fields to zero at the boundary. Since the tangential fielgsafld located half a cell
into the simulation space as shown in Fig. 5, the fields right at the boundary are set
to zero by conceptually placing H-fields of the same magnitude but of opposite sign
half a cell outside the simulation space, forcing the interpolated value at the bound-
ary to zero. The curl is now well-defined in terms of this conceptual H-field and the
H-fields inside the simulation space. This boundary condition forces even symmetry
about the PMC wall.

The third boundary condition attempts to simulate the situation of being in
free space. Waves impinging on the boundaries are absorbed, much as if they sim-
ply kept on propagating without being reflected. The 1-D one-way wave equation
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OE 10E
37 ot s =0 (1.4.1)

will completely absorb a wave of the foig(x,y)f(z+vt)traveling in the negative z
direction. However, physical or numerical dispersion will causevary with fre-
guency resulting in some reflection. Non-TEM modes, which have velocity of prop-
agation less thaw will not be well-absorbed either. Fortunately, the homogeneous
stripline supports pure TEM waves which are well-absorb by this boundary condi-
tion.lMur implemented this boundary condition, evaluatedzaﬁm + %D t and

z= éAz, as shown below

n+1.. . n.. . n+1.. . n,. .
E, [hy 1 +ENL A By LD 0T+ By L O

2 2
Az
n+1.. . n+1.. . n,. . n,. .
ey ML, 1+ By T j, 01 ELHL g, 1]+ [ §, 0]0
0 — O
_10 2 2 0= o
cU At O '
O O
O O

(1.4.2)
Since not all waves are incident normally on the boundaries, it is necessary to
formulate 3-D one-way wave equations that will absorb oblique-incidence waves.
By factoring the 3-D wave equation

2
> > 9 2E =0 (1.4.3)
ax~ 3y 0 at

and taking the second order Taylor expansion to a square root term, we obtain the
2nd order 3-D one-way wave equation [1]

2 2 2
0E,0E,0E 1
2 2

Z C

2 2 2 2
0E _10E, c0E, cOE

0z0t Cdtz 20x2 26y2

= 0. (1.4.4)
z=0

This boundary condition works quite well as shown in Fig. 8, the example of a
source in the center creating ripples propagating outwards to infinity. No interfer-
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ence due to reflected waves is observed. Unfortunately, this boundary condition
fails when used to terminate a stripline. As shown in Fig. 6, this ABC can only be
used in the shaded region. If the ABC is used throughout the entire cross-section, it
will generate longitudinal E-fields creating non-TEM modes and causing reflections
of up to 80%.

2nd order ABC's

] work only in the

shaded region

Fig. 6: Region where 2nd order boundary conditions can be used.

We investigated possible causes for this behavior but the evidence does not
support any of the possibilities. The impact of evanescent modes is ruled out
because extending the simulated line length, and thus allowing the modes to die out,
does not reduce the reflected wave. Numerical dispersion is not a factor either since
using fourth-order central differencing, which reduces numerical dispersion by two
orders of magnitude, produces no improvements. Neither does using a mesh 4 times
denser along the x and y directions.

When Eq. 1.4.5 is truncated to

0E ;azE

ot ca2| O

_ 1.4.5
it becomes equivalent to the first order equjation. This truncated bound(ary co)ndition
works, which implies that the sum of the second derivatives,
gaL;E+gaiyj, (1.4.6)
should vanish but does not in the region just outside the strip (unshaded in Fig. 6).

1.5 Sources

Three types of sources are commonly used to excite fields in the simulation
space: the wire source, the sheet source and the lumped circuit element source.
Lumped elements are described in the next section.

The wire source, shown in Fig. 7, defines the E-field along a line in the simu-

10 of 28



FDTD Analysis of Crosstalk Between Striplines

lation mesh. Since the value of the field at the source is a fixed function of time,
independent of its surroundings and reflections, it is a hard source and behaves like
a PEC to incident waves. However, the reflections off a thin line are negligible. Fig.
8 shows the fields in the y-z plane emanating from the wire source of Fig. 7. Wire
sources are used to simulate electric probe sources in waveguides.

X g
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045005 0.

XS R R SN
0,.00% 005005070700 g8
7:%4) o,o‘o'o‘o.o.o.o’o":‘s“‘ﬁ“\

LR S

Fig. 8: E, fields in the y-z plane.

However, sheet sources are more commonly used to excite waveguides
because the resulting field pattern settles more quickly to the dominant propagating
mode, thus reducing the required simulation space. The fields exciting a stripline
are shown in Fig. 9. The stripline is fed antisymmetrically above and below the
strip.
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~

Sou rceJ ~

Fig. 9: Sheet source.

In this report, the fields in the source have uniform magnitude. If we desire to
establish the dominant mode quickly, we can solve Poisson’s equaion, 0 , on
the cross-section then pattern the source fields according to the computed field pat-
tern. This, however, requires two simulation runs.

Since we are also fixing the field values, disregarding the surroundings, we
need to be aware of reflections. We try to keep the source on as long as possible to
allow the excitation, if it is of finite duration, to be generated smoothly. Abrupt ter-
minations generate undesirable higher-order modes. Just before the wave reflected
off the far end returns to the source, we turn on ABC'’s at the source to absorb the
reflections.

A more realistic way to excite transmission lines is to use voltage sources,
described in the next section.

1.6 Lumped circuit elements

We can modify the curl equations to include the effect of lumped circuit ele-
ments

OxH = 3043043 (1.6.1)

For a y-directed element in free space

I
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where | can be programmed arbitrarily to simulate resistors, capacitors, voltage
sources, inductors, diodes and BJT's.

\\IL eVS%
\Y

Fig. 10: Resistive voltage source.

For example, a resistive voltage source (Fig. 10) obeys Ohm’s Law

L= . (1.6.3)
Rs
In finite-difference form, the equation becomes
n+1 n n+1/2
I = gEEy i EVE—VS (1.6.4)
RSD 2 0 Rs
A capacitor would obey the equation
_ CAy n+1 _ny (1.6.5)
"= By Ey)

In this crosstalk analysis, these lumped circuit elements are used to excite and
terminate the striplines. For better uniformity, the strip is excited by antisymmetric
banks of sources above and below the strip. The resistive loads are also placed
above and below the strips although only one of each is used (Fig. 11).
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338
ol

Fig. 11: Lumped element excitation and termination of a stripline.

1.7 Parameter Extraction

We would now like to extract useful circuit parameters from the fields. Fig.
12 shows the dimensions of the cross-section. We excited the stripline using a sheet
source producing a Gaussian puleep[ g 122?5?} . The bandwidth (between 5%
points) is 22 GHz [2]. We turned on the source forAt50 , enough time for the pulse
to be generated completely but not enough for the reflected pulse to arrive back at
the source. We terminated the strip with 1st order ABC’s which give reflections of

less than 0.5%.
| 2ny / Y
64x E— 1Ay pEC ‘
& =1 5AX T

Fig: 12: Dimensions of the stripline being analyzed.
Ax = Ay = Az =1mm, At =1.925ps, line length = 100z

X

The voltage as a function of time at a given position along z is
V(1) =d[Ey(t) [dy (1.7.1)

where the integral is from the ground plane to the strip whereas the current is given
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H (t) cdl (1.7.2)

1(t) =

where the integral is a loop around the strip as shown in Fig. 13. Figs. 14 and 15
show the voltage and current waveforms measuredZst 50

Current
r—— - - — |
|
L e — e = .
oltage

Fig. 13: Integration paths for voltage and current.
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Fig. 14: V(t) at 50Az .
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‘curr2 dal’ e—
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Fig. 15: I(t) at 50 Az .

We obtain frequency domain information by performing the DFT on the
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time-varying waveforms at various frequencies up to 22 GHz (the pulse bandwidth).
The FFT is less suitable because the time step is so small that the resultant fre-

guency range is too wide. The line impedance is defined as

Z, = DET[V(Y)] . (1.7.3)

DFT[I(t)]

For frequencies up to 22 GHz, the FDTD simulation gives a constant value of
45.7%. Table 1 shows line impedances extracted using other methods. This shows
that the FDTD method is fairly accurate, and accuracy can be improved by simply
increasing the density of the mesh at the expense of simulation time as shown by
Becker [3]. Table 2 shows the Gaussian pulse guided by the stripline. The fields are
slightly higher near the edges of the strip.

Table 1: Line Impedance Of Stripline

Method Line Impedance))
FDTD (this report) 45.7
Becker (1x density) 45.7
Becker (2x density) 47.4
Becker (4x density) 48.0
MagiCAD 48.9
XFX 48.8
HSPICE 48.3
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Table 2: E in the x-z plane

t = 100At t = 200At t = 30t

2. CROSSTALK BETWEEN
TRANSMISSION LINES

2.1 Introduction

In a system consisting of two parallel striplines, shown schematically in Fig.
16, a signal propagating down one line (the active line) will generate a signal on the
adjacent line (the passive line). This is a significant source of noise in digital circuits
and is increasingly severe as signal rise times continue to decrease and routing den-

sities increase.
Far end

Active line

Passive line

Near end

tr
Input step

Fig. 16: Schematic drawing of two transmission lines in parallel.
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The most common circuit model of this lossless coupled system is the distrib-
uted LC circuit shown in Fig. 17.

Fig. 17: Distributed LC circuit model of two coupled transmission lines.

Csis the self-capacitance with respect to the ground plane wheygisstia:
mutual capacitance dis the self-inductance of the line whereggik the coupling
inductance between the two lines. All these parameters are per unit length.

2.2 Theoretical Derivation of Crosstalk Between Loosely
Coupled Lossless Transmission Lines

In a system of two identical parallel transmission lines, the Telegrapher’s
Equations can be modified to become [4]

o, v, _ v,

~. = C5t —Co: (2.2.1)
] v, oV
2 _ ~ 1 o 2
~- = Cpz *Cx (2.2.2)
oV al ]
1_ 1 2
5% - |_a +me (2.2.3)
oV al, dl
2 12 (2.2.4)

" OX mat ot
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C is thetotal capacitance per unit length of the line. This is thget€m -- the
sum of the self-capacitance and the mutual capacitances -- in the capacitance matrix
generated by field solvers.

Assume loose coupling, then take the Laplace transform to obtain

ol 4
3% - sCV; (2.2.5)
al,
i sCV,-sC V4 (2.2.6)
AC Ty 2.2.7
i sLI4 (2.2.7)
v,
~3% = sLI,+sLl;. (2.2.8)
We can combine the equations to give
2
oV 2
1 S _
oV 2 2
2 S S
_f_2 V., = 2y(k- 2.2.1
5% V2v2 sz(k 1)V, ( 0)

C C
wherey:%" ’k:?M[LL and/ = ——

The first equation Shows thaf/tg% approximations completely decouple the
active line signal from the passive line. Thus the signal on the active line propagates
freely, as if in isolation. The passive line, described by the second equation, how-
ever, is driven by the active signal. The solution for the passive line when termi-
nated by its characteristic impedance is

JXO  _Rl=X X0

— S _S o
V(k+1)| B Uv O v(k=1)x W51
— e e Y= |:‘lEFsV)e (2.2.11)

Vo, =y

At the near end (x = 0), the solution simplifies to
2l

_S e
V(k+1 Cv O
V, =y (4 ) 1-e . (2.2.12)
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The first term describes a scaled replica of the input whereas the second term
describes the wave of opposite sign which cancels the initial wave after a delay of

2l At the far end (x = I),
\'
0o

V, = _yw%%sv)e A (2.2.13)

which predicts that, after a delay éf , the scaled derivative of the input waveform
will appear. These results are shown graphically in Table 3 along with results for
other passive line terminations [5].

From tf&e derivations, it is clear that the noise signals depend on the coupling
strengthy = %" which is 13.8 x 10[6] for the stripline dlmenS|ons shown in
Fig. 12 and separated by a distan&g&.5Another parametek, = e q_— , Charac-
terizes the homogeneity of the transmission line. For the homogeneous stripline, k =
1. Other important parameters are wave propagation speed (assuming TEM mode),
v, rise timef,, and coupling length, In the following simulationsy = 3 x 1¢ ms?,
t. = 100 ps/ = 60 mm and/v = 200 ps. Using these values, the predicted wave-
forms are shown in the second column of Table 3. Note that since k = 1, the far end

crosstalk signals are somewhat simplified since the (k-1) terms go to zero.
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Table 3: Crosstalk between striplines (theoretical)

Passive L
: Crosstalk between striplines | Computed Waveform Based on
Line . :
o (theoretical) MagiCAD Parameters
Termination
Case #1
A vkt 1)/4 near end y 6.9 my
T T } > T T } >
t, 2liv 2l +t, 100 400 500
y(k-1)l/2vt, 1
far end ]
I I+t ! 200 300 .
Case #2
T kD)2 near end * 13.8mv
v 2l/v +t, 500 /
2w\ av/av+t” loo 400\  80o/900
13.8 my
y(kr1)2
Case #3
I+t 3V 3+, 4 200300 600 700
—Y(k-1)l/2vt, i . 69mv S
“y(k+1)/4
~y(k+1)/4 -y(k-1)l/2vt,
far end

2.3 HSPICE Simulations

The HSPICE simulations used U-model striplines described by ELEV=1
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(physical) parameters such as width, thickness, height and spacing. Since the ele-
ment parameters (capacitance and inductance) are computed from analytic curve-fit
equations, the parameters have limited ranges of validity. In this report, all the ratios
of dimensions, width to thickness ratio for example, fall within the recommended
ranges [7]. Thus, the errors in coupled line simulations are expected to be less than
15%. However, we found the errors to be much larger.

The gear integration method was used instead of the default trapezoidal
method because it gives less dispersion and ringing when applied to a test simula-
tion of a square pulse propagating down a single 100 cm distortionless stripline. 400
LC elements (lumps) were required to obtain good accuracy, many more than the
default of 20 lumps. Fig. 18 shows the effect of the number of lumps and the meth-
ods of integration on the shape of the output pulse. We see that although the input
pulse is the same for all three cases, the output pulses are quite different. Only the
case with gear integration and 400 lumps exhibits no distortion whereas the other
two cases show ringing and even undershoot. The results shown were obtained
using HSPICE release 95.2 [8]. The latest 96.1 release improves the trapezoidal
integration algorithm, reducing much of the ringing.

The resultant waveforms in the crosstalk simulations, using gear integration
and 50 lumps, are shown in Table 4. The stripline cross-section is as described in
Section 2.2 and shown in Fig. 12. The lines are each 60 mm long. We see that the
waveforms have the expected shape and timing. However, the magnitude of the sig-
nals are about 150% larger than predicted by theory. A reason for this is the discrep-
ancy in coupling parameters between those computed by MagiCAD and those used
by HSPICE. Table 5 compares those critical parameters.
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\ % SINGLE STRIPLINE
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Fig. 18: Square pulse propagating down a distortionless stripline.
Rise time = 100 ps, Line length = 100 cm, Step size =1 ps

Table 4: HSPICE and FDTD computation of crosstalk

Passive Line

- HSPICE computation FDTD computation
Termination

Case #1

x 107° o210 2
e near end of near end
6-
10
4}
s} ot
far end 0
0 A4
2

0 100 200 300 400 500 600 700 800 900 1000 | O 100 200 300 400 500 600 700 800 900 1000
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Table 4. HSPICE and FDTD computation of crosstalk

PaSS|_ve I__|ne HSPICE computation FDTD computation
Termination
Case #2

oosf near end o_;,s_

v :: o near end

Case #3 _ ._

’ /\ /\A/\/\A/\ )

WAAOA

o} o far end

Table 5: Distributed LC circuit parameters
Parameter MagiCAD HSPICE % difference

Total capacitance (pF/m) 67.8 69.1 +2.0
Coupling capacitance (pF/m) 0.933 2.42 +159
Self inductance (nH/m) 162 161 -0.6
Mutual inductance (nH/m) 2.20 5.63 +156
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2.4 FDTD Simulations

The FDTD simulations used exactly the same stripline dimensions described
in Section 2.3 for the HSPICE simulations. The simulated waveforms are shown
alongside the HSPICE waveforms in Table 4. Once again, the crosstalk signals
agree qualitatively with theory but are a little larger in magnitude (about 25%
larger).

By quadrupling the mesh density in every dimension, we can obtain more
accurate results as shown in Fig. 19. We see here that the crosstalk magnitude is
very close to that predicted by theory (within 2%) . However, the simulation takes at
least 256 times longer to run because the step sizes in all 4 dimensions, including
time, are reduced by a factor of 4.

.3

x 10

near end

far end

-1}

-2

0 1(.)0 2(;0 3(I)0 MI)O 5(;0 6(.)0 7(I)0 860 9(.)0 1000
Fig. 19: Case #1 crosstalk waveforms simulated using a quadruple density
FDTD mesh and a raised cosine excitation.

The waveforms are also very noisy because of the abruptness of the piece-
wise linear step input. A raised cosine input will reduce the amount of noise. Fig. 19
also shows the effect of using a raised cosine excitation. However, the rise time of a
raised cosine function is not well defined and thus results cannot be directly com-
pared to theoretical computations.

The crosstalk signals are delayed by about 20 ps due to wave retardation

25 of 28



FDTD Analysis of Crosstalk Between Striplines

(waves require a finite amount of time to traverse the spacing between lines). This
effect is not captured by the HSPICE simulations. Also, a far end crosstalk signal is
observed even when the passive line is terminated by its charateristic impedance
(Case #1). This is due to an additional fringe capacitance (Fig. 20) of about 16fF at
the near end that disrupts homogeneity and generates separate capacitive and induc-
tive waveforms that do not cancel out at the far end.

Extra
Capacitance I

Fig. 20: Extra fringing capacitance at the near end.

2.5 Observations

Table 6: Comparison between HSPICE and FDTD

HSPICE FDTD

Good agreement of waveform shapeGood agreement of waveform shape
and timing with theory. and timing with theory.

Poor agreement in magnitude of | Reasonable agreement in magnitude of
crosstalk (150% larger than theory)| crosstalk (25% larger than theory).
due to incorrect coupling parametersAccuracy improves with mesh refine-
ment (within 2% with quadruple den-
sity mesh).

Can filter input step to prevent unregDifficult to filter input therefore outpulf
istic ringing. IS noisy. But can use raised cosine.

2.3 user secs on HP 9000/700 usingl? user secs on HP 9000/700 using sin-
50 lumps. gle density mesh. 74 min 52 secs using
guadruple density mesh.
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Table 6: Comparison between HSPICE and FDTD

HSPICE FDTD

Easy to set up, modify and inspect | Difficult to set up, modify grid or
results. Commercial GUI. parameters, and inspect results. Cus
tom C program. XFDTD by Remcom
Inc. is a possibly viable commercial

product.
No retardation (delay) effect. Crosstalk is retarded (delayed).
No effect of fringing. Fringing capacitance at the near end

causes a pulse at the far end.

Does not model modal dispersion | No difficulty with higher-order modes,
correctly (RLCG model cannot hant except that the definition of voltage and

dle non-TEM modes). current becomes ambiguous.

Two-dimensional (uniform) struc- | Three-dimensional structures. Can han-

tures. dle vias, fan out and other discontinui-
ties.

All parasitics have to be included | Models reality.
explicitly.

Can only handle regular systems witican model any system, even condug
ratios of dimensions within the tors of irregular geometry.
allowed range.

Cannot simulate frequency-depen-| Can simulate frequency dependent
dent effects (including skin effect). | effects such as skin effect and complex
dielectric loss.

3. CONCLUSIONS

For most users, HSPICE modeling of crosstalk is fast and adequate (once the
coupling parameters are corrected), except when frequency-dependent effects are
important, coupling is weak or conductors are irregular or 3-D in nature. The FDTD
method distinguishes itself when lumped circuits and distributed circuits are inade-
guate. The challenge is to determine when the extra information provided by the
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FDTD method is worth the added complexity and computation cost.

User’s of both the FDTD method and HSPICE need to always be aware of the
limitations of the simulators especially concerning discretization. Finer meshes or
smaller lumps usually improve accuracy at the expense of computation time. How-
ever, HSPICE can suffer convergence problems if too many lumps are used.

The FDTD domain is easily partitioned, making it ideal for parallelization.

Each partition can be computed independently. Boundary values (between parti-
tions) only need to be exchanged at the end of each computation time step. As com-
puting costs decrease, the use of the FDTD method to aid signal integrity
verification will continue to expand.
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