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ABSTRACT

Multi-layered digital circuits such as LSI pack-
ages, has been analyzed by using a Finite-Difference
Time-Domain (FDTD) method. Linear lumped ele-
ments, resistors and capacitors, and nonlinear lumped
elements, CMOS drivers, are included in the analy-
ses. Various noises as well as digital pulse propaga-
tion in multi-layered circuits are effectively analyzed
by this technique.

INTRODUCTION

In LSI packages and MCMs(Multi-Chip
Module), the distributed circuit properties of the cir-
cuits become remarkable with increasing the digital
clock speed. Furthermore, the switching devices tend
to yield various electric noises such as ground
bounce, crosstalk, EMI noise which leads to a system
malfunction [1][2]{3]. Although several papers have
shown the efficiency of the FDTD method combined
with lumped circuit elements [4][5] for analyzing
high speed digital propagation in three dimensional
digital circuits, the switching noise has not been ana-
lyzed.

This paper analyses the signal propagation as
well as switching noises in the three dimensional
multi-layered circuit by using the FDTD method
combined with lumped circuit elements. In the anal-
ysis, the lumped elements such as CMOS inverters,
resistors, and capacitors are implemented in dis-
tributed circuit structures and inclusive electromag-
netic phenomena in the high-speed digital circuit sys-
temns are simulated.
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Fig.1 (a) Stripline configuration analyzed for verifica-
tion of passive lumped elements. The characteristic

impedance of the line is 50€92. The grid counts are 40,
50, 20 for x, y, z directions. (b) Multi-layered circuit an-
alyzed with CMOS inverters and lumped capacitors. The
characteristic impedance of each line is 50€2. The grid
counts are 50, 70, 20 for x, y, z directions.
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NUMERICAL ANALISYS

Two types of circuits are analyzed; the ideal
stripline with lumped capacitors or resistors in
Fig.1(a), and the biased stripline with lumped CMOS
inverters and capacitive loads in Fig.1(b).

A. Analysis of Lumped Capacitor and Resistor

The lumped circuit elements are defined at the
electric field nodes in the Yee's grid [6] as in refs.
[4][5] The current density through transistors J,.,
resistors J, , and capacitors Jo are added to the

Ampere's law as

rot H = e—‘zlti+aE+Jn.+JR+JC, 1)

Jp = GRE, )
oE
= £ — 3
Jo = & )
where 0, and &, denote the effective conductance

and the effective dielectric constant determined from
the size of the grids where the lumped elements are
defined.
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Fig.2 Time response of the passive lumped elements in
Fig.1(b). The raising time of the input pulse is 20 psec.
The dotted line is the theoretical value for capacitors.
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To validate the response of the elements, digital
pulse propagation in a stripline is analyzed with
lumped element termination. The capacitive or resis-
tive element is loaded at one end of 50€2 stripline as
shown in Fig.1(a). And a raised cosine type step
pulse with raising time of 20 psec is used for excita-
tion. The FDTD results shown in Fig.2 demonstrate
that overshoots are occurred in case of the capacitive
loads which can be attributed to parasitic inductances
of the termination. The result for the resistive 50Q
termination shows ringing caused by a dispersion of
the stripline.

B. Implementation of CMOS Inverter

The equivalent circuit shown in Fig.3 is adopt-
ed for the CMOS inverter model. The implemented
drain current of the N-type transistor as the function
of gate-source voltage V. , drain-source voltage V4,

and threshold voltage V, is given by

0, forVgS -V, =0,

t

B (Vgs-—Vt)2 Q+AV,),
Iy = for saturation region,
Vi = VSS——V, > 0,

B Vz[s {2 (Vgs - Vl ) — V(ls P+ A Vciy );
for linear region,
Vgs -V, >V, =0, (4
where 8 and A denote the transconductance parame-

ter and the channel length modulation, respectively
[7]. For a P-type transistor, [I,, V, ,V, ,and V,

d> Vds 0 U ogs o

-1, —Vyu,=V,,and=V

gs t:
This model is equivalent to the level-1 model of
SPICE. The static [; vs. V', characteristics of the

in (4) are replaced by

implemented CMOS inverter are shown in Fig.4 to-
gether with those of SPICE level-1 model. Curves
for FDTD and SPICE agree well with each other.
The operating points of CMOS inverters V, , and

I, are solved by using Newton method. This algo-

rithm remains stable because the time increment of
the FDTD algorithm is sufficiently smaller than the
transition time of the CMOS inverters.
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Fig.3 Equivalent circuit for the implemented CMOS in-
verter model. The source and drain ohmic resistances

R; = Ry = 5%, the transconductance parameter 8 =
0.003A/V?2, the channel length modulation A = 0.02 for

both N and P type transistors, and the threshold voltage
Vii=-VP=10V.
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Fig.4 The static I; vs. Vy characteristics of the imple-

mented CMOS inverter together with those of SPICE
level-1 model. ¥V, denotes the output voltage of the in-

verter as shown in Fig.3. Curves for FDTD and SPICE
agree well with each other.

RESULTS AND DISCUSSION

The CMOS inverters are connected between
the power and ground plane of the stripline as shown
in Fig.1(b) to generate the digital switching pulse.
The characteristic impedance of each line is 5092, and
loading capacitances of 1pF is connected from each
line to power and ground plane. A bias voltage is ap-
plied with current sources whose source resistance is
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Fig.5 The stripline modeled as a four-stair ladder circuit
for SPICE simulation. The parameter L, C are extracted
with a commercial software “Parasitic Parameters” which
is for three-dimensional structure analysis. Jg =1A, Ry
=1Q, Lp =Lg = 0.41‘1H, LI =L2 =4.2nH, Cpl = sz =
Cyr = Cgp =0.63pF, Cj, =0.21pF, C,, =1.0pF, Cp
=1.0pF.

1Q. Switching is occurred only at the inverter-1
after the bias voltage between the power and ground
plane settled whereas the inverter-2 remains quiet.

The stripline in Fig.1(b) was also analyzed by
using SPICE to compare the results with those of
FDTD analysis. The transmission line parameters L,
C used in the SPICE circuit were extracted with a
commercial software “Parasitic Parameters”[8]. The
stripline is modeled as a four-stair ladder circuit as
shown in Fig.5.

The voltage of the power plane V.., which is
obtained by integrating the electric field from ground
to power plane at the CMOS inverter, is shown in
Fig.6(a). A voltage fluctuation, called switching
noise is observed in the FDTD result. The switching
noise is owing to a switching current of the inverter
flowing though the parasitic inductance of the plane
between the bias point and the CMOS inverter. In
case of the SPICE result, only small switching noise
is observed because the parasitic inductance of the
plane is not modeled. The voltage V7, and V', for the

resultant pulse waveforms at each receiving end of
the lines are shown in Fig.6(b) and (¢). There are
differences between the results of FDTD and SPICE.
Especially IV, for the FDTD result in (c), one can ob-
serve the crosstalk noise which is over three times
larger than that for the SPICE result. This will be
resulted because small and complicated mutual cou-
pling elements are neglected in SPICE cirquit.
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Fig.6 Resultant wave forms of FDTD and SPICE anal-
ysis observed at the power plane (a), and at the receiving
end of the active line (b) and the quiet line (c). The bro-
ken thin line in (b) shows the input pulse entered into the
CMOS inverter.

CONCLUSION

The FDTD technique combined with CMOS in-
verters and passive lumped circuit elements has been
discussed. For the analyses of noise and pulse wave
propagation in the 3D structure circuits such as LSI
packages and MCMs, it is found that this technique
enables accurate analysis with inclusive electromag-
netic phenomena in complicated multi-layered cir-
cuits.
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