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ABSTRACT

Equivalent circuit models of power/
ground plane structures in high speed/frequency
electronic packages used for switching noise and
ground bounce simulation are presented. As an
example, the effect of package resonance on the
switching noise due to edge and clock rates of
the GaAs FET logic (FL) inverter is reported for
a typical MLC package.

INTRODUCTION

The switching noise, caused by transient
current flowing into power/ground distribution
systems, is referred as ground bounce or Delta–I
noise. With the advancement in high speed de-
vices, a considerable amount of work has been
done in recent years on the switching noise and
ground bounce due to nonideal power/ground
planes in high speed digital and RF circuits
[1-4]. In addition to the electromagnetic com-
putational methods for modeling the power/
ground systems in electronic packages, time and
frequency domain measurement techniques must
be formulated to validate these models and to
develop new measurement based circuit models
which can be used during the design cycles in
standard CAD tools [5–8]. In this paper, a typi-
cal parallel plane power and ground system in a
MLC package as shown in Figure 1 is character-
ized by the nonuniform transmission line model
(NTL) which is then used to study switching
noise and ground bounce in high speed circuits.
The NTL model is in a form of the cascaded
piecewise impedance line sections where the
corresponding characteristic impedances of the
lines are synthesized from the time domain re-
flection measurement. An alternative lumped
element equivalent network for circuit modeling

of power/ground plane structures from time do- B
main measurements is also presented.

Figure 1, A schematic MLC package.

CIRCUIT MODELING OF PARALLEL
POWEWGROUND PLANE STRUCTURES

For a simple semi–infinite parallel con-
ducting plane structure as shown in Figure 2, the
characteristic impedance profile of the NTL
model can be obtained by using radial transmis-
sion line analysis. The frequency dependent
nonuniform characteristic impedance corre-
sponding to this model is found to be [5]

rpGo(kr)
2.0-) =-+ —~G ~(kr)

which can be approximated by

at high frequencies ( i.e., for kr >> 1). Here, (x
is the sector angle shown in Figure 2. This non-
uniform impedance profile has been validated by
TDR measurements as reported in [5]. As an
example, the measured time domain reflection
voltages together with the measured characteris-
tic impedance profiles for three cases of 90 mil

FR--4 substrate right angle sector, a half plane
and 270° sector are shown in Figure 3. It is ob-
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vious that the measured nonuniform impedance
profiles depend on the degree cx .

@= ~ power plane ------- ------

ground pl’ane ~----..------;

Figure 2, The diagram of a radial line for semi–
infinite parallel conducting plane structure and
the corresponding NTL model.
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Figure 3, The measured time domain reflection
voltage waveforms together with the extracted
nonuniform impedance profiles for three cases:
right angle sector, a half plane and 270° sector. (
h=90mil, material: I?R-4)
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Figure 4, The measured TDR response and the

simulated data for a measurement based NTL

model for a MLC package.

Now, the input impedance of power/ground
plane structures can be obtained by truncating
the measured nonuniform impedance profile and

evaluating the input impedance at a given fre-
quency by using the piecewise impedance mod-
el. For the case of a typical parallel power/
ground plane structure in a MLC package, the
measurement based NTL model is validated by
comparing the simulation data with the mea-
sured response shown in Figure 4, the calculated
input impedance for the NTL model is alo
sh-own in ‘Figure 5.
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Figure 5, The input impedance of the measured
nonuniform impedance profile in Figure 4.

An alternative equivalent circuit model
shown in Figure 6 consisting of R,L,C lumped
elements is proposed to simulate the switching
noise and ground bounce with the associated
package resonance. The circuit parameters of
the model are obtained by deriving a lumped
element network having the same input imped-
ance as the measured nonuniform transmission
line model over a desired frequency range. As
an example, Figure 5 shows the input impedance
valid through 4 GHz including the first reso-
nance corresponding to the structure. The
equivalent circuit elements LO (the low frequen-
cy effective inductance) and CO (stray capaci-
tance of parallel planes) are readily calculated
from the impedance profiles by using the tech-
niques given in references [6,7] and {R, L, C }

are determined by minimizing the error function

representing the difference between the mea-

sured input impedance and the values of the in-

put impedance for the model evaluated over the

given frequencies in a least–square sense , The

minimization of the error function was per-

formed by utilizing the conjugate gradient algo-
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rithm in an iterative manner [8–1 O]. The simu-
lated result for the input impedance of the
lumped model is compared with the measured
input impedance in Figure 5 and the good agree-
ment validates the accuracy of the model
through 4 GHz, Note that the power/ground
plane resonance at higher frequencies has also
been calculated by rigorous electromagnetic
simulation such as the FDTD method as re-
ported in [4].

3’0
R = 1070, L = 0.04nH, C = 52.9pF

Figure 6, Lumped element model of the power/
ground plane structure.
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Figure 7, The circuit diagram of the GaAs FL.

Figure 8, Switching currents vs edge rates for a

GaAs FL inverter with 400 MHz clock rate.

SWITCHING NOISE SIMULATION

As an example, the circuit diagram of the
GaAs FL inverter with the associated power/
ground interconnect structure shown in Figure ‘7
is used as a vehicle to investigate the effects of
switching noise in circuit simulations. The

waveshape of ground switching currents due to

the input clock signal switching from one logic
level to another vs edge rates of the input signal
are shown in Figure 8, The resulting frequenc~y
harmonics of switching currents are used to de-
termine the frequency band over which the pow-
er/ground structures should be modelled.

For a GaAs FL inverter having 400 MHi:
clock rate with 50 ps edge rate, the simulated re-
sult for switching noise including the power/
ground plane model is shown in Figure 9 for
two cases. In one case the complete equivalent
circuit incorporating the resonance is considered
whereas in the other case the first order model
excluding the resonance is used. For the case of
high frequency model, it is obvious that switch-
ing noise consists of two major components, one
is spike noise due to the switching circuit operat--
ing in the underdamped mode and the other is
resonant noise to account for the effect of pack-
age resonance. However, for the case of the low
frequency model based on the first order approx-.
imation, only spike noise appears in the simu-
Iated result. As shown in Figure 10, the ampli-
tude of resonant noise becomes negligible when
the edge rate of the excited input signal is slower
than 400ps for this typical GaAs FL inverter. In
addition, the simulations of switching noise
based on the high frequency model of power!
ground systems are also examined for the GaAs
FL inverter with lGHz clock rate. The maxi-
mum amplitude of spike noise as a function of’
edge rates is shown in Figure 11. The result can
be used to control the reduction of noise immu-
nity due to switching noise during the early de-
sign phase.

In conclusion, accurate measurement
based high frequency model for power/ground
plane associated with typical multilayer pack-
ages is presented. The model is shown to be
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useful for the simulation of switching noise and
ground bounce in high speed analog, digital and

mixed signal integrated circuits.
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