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1.0 Introduction:

A growing concem in VLSI design is the reliability of fabricated CMOS integrated circuits. Two
important issues that determine the reliability of an integrated circuit are electromigration and IR-
noise. Electromigration causes failures to occur by excessive electron flow which can create an
open or short circuit on or between metal lines. The failure rate is determined by the current den-
sity that is flowing through a cross section of a metal line. As a result of electromigration, a hard
failure can and usually will occur. On the other hand, IR-noise causes failures to occur by induc-
ing a false state within a circuit. This failure is transient in nature and can be avoided by reduced
transition times or by re-transmitting the data. Neither of these options, however, is attractive to
employ.

To determine the effect of both electromigration and IR-noise, current flow information on the cir-
cuit’s power lines is needed. The power lines are usually the critical factor for determining the
affects of electromigration or IR-noise because the greatest currents can be found flowing through
these lines. In both cases, the transition that causes the largest amount of current to flow through
the power lines must be found to determine the worst case conditions on the line. The current
waveform with the greatest peak value is needed to determine the effect of IR-noise. For electro-
migration, the current waveform that dissipates the most energy is needed. Unfortunately, the dif-
ficulty involved in obtaining these currents is a function of the number of inputs to the circuit. It is
impractical to fully analyze a circuit to determine its worst case time average and peak currents
since there are a possible 22P transitions for an n input circuit. On the other hand, it has been
shown that to find the proper excitation needed for the peak power is an NP-complete problem[5].
Therefore a method that can find the transition or a small sub-set of transitions that causes the
worst currents to flow must be developed.

One method has been developed to avoid the problem of finding the needed transition. The
CREST simulator described in [1] and [6] uses probabilistic simulation to find the expected cur-
rent waveform. The expected current waveform is the mean current that would result if all inputs
were considered over time. Although these probabilistic waveforms may be a representative sam-
ple of the expected output waveforms, there is no guarantee that the probabilistic waveform will
have any direct correlation to the desired worst case waveforms. Therefore, new methods must be
developed that will limit the number of input transitions that must be tested to determine circuit
reliability.

After the proper input transitions are determined and the currents are calculated, a question still
remains as to how to interpret the derived information. It has been proposed in [8] that the power
line networks can be broken into subnetworks. These small subnetworks could then be approxi-
mated in terms of current sources. The current sources from each of these subnetworks would
then be combined together with resistors, capacitors, and inductors. The current found in each
branch and the voltage on each node could then be determined. The results could then be com-
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pared to assure that the current density on each line and the voltages at each node did not exceed
an accepted value. Using this simplified model, the stress caused by IR-noise and electromigration
on the total network may be determined as well.

The objective for this paper is to show that the current found on the power lines can be determined
efficiently given a set of input transitions. The emphasis is on fully complementary CMOS, but
the method is general enough to be applied to most CMOS technology. Currently, there are many
simulators which have been developed that will determine the current waveforms on power lines.
However, these simulators are typically general purpose simulators which are mainly used to find
voltage waveforms. Therefore, even for moderately sized circuits, they tend to take an excessive
amount of time to run. To decrease the amount of simulation time needed, a current timing simu-
lator will be developed. The approach taken is similar to the method described in [2] except that it
eliminates the need for table look-up and does not assume a symmetric triangular current wave-
form. Our approach will use a simplified MOSFET transistor model to promote an increase in
speed that will compensate for any loss in accuracy that may occur during simulation.

This paper will be partitioned in the following manner. First, symbol conventions that will be used
throughout the paper will be introduced. Next, the current waveform approximation will be estab-
lished using a simplified transistor model. Then the validity of the approximation will be dis-
cussed. A general transistor model will then be presented. Finally, some circuit results will be
presented along with some conclusions.

2.0 Terminology:

Throughout this paper the following symbol conventions will be used:

0 means held at state zero,
1 means held at state one,
A) means a transition from state one to state zero,

A1 means a transition from state zero to state one.

3.0 Approximating Gate Current:

In general, a complex CMOS circuit can be partitioned into simplified subnetworks called gates.
A gate is constructed by joining transistors together to form a given logic function. A gate can
have many inputs, but only one output. The current on a gate’s power and ground lines is a func-
tion of all the inputs, the output, and the characteristics of the transistors that comprise the gate.
However, 1t would be beneficial if the current on the gate’s power lines could be simplified so that
the total current of the circuit could be quickly and efficiently determined without solving for the
current at many discrete time points.

The power/ground current through a gate is approximately triangular with respect to time. That is
the current will start at an initial value, rise linearly for an amount of time, and then linearly

decrease back to its initial value. For fully complementary CMOS gates, the initial starting value
is zero. Since the initial value 1s zero, to uniquely determine a given triangle three time points anc
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one maximum height are needed. Using a triangle approximation, it seems plausible that the cur-
rent can be calculated efficiently because there are only a few number of time points needed.

The simplest gate, the inverter, will be studied first to demonstrate the plausibility of using a trian-
gular approximation for the current. Initially, a simplified model will be used for ease in presenta-
tion of the method. The method will then be extended to general CMOS gates, and then some
restrictions that had been placed upon the input voltage waveform will be removed.

3.1 Transistor Equations

In general CMOS transistors can be characterized by the following set of equations:

Ip = BR2(Vgs-V1)Vps-Vps Il + AVpg) Vgs >= V1 & Vpg < Vgs-Vp  (Linear) EQ1)
Ip = B(Vgs-Vp(1 + AVpg) Vgs >= V1 & Vpg >= V-V (Saturation) (EQ2)
Ip=0 Vas <V (Cutoff) (EQ3)

where Vg is the gate to source voltage, Vg is the drain to source voltage, V is the threshold
voltage, 2 is the channel length modulation factor, and B is the transconductance. When making
calculations with these equations, the absolute value of all voltages should be used. Implemented
in this way, they can be used for both NMOS and PMOS devices as long as the correct current
direction is employed for each type of device.

3.2 The Inverter

Using the transistor model of Figure 1, the load found on the output of an inverter (see Figure 2) is
the lumped sum of capacitors from the output node to power and ground. These capacitors are the
sum of parasitic capacitors due to loading of the next stages along with the capacitance associated
with the metal interconnection between gates. As a first approximation, the current that flows
from Vj, to power and ground is ignored. This assumption is valid as long as all the capacitors
found on the positive node of the voltage source are to ground and the negative node of the volt-
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FIGURE 1. The Simplified Transistor Model FIGURE 2. A Tvpical Inverter
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age source is to ground. Then the input voltage source to has a localized loop of current which
will not affect the overall current supplied by the power sources.

To determine the amount of current that is supplied by the power sources, the sum of the individ-

ual branch currents must be found. A branch can be either a transistor or capacitor in this case.
From KCL the power and ground currents are:

Ig‘nd = In + Icn (EQ 4)

Lgg = -(p + Iep)- (EQS)
The power source current will always be the negative of the ground source current. Since current
through the transistors generally flows toward the ground source, the ground source current will
~ generally be positive and therefore the ground source current will be considered for the duration
of this paper. A typical ground current plot caused by an inverter with a moderate load is shown in
Figure 3. What a moderate load is will be determined later in Section 4.0. Observe that the

inverter current plot of Figure 3 is approximately triangular. Therefore, as stated earlier, a triangu-
lar approximation should suffice.

Assume that there is no static short circuit current. Only the NMOS or PMOS transistor conducts
at any given time. Therefore, only the current of the conducting transistor needs to be analyzed. In
general, static short circuit currents are less than 20% of the total current {3]. Hence to assume
that there is no short circuit current 1s typically a reasonable first order approximation. In CMOS
circuits, current only flows when there is a state transition on one or more of the gate inputs.

Therefore, the inverter needs only be analyzed beginning when its input initially changes state
until the transient currents settle back to their steady state values.

Under these simplifying assumptions and using simple current division,

16 C 1¢C
_ P'p N ni'n-p
gnd Ctot i Ctot (EQ 6)

I

where Gy equals Cpy + G and ¢, equals 1- ¢;,. Since only one transistor conducts at a time, ¢;,
equals 1 if V;, makes a /] transition and ¢, equals 0 if V;;, makes a 70 transition. Therefore, the
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FIGURE 2. Typical GND Current for an Inverter
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input transition determines which transistor is to be analyzed at a given time. Consider the case
when V;, makes a ~1 transition:

L 1,C,
gnd C

EQ7)

tot

Using the general CMOS equations, I equals zero until Vi, equals Vi, since Vg equals Vip. If
Vi is assumed to vary linearly with respect to time with slope «, the delay time, Ty, equals Vg /0.
Note that this is not the usual definition for the delay time, but it adequate and will be used
throughout this paper. More specifically, the delay time is defined to be the time at which a driving
transistor starts to conduct. Since Vg equals V44 when Vy, initially becomes greater than Vi, the
NMOS transistor is in saturation. At this time,

C Now _ V. -V )2(1+AV
tot” g _'—Bn( in m) (1+ out) (EQSY)

Using the initial condition that V,,, equals V44 and solving the differential equation,

1 +}»Vom _ ﬁn)\'(vin_vtn)a)

In{ 1+AVy, "~ 3aC,,

EQ9)

where V;, equals at. Since this equation is only valid as long as Vg >= Vi, - Vi, the condition
Vout €quals Vj, - Vi, can be solved to determine the point at which the transistor reaches the end
of saturation. Using the three highest order terms of the Taylor series expansion of the In(1+x), the
resulting cubic equation can be solved to determine values for Vg, Vi, and T;. Ty is the time at
which V,; equals Vi, - V. The current at this time, I, can be found by solving the linear charac-
teristic equation with the derived input and output voltages. It should be noted that similar equa-
tions can be found for the case when V;, makes a A0 transition.

Recall that the ground current waveform of the inverter is to be approximated by a waveform that
is triangular. The area under such a triangle is I} *(At)/2 where At equals To-Ty4 (see Figure 4). The
area is also equal to the total amount of charge, Q. For a gate that changes state from one power
rail 1o the other, Q is C;;;V 44 which is the amount that must be charged or discharged through the
transistors in the gate. If it is assumed that the peak value, 11, occurs at Ty, then the time T, at
which I, goes back 1o zero, can be calculated. Specifically,

2C101Vdd

T2: Ty+ Il

(EQ 10)

Using this procedure, 1, is determined and 4,4 is plotted to be compared with the results obtained
using HSPICE with BSIM models (see Figure 5).

The triangle approximation thus far is able to approximate most of the curve. It has the correct
delay time, and it follows the general rising and falling slopes of the curve. However, the triangle
does not take up as much area as the real gate current curve. This error was expected because of
the assumpuion that there 15 no short circuit current. To compensate for the short circuit current,
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FIGURE 4. A General Triangle FIGURE 8. Ground Current and Triangle Approximation.

some area must be added to the triangle. Since the slopes of the triangle are correct, a similar tri-
angle can be formed that includes the remaining desired area. To form a similar triangle, an area A
is added to the original triangle that has the same slopes as the original triangle (see Figure 6).
Since a new area is being added, the new height, I, and the difference in time, At; must be found.
Therefore, the relationships between A, I, and At;, must be calculated.

Since the leading edge of the triangle is linearly rising, the time at which I; occurs is

L =0, (Ty-Ty

(EQ11)
By construction, the area is given by:
(I,-1,) At (I, +1,) At
AsTAy+-—2 122 11 E®Q 12)
2 2
Ipk
I
L
!
I
Tq

FIGURE 6. Triangle with Area Added
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Similarly, by construction, Aty can be computed to be:

At, = + = (I,-1) , (EQ 13)
! 1 2 ) 2

where 0; = I;/(T;-T4) and 0 =1;/(T5-T;). Combining the two previous equations yields:

(ot ) (B-1%)

2040, (EQ14)
Rearranging and solving for I:
20, 0,A
172 2
I.= |————+1I7 . (EQ 15

If A is given, I, can be obtained using Equation 15, and that result along with Equation 13 can be
used to find At;. Now that the relationships have been established between I, At, and A, the area
to be added to the original triangle still remains to be calculated.

Since short circuit current is primarily a DC phenomenon, a DC solution to the area will be
sought. To find the DC current of an inverter, the drain currents of the PMOS and NMOS transis-
tors are set equal to each other and all of the capacitors are opened. When the current is plotted
versus the input voltage (see [7]), the maximum current occurs when the input voltage is equal to
the output voltage. Therefore, both transistors are in their saturation modes of operation. Hence,
the maximum current caused by the input, V,, is:

V= |V +3V,,

Vm— 14x

(EQ 16)

where x% = Bp/By- Since it was assumed that the input was linear in time, the time, Tp,, at which
this occurs is:

Vm
To=— EQ17)

m

where a is the slope of the input.

Returning to the inverter, it was originally assumed that the PMOS transistor was cutoff when V;,
equaled #1. However, according to the fundamental transistor equations, the PMOS transistor will
be in its linear mode of operation when the NMOS transistor starts conducting, since V,,,, equals
V4q4- For now, let it be assumed that the maximum short circuit current also occurs while the
PMOS transistor remains in its linear region. This maximum current would then be given by
Equation 1, using the appropriate PMOS parameters. From Equation 1, to determine this short cir-
cuit current, Ipp,, values for the input voltage and the output voltage are required. In [3], it was
observed that the maximum current occurs at a time equal to or greater than the time predicted
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from the DC solution. Since this is the case, let it be assumed that Ip, occurs at time Tpy,, which is
defined to equal Ty, + Ty4. The input, Vi (Tpy,), then equals oTpp,. To find the output voltage,
Vout(Tpm), the original triangle approximation without the short circuit current is used. Since it
was onginally assumed that the PMOS device was not conducting, V,,, is given by

t
I
Vour () = J E-tn_t& *+ Vour (Tg) - (EQ 18)
o

T4

Solving this equation for the different regions of operation given the original triangle approxima-
tion:

while Td < Tpm <= Tl’

2 2
V. =V - L (Tpn + TQ) N LTgTpm 0 19)
Pout = 7dd 2Ctot (T1+Td) Ctot (Tl +Td) ,
while Tl < Tpm < T2,
I(T,+T) I,(Tp.+T,) I,(T,. —T,)?
Vpout - Vdd"’ 1 1 d - 1 Pm 1 1 Pm 1 (EQ 20)
2C C

2C,, (T, +T))’

1ot tot

Since the current through the conducting transistor is approximated in terms of a riangle, a trian-
gular fit to the PMOS transistor current is also sought. Since the PMOS transistor will not start
conducting until the NMOS transistor conducts, the expected starting time is equal to T. The
upper time limit, T,;, which corresponds to the time that the PMOS transistor stops conducting
occurs when the transistor enters its cutoff region. Hence, T, occurs when Vj, equals Vgq - Vi for
PMOS transistors. Since the input is assumed to be linear, T, will equal (V44-Vip)/c. The area
then can be found to be:

_ IPm (Tu - Td)

5 (EQ 21)

Using this area and previously established relationships, the new ground mransfer curve is obtained
and plotted along with the old approximation to the curve in Figure 7. The PMOS transfer charac-
teristic is plotted in Figure 8 along with the calculated curve using HSPICE with BSIM models.
As can be seen from these figures, the new triangle approximations are within five percent of the
peak values of the curves calculated by HSPICE circuit simulation.
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