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Abstract

Designing reliable CMOS chips involve careful circuit design
with attention directed to some of the potential reliability
problems such as electromigration and hot carrier effects.
This paper considers logic synthesis to handle electromigra-
tion and hot carrier degradation early in the design phase.
The electromigration and the hot carier effects are estimated
at the gate level using signal activity measure, which s the
average number of transitions at circuit nodes. Logic can
be optimally synthesized suited for different applications re-
quiring different types of inputs for higher reliability and low
selicon area. Results have been obtained for MCNC synthe-
st8 benchmark examples.

1 Introduction

The electromigration and hot carrier induced circuit per-
formance degradation is one of primary concerns for long-
term reliability of MOS VLSI circuits. The conventional
approach of post layout/fabrication reliability estimation is
becoming increasingly costly due to lengthening of the de-
sign cycle due to previously unforseen reliability problems.
A logical alternative is to be able to predict reliability at
the logic or gate level so that circuits can be synthesized
with reliability in mind. If stochastic properties of primary
input signals are known, then signal activity [1] can be used
to predict electromigration and hot carrier induced degra-
dation. Signal activity is associated with average number
of transitions occurring at any particular node of a circuit.

The problem of determining when and how often transi-
tions occur at a node in a digital circuit is difficult because
they depend on the applied input vectors and the sequence
in which they are applied. During the course of normal op-
eration each of these vary widely. Therefore probabilistic
techniques have been resorted to. All reported methods of
estimating the probability of a transition at a circuit node
involve estimation of signal probabelity, which is the proba-
bility that the logic value at a node is a ZERO or an ONE.
Computing signal probabilities has attracted much research
[2, 3]. In [2], a simple and general but inefficient scheme
based on symbolic algebraic expressions is described. In
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[3], a relatively efficient algorithm to estimate the range (a
sub-range of [0, 1]) that the signal probability of a node lies
within i1s presented. But there exist doubts as to whether
the ranges are narrow enough to be of use.

Combinational logic synthesis have been conventionally
targeted to reducing area, critical path delay, and testabil-
ity [9]. However, there exists no such tool which consider
reliability early during the design process. Recently, Li and
Hajj [8] have been able to use input reordering at the cir-
cuit level to eliminate the hot carrier effect degradation on
performance. Sun, Leblebici, and Kang have used macro-
models for evaluating hot-carrier related degradations of
simple CMOS circuits [6]. In this paper we consider two
reliability issues — electromigration and hot carrier effects
— during the logic synthesis process. The reliability issues
are estimated by modeling the primary inputs of a circuit
as stochastic processes having a certain signal probability
(probability that the input has a logic value of ONE) and
signal activity, which measures the average number of tran-
sitions at circuit nodes. As the logic synthesis process is
driven by the input signal probabilities and activities, a par-
ticular circuit can be optimally synthesized in different ways
suited for different applications requiring different types of
inputs. The synthesis process takes two level Boolean logic
description and transforms it into multi-level form to mini-
mize area and at the same time increase the reliability mea-
sures. The optimization process is iterative. During each
iteration, the best sub-expression from among all promising
common sub-expressions is selected. The objective function
is based on both area and reliability measure.

The paper is organized as follows. Section 2 considers the
preliminaries and the basic definitions required for under-
standing the signal activity based synthesis process. Sec-
tion 2.2 and Section 3 consider signal probability calculation
for circuits with reconvergent fanout. Section 4 considers
electromigration and hot electron degradation and models
those in terms of signal activity. Section 5 describes mul-
tilevel logic synthesis based on reliability measure. Results
of our analyses on MCNC benchmark examples are given
in Section 6. Section 7 summarizes the results and draws
the conclusions.
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2 Preliminaries and Definitions

2.1 Multilevel logic representation

Multilevel logic can be described by a set F of completely
specified Boolean functions. Each Boolean function f € F,
maps one or more input and intermediate signals to an out-
put or a new intermediate signal. A circuit is represented as
a Boolean network. Fach node has a Boolean variable and a
Boolean expression associated with it. There is a directed
edge to a node g from a node f, if the expression associated
with node g contains in it the variable associated with f in
either true or complemented form. A circuit is also viewed
as a set of gates. Each gate has one or more input pins and
(generally) one output pin. Several pins are electrically tied
together by a signal. Each signal connects to the output pin
of exactly one gate, called the driver gate.

2.2 Signal Probability and Signal Ac-
tivity

This subsection will briefly describe the concepts of signal
probability and activity, the details of which are given in [1].
Let g(t), t € (—o0,+00), be a stochastic process which takes
the values logical 0 or logical 1, transitioning from one to
the other at random times. A stochastic process is said to
be strict-sense stationary (SSS) if its statistical properties
are invariant to a shift of the time origin. More importantly,
the mean of such a process does not change with time. If
a constant-mean process g(¢) has a finite variance and is
such that g(¢) and g¢(¢ + 7) become uncorrelated as 7 —
0o, then g(t) is mean-ergodic. As in [1], we use the term
mean-ergodic to refer to regular processes which are mean-
ergodic and satisfy the two conditions of finite-variance and
decaying auto-correlation. For such a signal we can define
the following terms:

Definition: The signal probability of signal ¢ is given by:

1 [t
P(g) =T113100ﬁ/ g(t)dt

Definition: The signal activity of a logic signal g(t) is
given by
_ ng(T)
Alg) = Jlim =

where ny(t) is the number of transitions of ¢g(¢) in the time
interval between _2—T and +2—T If the primary inputs to
the circuit are modeled as mutually independent 555 mean-
ergodic 0-1 processes then the probability of signal g(t) as-
suming the logic value ONE at any given time ¢ becomes
a constant independent of time and is referred to as the
equilibrium signal probability of random quantity ¢(¢) and
is denoted by P(s = 1), which we refer to simply as signal
probability. Secondly, A(g) becomes the expected number
of transitions per unit time.

Let us consider a multi-input, multi-output logic module
M which implements a Boolean function. M can be a single
logic gate or a higher level circuit block. We assume that the
inputs to M, g1, g2, ..gn are mutually independent processes
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Figure 1: Propagation of circuit activities through ba-
sic gates

each having a signal probability of P(g;), and a signal ac-
tivity of A(g:), ¢ < n. The signal probability at the output
can be easily computed using one of the methods described
in [4]. For example, if Pi, P>, and P are the input signal
probabilities to a three input AND gate, the output signal
probability is given by P P> Ps, whereas, for an OR gate the
output signal probability is 1 —(1— P1)(1— P2)(1— Ps). For
an inverter, the ouput signal probability is simply (1 — P1),
where P; is the input signal probability. The signal activity
at any output h;, of M is given by

Atk =3P (52) iz (1

Here z;,1 =1, ..,n are the module inputs and dk/dg is the
boolean difference of function ¢ with respect to h and is

defined by

% =hlg=1 @ h |g=0= hg & hg (2)
Figure 1 shows the propagation of signal activity through
AND, OR, and NOT gates. The signal probabilities and
the circuit activities at the primary inputs to a circuit are
assumed to be available.

The power dissipation in a CMOS circuit can be modeled
in terms of the circuit activity of the nodes. In CMOS
majority of the power is dissipated when there is a transition
(ONE to ZERO or ZERO to ONE) at the ouput of a gate.
The rest of the power is dissipated due to direct-path short
circuit current, and leakage current and are not dominant.
Hence, the average power dissipation in a CMOS circuit can
be written as [1]:

POWERu, = %me ZC;‘ A(gi) (3)

summing over all circuit nodes g¢;. The capacitive load C;
at each node of a circuit can be approximated by the fanout
factor at that node.
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Figure 2: An example circuit with reconvergent fanout

If the average current drawn from the supply voltage Vaq
is I, then the average power dissipated in the logic is Vgql.
Hence, it is clear from Equation (3) that the average supply
current (or Vdd current) is given by

I= %Vdd Z CiA(g:) (4)

where the summation is taken over all circuit nodes g;.

3 Accurate Signal Probability
Calculation

The probability of a logic signal s expressed as P(s = 1)
or P is a real number in the range [0, 1] which expresses
the probability that signal s has logic value 1. It is easy to
compute signal probabilities for all nodes in a circuit that
does not have reconvergent fanout. There has been much
work on bounding or estimating the signal probabilities,
but the results obtained are either inexact or approximate.
Since having correct signal probabilities was important to
the investigation of the current problem, it was decided to
use the general algorithm proposed in [2] and do as efficient
an implementation as possible. The algorithm is as follows.

Algorithm : Compute Signal Probabilities

Inputs : Circuit, signal probabilities of all the inputs

Qutput : Signal probabilities for all nodes of the circuit

Step 1 : For each input signal and gate output in the
circuit, assign a unique variable.

Step 2 : Starting at the inputs and proceeding to the
outputs, write the expression for the output of each gate as
a function (using standard expressions for each gate type
for probability of its output signal in term of its mutually
independent input signals) of its input expressions.

Step 3 : Suppress all exponents in a given expression to
obtain the correct probability expression for that signal.

Table 1 illustrates the computation of signal probabilities
for a circuit implementing function y = xl/\(m \/xg)\/m/\xg
as shown in Figure 2.

We devised a data representation for signal probability
expressions which is memory efficient and which allows us
to perform the necessary operations efficiently. In this rep-
resentation we have taken advantage of the fact that expo-
nents have been suppressed and therefore, a signal proba-
bility expression may contain a variable (assigned to one of
the inputs) raised to power 1 or may not contain it. So each

Table 1: Signal probabilities

Node | Sig. Prob. Expression | Sig. Prob.
T1 a 0.5
T2 b 0.5
T3 c 0.5
s1 be 0.25
S2 b+c—be 0.75
S3 ab + ac — abe 0.375
Y ab + bc + ac — 2abc 0.5

product term may be regarded as a set with variables as its
elements. The multiplication of two product terms can be
achieved by taking the union of the corresponding sets. The
primary inputs of the circuit under consideration are arbi-
trarily ordered and assigned indices. Let z;, 0 < 5 < M,
be the primary input signals. Let p; be the signal proba-
bility variable (@, b, and ¢ in the example above) assigned
to input z;, i.e. P(z; = 1) = p;. A product term @; (a,
bc, —2abe, etc. in the examples above) is represented as a
pair (ai, 61), where both a; and f; are integers. «; is called
the coefficient of the term and may be negative or positive.
Bi is regarded as a bit string. Bit j of #;, written 3, is
1 if and only if the corresponding product term contains
the variable p; and is 0 otherwise. Hence for the product
term —2abc in the example above, coefficient = —2 and the
bit array = 111. When two product terms ); and @; are
multiplied, the resulting product term @ is given by (ay,
6k), where ap = a; * oy, and fr = fa A Bji. It is easy
to see that we can define a full order relation on the set
of all possible product terms. @; < Q; if #; < f;, where
both #; and f; are interpreted as integers. Each probability
expression is represented as an ordered list of its product
terms, i.e., P(G) = (Q1,Q2, .., @ns). It is obvious that the
sum of two expressions P(G) and P(H) can be determined
in O(ng + ng) time and the product in O(ne * ng) time.

In the preceding discussion it was implicitly assumed that
the word size of the machine is larger than M. When this
is not the case multiple words may be used to implement
each f3;.

We have assumed that the primary input signals
(41, ...4m) are mutually independent. If they are not, then

we can find a set of n mutually independent signals (zll Yeees
zln), n < m, such that each ¢; can be expressed in terms of
z; Now, the signal probabilities of 2;s will be given by sym-
bolic expressions containing signal probabilities of i;s. The
signal probability expressions for internal nodes will also be

in terms of signal probabilities of i;s rather than i;s.

4 Electromigration and Hot
Carrier Degradation

Electromigration is a major reliability problem caused by
transport of atoms in a metal line due to the electron flow



and it affects both MOS and bipolar components. Ther-
mally activated ions of the conductor which normally self-
diffuse in all directions are given a direction of net motion
due to momentum transfer from the conducting electrons.
Hence, the ions move “downstream” with the electrons [7].
A divergence of the ion flux ultimately gives rise to a cir-
cuit failure. A positive divergence leads to an accumulation
of vacancies to form a void in the metal and ultimately an
open circuit. A negative divergence leads to a buildup of
metal, called a hillock, which can ultimately lead to a short
circuit to adjacent or overlying metal. FElectromigration
is a wearout mechanism and is caused by persistent cur-
rent stress. The time-to-failure is a lognormally distributed
random variable. It is characterized by the Mean-Time-
to-Failure (MTF), which depends on the current density in
the metal line. Some recent models [5] of MTF predict that,
at least under pulsed-DC conditions, the average current is
sufficient to predict MTF as follows:
A

MTF = NEl (5)
where A has a statistical distribution and is independent of
J, and J is the average current density. Hence, MTF
J72. The dependence of MTF on current density at least
represent a first order approximation of current stress in a
wire. Equation (4) represents the average current through
a gate in terms of signal activity. In turn current density is
proportional to the average current. Hence, signal activity
can can be used to model electromigration effect E to the
first order of approximation. F for a gate is minimized if I?
is minimized or if 1 is minimized. Hence, from Equation (4),
FE can be minimized if the following expression is minimized:

1
5Vae Y CiAlg:)

As Vgq is constant over all the gates of the circuit, the elec-
tromigration effect can be represented as:

E=) CiA(g) (6)

where the summation is taken over all the gates.

As MOSFET devices are scaled down to small dimen-
sions, certain physical mechanisms start to cause degra-
dation in the device parameters, causing major reliability
problems. One such mechanism is the injection of hot car-
riers into the MOS gate oxide layer [7]. Trapping of these
carriers in the gate insulator layer causes degradation in the
transistor transconductance and threshold voltage. More-
over, because oxide charging is cummulative over time, the
phenomenon limit the useful life of a device. Hot carriers
are electrons and holes in the channel and pinch-off regions
of a transistor which have gained so much energy from lat-
eral electric field produced by the source-drain voltage that
their energy distribution is much greater than would be pre-
dicted if they were in thermal equilibrium with the lattice.
The higher mobility of the electrons in silicon makes the
impact worse in n-channel transistors. After the electrons
have gained about 1.5 €V of energy, then can lose it via im-
pact ionization (electron-hole pair creation) which, in turn,

gives rise to hole substrate current. It is widely accepted

that the MOSFET substrate current is a good indicator

of the severity of the degradation. The average substrate

current is given by [8]
Ci

Lour = Ejds(vds - Vdsat)exp{

—B;l.
Vds - Vdcat

where C;, B; are parameters independent of current, and
Il4s and Vg, respectively represent the drain-source current
and voltage. The magnitude of I..s is dependent on the
switching activity of MOS transistors and the duration a
transistor stays in the saturation region. Since hot carrier
degradation occurs when transistor is in saturation region,
which in CMOS circuits, happens only during transitions,
it follows that higher the signal activity at the gate ouput,
the more damage a transistor experiences. The duration
a transistor stays in the saturation region is dependent on
input slew rate and the load capacitance of a gate. The
load capacitance is in turn dependent on the fanout of the
gate. Hence, the first order approximation of hot electron
degradation at the gate level (Hgaie) can be modeled in
terms of signal activity of a gate output and its fanout factor
as follows:

Hgate = Agate~fgate
where Agare and fgare represent the signal activity and
fanout of a gate.
One can write the age of a transistor that has been op-
erating for time T as follows [5]:

2 Ids Isub m
Age(T) = [ g (E) ")

z
where [4. and [..p are the MOSFET drain to source and
substrate currents respectively. W 1is the channel width,
and H and m are parameters independent of transistor cur-
rents.

It can be observed from the equations for £ and Hgyare
that for designing hot carrier and electromigration resistant
circuits at the gate level, the following expression has to be

minimized:
ZAgate~fgate (8)

summing over all the gates of the circuit. The above expres-
sion is given by R and can be thought of as an unreliability
factor. The larger is the value of R, the larger will be the
unreliability of the circuit.

5 Logic Synthesis for Reliability

A complicated two level Boolean function is often imple-
mented to have additional levels between inputs and out-
puts. Multilevel optimization of a set of such Boolean func-
tions involves creating new intermediate signals and/or re-
moving some of the existing ones to achieve reduction in
area and to meet other design constraints such as perfor-
mance. The global area optimization process of MIS [9]
turned out to be very well-suited for extensions to consider



the impact on reliability of a circuit. The input to the opti-
mization process is a set of Boolean functions. A procedure,
called kernel finds some or all cube-free multiple or single
cube divisors of each of the functions and retains those di-
visors which are common to two or more functions. The
best few common divisors are factored out and the affected
functions are simplified by a second procedure called subst:-
tution. This process is repeated until no common divisors
can be found. The “good”ness of a divisor is measured by
the magnitude of area saving it brings about. In our system,
this has been extended to take reliability also into account.

5.1 Factorization

In this section we consider the effect of factoring out a com-
mon subexpression from several expressions and also that
of selecting a factor from amongst possible factors. Let
g = g(u1,uz,..,ux); K > 1, be a common subexpression of
functions fi1, fa, .., fr; L > 2. Let v1, va, .., var; M > 0 be
the nodes internal to g. Each input uz to ¢ is either pri-
mary input or the output of a node in the circuit. When ¢
is factored out of f1, fa, .., f1, the signal probabilities and
circuit activities at all the nodes of the Boolean network re-
main unchanged. However, the capacitances at the output
of the driver gates of w1, us,..,ux change. Each such gate
now drives (L — 1) fewer gates than before. This results in
a reduction in the unreliability factor which is given by

K

(L=1)C0 > nuy Alur)

k=1

Here A(z)is the signal activity at node , n,, is the number
of gates belonging to node g and driven by signal uj (there
are gates not belonging to g which are also driven by uy)
and Cj is the load capacitance due to a fanout equal to one
gate.

The driver gate of the newly created node g drives exactly
as many gates as the driver gates of all its copies (which
existed prior to factorization) taken together, so there is no
change in this component of reliability. Since there is only
one copy of g in place of L, there are L — 1 fewer copies
of internal nodes v1, v2, .., var switching. The reliability
improvement is given by

(L=1)C0 Y nu,, Alvm)

m=1

Here n,,, is the number of gates driven by signal v,,.
The total reliability improvement on factoring out g is
the sum the above two components and is given by

K

M
AR(g) = (L—=1)Co | > nu Alur) + Y nu, A(vm)
k=1 m=1
(9)
The area saving AA(g) due to a divisor g is found as in
[9]. Let T(g) be the number of literals in the factored form
of g. Then,

AA(g) = (L -1)(T(g) —1) -1

The net improvement is given by,

R(g) AA(g)
Ry 4+ a4 * Ar . (10)

S(g) = ar *

Here Rr and Ar are the area and reliability factor of the
input Boolean network, and ar and a 4 are weight factors:
0<aa,ar<1,and ar +as =1.0.

5.2 The optimization procedure

At the beginning of the optimization procedure, signal prob-
abilities and activities for each internal and output node is
computed. Each time a common divisor g = g(u1, u2, .., ux)
is factored out, the P(ux = 1) and A(ux), 1 < k < K, are
known but P(v,, = 1) and A(vy,), 1 < m < M, are not.
The latter are computed when AR(g) is being evaluated
and are retained. Thus once again P(s = 1) and A(s), for
each node s are known.

The parameter Np is used to control the number of ker-
nel intersections (cube free divisors common to two or more
functions) which are substituted into all the functions be-
fore the set of kernel intersections is recomputed. Recom-
puting after a single substitution is wasteful as only some
of the functions have changed. On the other hand, with
each substitution, some of the kernel intersections become
invalid.

Algorithm : Reliability driven multilevel logic optimiza-
tion

Inputs : Boolean network F, input signal probability
P(z; = 1) and activity A(z;) for each primary input =z,
No

Qutput : Optimized Boolean network FI, P(s=1) and
A(s) for each node in the optimized network.

Step 0 : Compute P(s = 1) and A(s) for each node s in
F.

Step 1 : Repeat steps 2 through 4.

Step 2 : G = UfeF K(f), where K(f) = set of all di-
visors of f. Set of kernels (cube free divisors) is computed
for each function. G’ is the unlion of all the sets of kernels.

Step 3: G ={g | (g € G) N (g € K(fi)) N (g€
K(f;)) N (i #J)}. G, the set of kernel intersections, is the
set of those kernels which apply to more than one function.

Step 4 : Repeat steps 5 through 7 Ny times

Step 5 : Find g, pg, dy such that

(9 €G) A (Yhe@)[S(g) 2 S(h)] A

(pg = Plg=1)) A(dy= Alg))

If AA(g) < 0, terminate procedure. g is the kernel intersec-
tion which brings about largest saving. The signal probabil-
ity and activity of the output signal of g are remembered. If
the area component of total saving is negative, there are no
more multiple-cube divisors common to two or more func-
tions and so we stop.

Step 6 : For all f such that f € F A g € K(f), substitute
variable g in f in place of the subexpression g(u1, u2, .., ux).
Each function, which has the expression ¢ as one of its



Table 2: Experimental results

Clircuit Inputs Unoptimized | ar =0, aa=1 | ar=1, a4 =0

Area | Unrel | Area Unrel | Area Unrel
duke2 22 959 2104 702 964 798 851
vg2 25 390 880 322 528 349 481
misex2 25 164 168 163 162 164 159
rd84 25 | 1107 2540 831 1851 903 1522
apex4 9 | 5714 | 12008 | 4981 7723 | 5432 6815
miscex3c 14 | 5431 | 15100 | 4403 9914 | 4844 9006

kernels, has the new variable g substituted into it in place
of the expression.

Step 7: F = F|J{g}, G = G—-{g}. Plg=1)=pg,
A(g) = dg. New function g is added to the set of functions
F. The newly added node is assigned signal probability and
activity values from step 5.

6 Implementation and Results

The algorithms for logic synthesis to achieve higher reliabil-
ity have been implemented in LISP on an Explorer worksta-
tion. Table 2 shows the results for MCNC combinational
benchmark examples. In each case each input signal was
assigned a signal probability of 0.5 and a signal activity of
a randomly generated number (once for every example and
then the same value for all subsequent runs of that example)
in the range from .01 to 50 million transitions per second.
It should be noted that circuits would be synthesized dif-
ferently if a different signal probabilities and activities were
used. The area 1s in terms of literals and the unreliability
factor R represents the reliability of the circuit.

(ea =1, ar = 0) corresponds to the traditional multi-
level optimization where reliability optimization is not con-
sidered. At first the choice of parameters (a4 =0, ar = 1)
may appear strange, and one may expect the resulting areas
to be very large. But as the results show that is not what
happens. Optimization of reliability is achieved by elimi-
nating, at a time, redundant copies of one subexpression
which has higher weighted sum (weighted by the capaci-
tance at the node) of signal activities at its nodes than other
subexpressions. Elimination of any common subexpression
automatically results in reduction in area.

7 Conclusions

A logic synthesis system has been developed which consid-
ers reliability degradation due to electromigration and hote
carrier effects early in the design phase. Electromigration
and hot carrier effects can be modeled in terms of signal ac-
tivity, and hence, a particular circuit can be synthesized in
different ways for different applications which require dif-
ferent types of inputs. Amnother important observation is

that higher reliability is also associated with lower power

dissipation. Results on MCNC synthesis benchmarks show
that a minimum area circuit is usually not associated with
highest reliability.
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