
IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 8, NO. 4, AUGUST 2000 379

Toward Achieving Energy Efficiency in Presence of
Deep Submicron Noise
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Abstract—Presented in this paper are 1) information-theoretic
lower boundson energy consumption of noisy digital gates and 2)
the concept ofnoise tolerancevia coding for achieving energy effi-
ciency in the presence of noise. In particular, lower bounds on a)
circuit speed and supply voltage ; b) transition activity in
presence of noise; c) dynamic energy dissipation; and d) total (dy-
namic and static) energy dissipation are derived. A surprising re-
sult is that in a scenario where dynamic component of power dissi-
pation dominates,the supply voltage for minimum energy operation
( ) is greater than the minimum supply voltage( min ) for
reliable operation. We then propose noise tolerance via coding to
approach the lower bounds on energy dissipation. We show that
the lower bounds on energy for an off-chip I/O signaling example
are a factor of 24 below present day systems. A very simple Ham-
ming code can reduce the energy consumption by a factor of 3,
while Reed–Muller (RM) codes give a 4 reduction in energy dis-
sipation.

Index Terms—Coding, energy dissipation, gate capacity, lower
bound, noise, noise-tolerant computing.

I. INTRODUCTION

T HE ABILITY to scale CMOS technology has been one
of the prominent reasons for its widely successful use in

building low-cost and increasingly complex digital VLSI cir-
cuits. The 1999 International Technology Roadmap for Semi-
conductors [1] has identified the ability to continue affordable
scaling as one of the grand challenges. The ubiquity of digital
systems is also partly due to the reason that, unlike analog cir-
cuits that are noise sensitive, digital circuits are inherently im-
mune to noise due to their nonlinear voltage transfer character-
istics. However, noise immunity becomes difficult to achieve in
deep submicron (DSM) era due to reduced feature sizes, smaller
supply voltages (smaller noise margins), and higher density.
These features render DSM technology inherently noisy with
noise comprising ground bounce, IR drops [2], capacitive and
inductive cross-talk [3], charge sharing, charge leakage, process
variations, etc. An awareness of this fact has resulted in the re-
cent interest in deep submicron noise analysis [2]–[5].

Energy-efficient VLSI circuit design is of interest [6] given
the proliferation of mobile computing devices, the need to re-
duce packaging cost, and the desire to extend operational life of
VLSI systems by improving reliability. Designing low-power
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integrated circuits in the presence of deep submicron noise is
a challenging problem because it compels us to address the
issues of energy reduction and reliable operation in a unified
manner. At present, research in the area of low-power design re-
volves around the development oflow-power designtechniques
at various levels of the design hierarchy [6]–[8],power estima-
tion techniques [9]–[11], and investigating thelower bounds on
power dissipation[12]–[16]. However, the impact of noise on
energy reduction has not been considered so far and, in partic-
ular, the following important questions still remain unanswered.
1) “What is the lower-bound on power dissipation?” 2) “How far
are we from these bounds?” and 3) “How do we approach the
lower bounds systematically in the presence of noise? i.e., how
do we design noise-tolerant low-power VLSI systems?”

The existence of lower bounds on energy dissipation at var-
ious levels of the system design hierarchy was proposed by
Meindl in [14]. Although thermal noise was shown to be the
limiting factor for energy reduction at the devices level, noise
sources such as ground bounce and cross-talk were not consid-
ered. In [15], the lower bound on power dissipation per pole
for analog circuits and empirical lower bound estimates for dig-
ital circuits was presented. These bounds were estimated from
the desired signal-to-noise ratio (SNR). The bounds in [14] and
[15] are derived under the assumption that to compute reliably,
one requires reliable/noise-free elements. This assumption is too
conservative, especially if energy efficiency is desired and a fi-
nite (but small) probability of error at the output is acceptable.

The problem of realizing reliable Boolean functions using
noisy logic gates using hardware redundancy was first addressed
by Von Neumann [17]. The construction proposed in [17] was
to build reliable Boolean functions by interleaving computa-
tional layers with error correcting layers to keep the probability
of error of the overall network under control. Error correction
was done using triple modular redundancy and majority voting.
It was shown that a given logic function with arbitrarily high
reliability can be realized by the proposed construction using
noisy logic gates with probability of error 0.0073. In [18],
it was shown that the depth of a reliable Boolean function im-
plemented with noisy logic gates must be higher than that of the
realization of the same with noiseless gates. However, unlike
Von Neumann’s work, it was not shown how the bound on the
depth can be realized. In [19], it was shown that when a given
logic function is implemented with 3-input logic gates, it is pos-
sible to compute reliably if 1/6. It was also shown that, for
the 3-input case, reliable computation is not possible if1/6
improving on the bound in [18].

In this paper, we extend our past work [16], where the central
thesis (shown in Fig. 1) is that computation needs to be viewed
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Fig. 1. Information-theoretic framework for VLSI.

as a process of information transfer over a noisy channel. In
[16], we have shown that any system function with inputand
output has a minimuminformation transfer raterequirement
of bits/s. Any implementation of the algorithm is viewed as a
communication channel/network with an information transfer
capacity (also in bits/s). The capacity is a function of
the speed, SNR, and the architecture. For reliable information
transfer (or system operation), we need [20]. The con-
dition ensures that it is possible to transfer information
at a rate of bits/s with the probability of error (in the informa-
tion bits) approaching zero, i.e., perfect reliability. In the past,
we have applied [16] to the framework in Fig. 1 to provide a
common basis to power reduction techniques at various levels
of the design hierarchy such as pipelining, parallel processing,
adiabatic logic, etc. In particular, we have shown that all power
reduction techniques tend to bringclose to .

In this paper, we propose adiscrete channelmodel for dig-
ital modules and then develop the capacity formula to calculate
the lower bounds. In this model, we assume that every time a
module is used, it can make an error with a certain probability
. The value of depends on the supply voltage and the vari-

ance of the noise voltage . While we consider the module
to be a logic gate and an off-chip wire, it could potentially be a
complete digital system. We then use the discrete channel model
to show how the absolute lower bound on energy dissipation can
be obtained by only using the information-theoretic constraint

to ensure reliability.

While the information-theoretic framework provides us with
the lower bounds, it does not indicate how to achieve them.
In addition to deriving the lower bounds, we also propose the
concept of noise tolerance to approach the lower bound on en-
ergy dissipation. Improving the reliability of noisy logic gates
by employing error correcting codes was considered by Elias
in [21] with the conclusion that an arbitrarily high level of re-
liability can be achieved only when the computational rate ap-
proaches zero. This argument was strengthened in [22], where
it was shown that, except for symmetric gates such as XOR and
NOT, one cannot do better than repetition coding to improve the
reliability of noisy logic gates. However, by relaxing one of the
conditions imposed on the encoders and decoders, it was shown
in [23] that Reed–Muller codes can be employed to achieve high
levels of reliability without an abrupt drop in computational rate.
Coding schemes have been successfully used to provide fault
tolerance for computing applications, without considering en-
ergy efficiency. Arithmetic codes [24] have been proposed to
improve the reliability of arithmetic units such as adders and

multipliers against faults, and can also be used for noise toler-
ance. In contrast, in this paper we employ error-control codes
to provide the desired level of reliability while explicitly re-
ducing the overall energy dissipation thereby approaching the
lower bound.

In summary, the primary contributions of this paper are
twofold: 1) obtaining the lower bounds on energy consumption
of noisy logic gates via an information-theoretic framework
and 2) achieving energy efficiency via noise-tolerant coding in
the presence of deep submicron noise. The rest of this paper is
organized as follows. In Section II, we provide the necessary
information-theoretic preliminaries. In Section III, we develop
an information-theoretic view of VLSI systems for computation
followed by our main result in Section IV, where we show how
absolute lower bounds on energy consumption can be derived.
In Section V, for off-chip I/O signaling, we show how the lower
bounds derived can be approached using the concept of noise
tolerance via error-control coding schemes.

II. PRELIMINARIES

In this section, we describe information-theoretic prelimi-
naries such asentropy, mutual information, conditional entropy,
andchannel capacity.

A. Entropy

Consider a discrete source generating symbolsfrom the
set according to a probability distri-
bution function . A measure of the information content of
this source is given by itsentropy , which is defined as
follows:

(2.1)

where for and is
in bits. Note that we have for a single bit line, while an

-bit bus has .
This definition of the measure of information implies that the

greater theuncertaintyin the source output, the higher its infor-
mation content.

We define a relatedentropy function as follows:

(2.2)

where 0 1. Similarly, theinverse entropy function
is defined as

(2.3)

where 0 1. The function is shown in Fig. 2, where
it can be seen that it achieves its maximum value of unity when

0.5.

B. Mutual Information and Conditional Entropy

Themutual information is defined as

(2.4)
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Fig. 2. Entropy functionh(p).

where is theconditional entropyof conditioned on
. The conditional entropy is given by

(2.5)

where the set and
.

The conditional entropy can be interpreted as the
residual uncertaintyin given the knowledge of . In a similar
fashion, the mutual information can be viewed as the
reduction in uncertaintyin due to the knowledge of . This
reduction in uncertainty [by an amount ] in is due to
the information transferred from the input of the channel to its
outputper useof the channel. The definition of mutual infor-
mation in (2.4), along with the fact that for a noiseless channel

0, provides us with the defining equation (2.9) for
the information transfer rate. The following example will il-
lustrate some of these concepts as applied to digital gates.

Example 1: AND Gate.Consider a 2-input AND gate oper-
ating at 100 MHz where both inputs are independent and iden-
tically distributed (i.i.d) with the probability of a “1” on each
being equal to 0.5. In that case, the entropy of the input (taken
either as a single 2-bit source with 3 or as two single-bit
sources) is 2 bits. The entropy of the AND gate output[from
(2.1)] is given by

bits (2.6)

C. Entropy Rate

Just asentropy is the average number of bits required to
describe the outcome of a random experiment,entropy rate
is the average number of bits per symbol required to describe
a random process. Formally, theentropy rateof a stochastic
process is defined by

(2.7)

Note that if the stochastic process is independent and identically
distributed (i.i.d), we get

(2.8)
which is equal to the entropy per sample.

D. Information Transfer Rate

In [16], we have shown that any system function with input
and output has a minimuminformation transfer ratere-

quirement of bits/s given by

(2.9)

where is the entropy of the output and is the rate at
which the input symbols are being generated. This information
transfer rate is implementation-independent.

Example 2: Consider the 2-input AND gate from Example 1.
Let the rate at which the input is being generated 10 MHz.
For the same input statistics as in Example 1, the information
transfer rate is given by

Mbits/s (2.10)

Note that the information transfer rate is dependent on both
the rate at which the data is being generated and the probability
distribution of the input.

E. Channel Capacity

The channel capacity per use is obtained by maximizing
(2.4) over all possible distributions of the channel input. In
other words [20]

(2.11)

Multiplying with the rate at which the channel is used(in
Hz), we obtain

(2.12)

Example 3: For the AND gate in Example 2, assuming that
the probability of error for all input combinations is 0.1 and
switching speed 20 MHz, the capacity of this gate is given
by

from Th. Sec. III-B

bits/s

Mbits/s (2.13)

where the input distribution is such that the output distribution
is uniform, resulting in 0 and, therefore, 1.

Note that , the speed at which the circuit is operated, is
different from , the rate at which the source generates infor-
mation. As we have Mbits/s Mbits/s , it
should be possible to achieve an arbitrarily high level of relia-
bility [20]. In practice, the probability of error can be reduced
by adding redundant bits to enable error detection and correc-
tion at the output.
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Fig. 3. Discrete channel models for (a) a noninverting buffer, (b) an inverter,
and (c) a 2-input AND gate.

It was shown in [20] that it is possible to achieve an informa-
tion transfer rate , (defined in (2.9) for a digital system [16])
with a probability of error approaching zero (via appropriate
coding of the inputs) as long as and the information
source is an ergodic and stationary process. We assume that the
input sources considered here are also ergodic and stationary.

III. I NFORMATION-THEORETICFRAMEWORK FORNOISY VLSI
CIRCUITS

In this section, we present an information-theoretic frame-
work for noisy digital systems. We then employ this frame-
work to calculate the lower bounds on power dissipation for
single-output gates.

A. Discrete Channel Model for Noisy Gates

A discrete channel model for a noisy noninverting buffer is
represented by atrellis, as indicated in Fig. 3(a). This diagram
indicates that the probability of the output being correct is 1
and the probability that it is incorrect is, for all inputs. Such a
model is also referred to as abinary symmetric channel(BSC)
[20]. Thus, we assume that the magnitude and duration of inter-
mittent noise voltage is sufficient to cause logic errors. A noisy
inverter and a noisy 2-input AND gate can similarly be repre-
sented as shown in Fig. 3(b) and (c), respectively. Note that logic
errors can be permanent due to delay faults induced by tech-
nology variations, such as those in. In that case, for the input
combinations that excite such faults, we obtain 1.

B. Information Transfer Capacity of Noisy Gates

The following theorem quantifies the information transfer ca-
pacity per use of a single-output noisy gate.

Theorem 1: The information transfer capacity per use of
an -input, 1-output symmetric gate that makes an error with
probability is given by

(3.1)

where is the entropy function defined in (2.2) and is in
bits per use of the channel. Furthermore, the output distribution
that achieves this capacity is the uniform distribution given by

for (3.2)

where is the probability of observing theth output combi-
nation.

Proof: The information transfer capacity of an-input,
1-output gate is obtained from (2.11) and (2.4) as follows:

(3.3)

As the gate is symmetric, with error probability, we have
. As is a binary random variable, we have

1, which can be achieved by choosing an appro-
priate input distribution. Substituting in (3.3), we get (3.1).

Note that Theorem 1 indicates that when 0 (i.e., a noise-
less gate), the information transfer capacity per useis max-
imum and equal to 1 bit per use. This is same as saying that the
2-input, 1-output AND gate discussed in Example 1, Section II
can transfer one bit of information for every use. This is possible
provided the gate is noiseless and that the output distribution is
uniform. This, in turn, implies that the input combination “11”
should occur with a probability of 0.5 and the rest of the input
combinations should occur with a probability of 0.5. Further-
more, this AND gate has a capacity of 0 if it makes an
error half of the time, i.e., 0.5. An interesting observation
to be made at this point is that 0 if the AND gate makes
errors more than half of the time, i.e., 0.5. It will be shown
later that for a relatively high value of with respect to the
noise, the value of 0, i.e., the circuit becomes error-free.
In that case, from (3.1), we see that is equal to unity and
the capacity [from (2.12)]. This is consistent with the
conventional measure of capacity as being the maximum rate at
which the circuit can be clocked. Most modern day digital sys-
tems operate in this region, which is also the primary reason for
the high power dissipation of such systems.

Theorem 1 seems to suggest that the information transfer ca-
pacity is independent of technology and circuit implementa-
tion style. However, this is not the case, because bothand
depend upon the technology and the circuit style. In particular,
we note that and noise are a function of the supply voltage

, transistor transconductance , and the device threshold
voltage , as described next.

C. Characterization of and

For the remainder of this section and the paper, we will as-
sume that the technology is complementary MOS (CMOS) and
the circuit design style is static with dual NMOS and PMOS
transistor networks. Assuming further that the gates have been
designed with balanced rise and fall times, the maximum sig-
naling rate at a supply voltage equals the reciprocal of
the average propagation delay and is approximately given by
[25]

(3.4)

where
transconductance of the NMOS/PMOS transistor;
supply voltage;
NMOS/PMOS transistor threshold voltage;
load capacitance.

Characterization of is difficult as it requires the knowledge
of various noise sources and their dependence upon the supply
voltage. As this is an ongoing work [3], [4], in this paper we
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Fig. 4. FunctionQ(x) and its relation top .

will assume that all the major sources of noise contribute a noise
voltage at the gate output. Therefore, the gate output is in
error when exceeds the gate decision threshold voltage
[25] defined as

(3.5)

where and are the threshold voltages of the PMOS and
NMOS transistors, respectively.

Assuming that a signaling waveform has a certain noise
voltage added on to it and has a normal distribution with
a variance , it can be shown that the probability of channel
error equals the shaded overlap area in Fig. 4, and is given by

(3.6)

where the function is the Gaussian pulse (see Fig. 4) and
is defined as

(3.7)

Note that (3.6) provides us with the necessary dependence of
on the supply voltage . Fig. 4 indicates that as re-

duces the two curves approach each other, thereby increasing
the overlap and, hence, the probability of channel error. The
Gaussian assumption on noise distribution has been shown to be
valid for off-chip I/O signaling [26].

We summarize all the assumptions made in deriving (3.4) and
(3.6).

1) CMOS technology with fully static design style.
2) The low-to-high and high-to-low propagation delays are

equal. For small and , this implies the transcon-
ductance of the equivalent NMOS and PMOS transistors
are equal.

3) The threshold voltages so that with equal
NMOS and PMOS transconductance, we have

.
4) The variance of the noise voltage is independent

of and has a normal distribution with zero mean. The
noise pulse has a time duration greater than the delay of
the gate.

Note that if any of the assumptions are violated, then these
changes can be incorporated into the expressions for[in (3.6)]
and [in (3.4)]. We now consider an example, which illustrates
the application of the concepts presented so far.

Example 4: Capacity of a 2-Input AND Gate in CMOS.
Assume that 1.5 V, 0.5 V, 0.5 V,

A/V and 50 fF. Substituting the values of and
into (3.6), we obtain a value of 0.067. From (3.1), with
0.067, we get 0.6461 bits/use. The second component

of the capacity (2.12) needs to be computed. To do this, we
substitute the values of , , and into (3.4) to get

uses/s. Therefore, the information transfer
capacity of this gate is given by bits/s.

It can be seen that the AND gate in Example 2 has a relatively
high capacity in spite of the large noise standard deviation of

0.5 V. Employing the information-theoretic framework
presented so far, we now determine the lower bounds on energy
in Section IV.

IV. L OWER BOUND ON ENERGY DISSIPATION FORNOISY

GATES

In this section, we employ the condition for reliable operation
as a constraint while minimizing energy dissipation to

derive the desired lower bounds. We first formulate the problem
of determining the lower bounds as a constrained optimization
problem in Section IV-A. We then determine the lower bound
on speed of operation of the circuit and the supply voltage in
Section IV-B. In Section IV-C, we derive the lower bound on
transition activity of a noisy gate. Sections IV-D and IV-E dis-
cuss the lower bounds on dynamic energy dissipation and total
(dynamic and static) energy dissipation, respectively.

A. Energy Minimization Problem

The three major sources of power consumption in CMOS
VLSI circuits are 1) dynamic power dissipation ( ), due
to capacitive switching; 2) static power dissipation ( ),
due to leakage and subthreshold currents; and 3) short-circuit
power dissipation ( ), due to direct path currents caused
due to nonzero rise and/or fall times of inputs. For the sake of
simplicity, we will only consider single-output logic gates to
derive the lower bound on energy consumption. We will also
assume that all the capacitances of the gate are lumped at the
output, though this assumption results in some loss of accuracy.
The average dynamic power dissipation of a CMOS inverter is
given by [25]

(4.1)

where
average transition probability;
capacitance being switched;
supply voltage;
rate at which the gate is clocked.

The average static power dissipation is given by

(4.2)

where is the average standby current. For a single-output
logic gate, is given by [27]

(4.3)
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where is a constant dependent on gate topology ( for
a CMOS inverter); is the carrier mobility; is the oxide
capacitance; is the effective width to length ratio of the
PMOS/NMOS networks; ; and is a constant.
For a typical deep submicron technology, the value ofranges
from 1.4 to 1.5. The average short-circuit power dissipation is
given by [6]

(4.4)

where is the “rise–fall time” of the input signal. We assume
that the gate is operated at the maximum possible rate given by
(3.4).

We will employ theenergy per information bit( ) as the
measure to compute the minimum energy requirements, where

(in joule/bit) is given by

(4.5)

and is the information transfer rate. Note that is the en-
ergy required to transfer one bit of information over the channel,
which, in our case, is the logic gate. is a fixed quantity and,
hence, minimizing also minimizes . Therefore, our goal
is to minimize (4.5) subject to the information-theoretic con-
straint . We employ the fact that a more general condition
for reliable operation is , where is de-
fined in (2.4). For the special case of a symmetric, single-output
logic gate, we get

(4.6)

where is the probability of observing a “1” at the output. If the
input distribution is such that 0.5, then we obtain the result
of Theorem 1 and the gate would be operating at capacity. For
the rest of this paper, we assume that transition signaling (i.e., a
“1” is represented with a transition and a “0” is represented with
no transition) is employed at the output of the logic gate, due to
which we obtain .

Lemma 1: The energy dissipation is minimum when
. For a symmetric, single-output logic gate,

energy dissipation is minimum when .
Proof: Let the energy dissipation be minimum when

, where , and is given by (3.4).
Now, since , we can reduce to such that

, thus satisfying the reliability constraint. Note
that since and are directly proportional to , signaling
at reduces both and . Keeping the signaling rate at

, we can now increase such that the circuit again operates
at its maximum possible speed. Note that increasingreduces
both and . Hence, minimum energy dissipation cannot
occur when , which contradicts our initial
assumption. Therefore, energy dissipation is minimum when

.
Using (4.5) and Lemma 1, we now formulate the following

optimization problem to obtain the absolute lower bound on en-

Fig. 5. Relationship between the various parameters involved in the
optimization problem.

ergy consumption as follows:

Minimize

(4.7)

subject to

(4.8)

(4.9)

There is an intricate relationship between, , , , ,
, , , , and in (4.7)–(4.9). In Fig. 5, this relationship is

illustrated as follows.

• Consider the constraint in (4.8). For a given, as
is increased, increases and, hence, a lower value of
can satisfy (4.8). If the increase in is offset by the
decrease in, there will be a net reduction in dynamic
energy consumption despite an increase in supply voltage.

• For a fixed , an increase in can be achieved in several
ways. From the constraint in (4.9), it can be seen that
could be increased by reducing, increasing , and
reducing individually or in some combination. Any
reduction in will result in an exponential increase in
the static energy consumption and an increase inwill
lead to a linear increase in dynamic power consumption.
These tradeoffs have been studied in [28].

In this paper, we assume that the transistor transconductance
is fixed. Hence, the lower bound is now a function of, , and

. The problem stated in (4.7)–(4.9) is employed in subsequent
sections to derive the desired lower bounds. We first employ
(4.8) to derive the lower bound on supply voltage, circuit speed,
and transition activity at the output of a noisy logic gate. This
result is then used to derive the lower bound on dynamic energy
dissipation. Finally, we provide a lower bound on total energy
dissipation by proposing a solution to (4.7)–(4.9).

B. Lower Bound on and

To maintain reliability in information transfer, we need to
meet the constraint . Employing (4.8), for a single-output
symmetric logic gate, we obtain the condition

(4.10)

In order that LHS of (4.10) is positive, we need to have .
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Theorem 2: The lower bound on for reliable operation of
a symmetric, single-output, noisy logic gate is given by

(4.11)

Proof: From (4.10), since the maximum value of
1, the minimum frequency at which the circuit needs to operate
to maintain reliability is given by (4.11).

From Theorem 1, note that the denominator in (4.11) is the
capacity . Hence, when , the gate needs to op-
erate at its capacity.

Theorem 3: The minimum value of for reliable opera-
tion of a symmetric, single-output, noisy logic gate, denoted by

satisfies the equation

(4.12)

Proof: By substituting (4.9) in (4.11), with
, we get (4.12).

If the effect of can be neglected, i.e., if 0, then we
obtain from (4.12)

(4.13)

If , then . However, this
condition may not result in minimum energy dissipation. An
increase in leads to an increase in and, hence, a decrease
in . The decrease in can offset the increase in and ,
resulting in a net reduction in dynamic energy consumption as
we see in the next section.

C. Lower Bound on Transition Activity of Noisy Logic Gates

From (4.1), we see that dynamic energy dissipation is propor-
tional to the transition activity. Also, from an information-the-
oretic viewpoint, it seems that an information bearing signal
should have a lower bound on the transition activitythat is
proportional to its information content. This lower bound is de-
rived in Theorem 4 below.

Theorem 4: The lower bound on transition activity at
the output of a symmetric, single-output, noisy logic gate
employing transition signaling is given by

(4.14)

Proof: Solving for in (4.10), provides us with the lower
bound in (4.14).

From (4.14), we note that reduction incan be obtained by in-
creasing . As both and contribute to dynamic power dissi-
pation [see (4.1)], net savings in dynamic power dissipation will
be achieved only if the reduction inoffsets the increase in .

In the absence of noise, i.e., 0, substituting
bits/s and ( is the number of code bits assigned
per symbol) into (4.14), we obtain the lower bound onfor the
noiseless case as follows:

(4.15)

Equation (4.15) is the bound in [29] derived for a noiseless bus.

Fig. 6. Plot ofV versusE .

D. Lower Bound on Dynamic Energy Dissipation

We will now determine the lower bound on dynamic power
dissipation of noisy gates. Assuming that , from (3.4),
we get

(4.16)

Substituting (4.14) and (4.16) in (4.1), we obtain the dynamic
power dissipation as follows:

(4.17)

The plot of versus is shown in Fig. 6. First,
note that the minimum possible supply voltage at which
reliable operation is guaranteed is 0.8660 V. Recall
that, at [from (4.13)], we have
[from (4.11)] and 0.5. Increasing enables the circuit to
be operated faster (higher) and, hence, permits us to decrease
. Note that the decrease inindeed offsets the increase in

till 1.0782 V. This is primarily due to the fact that a small
reduction in results in a large reduction inaround the
region 0.5. A further increase in does not result in a
sufficient reduction in . Hence, we see an increase in energy
dissipation beyond 1.0782 V. The minimum energy is
found to be 20.5 pJ/bit.

E. Lower Bound on Static and Dynamic Energy Dissipation

We now consider the problem of jointly optimizing static
and dynamic components of energy dissipation. As the supply
voltage is reduced with technology scaling, it is also required to
reduce the threshold voltage to maintain throughput. Reduction
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in threshold voltage causes an increase in the static power dis-
sipation. In addition to lower supply voltages, the switching ca-
pacitance in deep submicron circuits are also smaller and, hence,
dynamic and static components of power dissipation are of the
same order [27]. We assume that the inputs to the circuit have
zero rise and fall times and, hence, the short-circuit power dis-
sipation is zero. We also assume that the parametersand
are fixed. The objective then is to find the optimum values of

and such that the sum of static and dynamic power con-
sumption is minimized. The problem is stated as follows:

Minimize

(4.18)

subject to:

(4.19)

(4.20)

where and . The
problem stated in (4.18)–(4.20) is a constrained optimization
problem, which can be solved using the Lagrangian method.
This, however, leads to a set of nonlinear equations that would
have to be solved using a numerical method. Instead, the solu-
tion to this problem is found using a two-dimensional search
procedure as follows.

1) For the given values of and , with 0, we first
obtain given by (4.13). Recall that at this value
of , we have 0.5. With , 0,

and 0.5, the value of is found from
(4.18).

2) The value of is now increased in sufficiently small
steps. For each :

2.1) from (4.14), the minimum possible value ofis
found;

2.2) we now increase in small steps till we see an
increase in total energy dissipation at this value
of due to an increase in dynamic component
of energy.

2.2.1) For each value of, we compute
using

(4.21)

Note that (4.21) is obtained by substi-
tuting (4.20) in (4.19) and then solving
for .

2.2.2) With values of , and , the value
of is now computed from (4.18). If
this value of is lower than the pre-
vious value, then go to 2.2, otherwise go
to 2.

This search algorithm is illustrated as a pseudo-code in Fig. 7.
The region over which the minimum is searched is shown in

Fig. 8. The search begins (step 1 in the search algorithm) at the
point , at which we have , 0.5,

Fig. 7. Algorithm to obtain the lower bound on total energy dissipation.

Fig. 8. Feasible region for the optimization scheme.

and 0. With an increase in , the value of that satisfies
(4.8) reduces. This is denoted by the pointin Fig. 8. This
corresponds to step 2 in the search algorithm. Also, at, the
circuit is operating at a speed greater than . The value
of is now incremented in small steps. Note that this leads to
a reduction in [from (3.4)] and, hence, an increase in to
satisfy (4.9). The transition densitycan be increased till we
get 0.5. This is denoted by in Fig. 8. This procedure
is repeated until the value of is high enough to make the
dynamic component of energy dissipation dominant.

The optimum supply and threshold voltage values for a
single-output gate to obtain an information transfer rate of 8
Mbits/s with 0.3 V is found in Fig. 9. We assume that

A/V and 50 fF. A relatively small
value of load capacitance is chosen so that the static power
component is made comparable to . By following
the search procedure described above, we obtained
0.4430 V, 0.2561 V, and 3.9457 10 Hz
and the lower bound on energy is 5 2.0416 10
J/bit. The plot of versus for several values of is
shown in Fig. 9. Each curve corresponds to a fixed value of

and to each iteration of step 2 in the search
algorithm. It can be seen that at each , initially, due to low

and low , the static component of power is dominant. The
decrease in static power due to an increase incompensates
for the increase in dynamic power due to the increase in,
resulting in a net decrease in total power consumption. At
higher values of , the energy rises again due to the increase in
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Fig. 9. Optimum supply and threshold voltage for minimum energy
dissipation.

dynamic power dissipation because of higher values of. The
value of at the beginning of iteration for a given decreases
with the increase in . However, the search for a fixed value
of always terminates at 0.5, at which is maximum
for that iteration.

We would like to point out that the lower bound we have de-
rived in this section differs from those obtained in [28] in two
significant ways. First, the minimum energy dissipation derived
in [28] does not take into consideration the effect of noise in
the circuit at low supply voltages. The effects of noise at lower
supply voltages will dictate the circuit performance and, hence,
limit the levels by which we can scale the supply voltage. Sec-
ondly, we assume a constant throughput, which automatically
imposes a throughput restriction on the circuit being designed.
Significantly higher reductions in lower bounds can be obtained
by trading speed for power as done in [28] and [30], where the
effect of threshold voltage variation on the yield due to energy
minimization has been taken into consideration.

V. DESIGN OFHIGH-SPEEDLOW–POWERCHIP I/O SIGNALING

In this section, we propose the use of noise tolerance to
approach the lower bounds for high-speed chip I/O signaling
schemes. This is conceptually a simple problem, but one of
great importance due to the high-data rates (0.5–2.6 Gb/s),
low voltage levels (0.7–0.8 V), and noisy board environment
[26]. Thus, the problem boils down to the design of low-power
transmitter and receiver circuits in the presence of noise. To
use the concept of noise tolerance to design complex energy
efficient digital systems, effective error control techniques that
are inexpensive from an energy point of view are necessary.
This requires exploration of existing, as well as new, reliability
improvement techniques from an energy viewpoint. However,
the off-chip wire example considered here is similar to the
binary symmetric channel extensively studied in the area of
communications. Many error control schemes are already
available to improve the reliability of this channel.

We make the following assumptions: 1) 50 pF;
2) gate capacitance 5000; 3) 0.3 V; 4)

8 Mb/s; 5) 750 A/V ; and 6) desired bit-error
rate (BER) 10 . The traditional scheme [see Fig. 10(a)],
wherein the desired level of noise immunity is achieved by
appropriately choosing the supply voltage to suppress the noise,

Fig. 10. (a) Traditional and (b) proposed schemes for chip I/O signaling.

requires a supply voltage of 4.8 V to achieve the desired
BERwith 565 pJ/bit. Next, we propose a noise-tolerant
scheme [see Fig. 10(b)] that achieves 3–4reduction in
while achieving the sameBER.

A. Noise Tolerance via Error Control

The proposed noise-tolerant scheme (NTS) is shown in
Fig. 10(b). The forward channel has employed a reduced
voltage level [where is the supply voltage in
Fig. 10(a)], where is a constant. The forward channel
is noisy and makes errors with probabilitygiven by (3.6).
The errors due to noise are handled via error detection using
structured codes and error correction using retransmission.
Retransmission requests are made over a reverse channel with
signaling voltage . Due to the supply voltage being high, the
reverse channel will be virtually noiseless. The reverse channel
will be used infrequently if the errors are infrequent. The
encoder and decoder operate at and, hence, are assumed
to be noise free. Hence, energy savings would accrue only if
the reduction in the supply voltage in the forward channel is
able to offset the overhead due to the encoder, decoder, and
the reverse channel. Note that two sets of pins are used in this
scheme, compared with one in the original scheme. It may be
possible to employ more sophisticated bidirectional signaling
schemes as in [31], so that only one set of pins can be used in
the proposed scheme.

The data to be transmitted over the low-supply line is encoded
as follows. Every bit of the data stream to be transmitted is
mapped onto a code word of lengthbits, where . Note
that as , the possible 2 message symbolsare mapped
onto only a subset (with size 2) of the possible 2 code words.
At the receiving end, the received bit stream is first decoded
using a decoder. The decoder declares an error if the received
string of bits is not one of the predetermined code words. The
transmitter is informed of the error using the reliable high-
reverse channel. On receipt of an error signal from the receiver,
the transmitter retransmits the message symbol.

The simplest possible coding scheme that can be employed is
n-repetition code, where the same information bit is transmitted

times and majority logic is used at the receiving end for de-
coding the message bit. We show that this approach (commonly
employed in fault-tolerant computing [32]) is highly inefficient
in terms of energy. However, a simple Hamming code [33] re-
sults in substantial power savings.

For any positive integer , a Hamming code exists with
the following parameters:
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• code length: ;
• information symbol length: ;
• no. of parity bits: .

TheBERfor an linear code is given by [33]

BER (5.1)

where is the error probability per bit over the bus line and is
given in the present context by (3.6), is the number of code
words with weight in the code.

B. Energy Savings

To compute the power dissipation, the capacitance of the
bus-line is modeled as a lumped capacitance at the output
of the transmitter buffer. We assume that buffers in both the
transmitter and the receiver are a tapered series of inverters that
are sized to minimize delay. In the case of the conventional
system [see Fig. 10(a)], the energy dissipated per information
bit transmitted is given by

(5.2)

where V is the supply voltage at which
per bit and is the bus capacitance. It is assumed that the
signal has a transition activity of 0.5. It can be shown (see the
Appendix) that the energy dissipation for the proposed scheme
[in Fig. 10(b)] is given by

(5.3)

where
off-state leakage current in the buffer;
input data rate in bits/s;
capacitance of an AND gate;
capacitance of an OR gate;
factor by which the supply voltage for the forward
channel in the proposed scheme is scaled down;
probability of error detection, which is given by

where and for Hamming codes [33],

(5.4)

In the proposed scheme (5.3), both static and dynamic compo-
nents of energy dissipation are taken into account as the device
threshold voltage in this case is kept low to maintain throughput
at low supply voltage levels. The expression for also
involves energy dissipation in the encoder and decoder circuits
where the supply voltage is kept high to maintain high noise
margins. While we have taken three sources of energy dissipa-
tion into consideration, due to the high value of the off-chip bus
capacitance, it is the dynamic component of energy dissipation
that is the primary source of power dissipation for the proposed
scheme.

Fig. 11. Plot ofV versusE for the traditional scheme and proposed NTS.

Fig. 12. Plot ofV versuslog (BER) per information bit for the traditional
unencoded scheme and proposed NTS.

C. Results

We now compare the performance and energy dissipation of
the two schemes discussed above. Fig. 11 shows the plot of

versus energy dissipation for the traditional and proposed
schemes. Note, for the same , the energy dissipated in the
traditional scheme is the least. For the proposed scheme, as we
increase the value of , the number of parity bits in the coding
scheme, the ratio decreases and, hence, energy consump-
tion also decreases. Fig. 12 shows the plot of supply voltage
versus bit error rate (BER) for the original and the proposed
schemes. It can be seen that for the same, the BER offered
by the proposed scheme is several orders of magnitude better
than the one offered by the traditional scheme—especially in
the range (1.5–4.8 V). Fig. 13 shows the plot of BER versus en-
ergy dissipation for the schemes considered above. Note that as
expected, to achieve a specified value of BER, the traditional
scheme consumes the maximum amount of energy. For the pro-
posed scheme, the energy dissipation required to achieve a de-
sired level of performance decreases asis increased.

We now compare the energy dissipation of proposed schemes
with the lower bounds obtained in Section III. From Fig. 6,
we see that the lower bound equals 20.5 pJ/bit. This is
shown in Fig. 14 along with the values of achieved by pro-
posed noise-tolerant schemes. Also shown is the energy effi-
ciency of a -repetition code with 5. Note that repetition
code does not offer any energy savings as compared to the orig-
inal scheme. However, a simple linear code such as the Ham-
ming code does offer about 3reduction in energy dissipation
while maintaining the throughputto achieve a BER 10 .
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Fig. 13. Plot of log (BER) versusE for the traditional scheme and
proposed NTS.

Fig. 14. Comparison of lower bound and other schemes for off-chip bus data
communication.

In addition to Hamming codes, the plot of BER versusfor
Reed–Muller (RM) codes [34] is shown in Fig. 14. Note that
RM codes lead to about 4reduction in energy dissipation at
the target performance of BER 10 . The improvement per-
formance is primarily due to better error detection capability
of RM codes over Hamming codes. Note, also, that the lower
bound on is about 24 below the achieved by current
day systems for the target BER 10 . This indicates that
substantial energy savings are possible via the use of more so-
phisticated coding schemes.

VI. CONCLUSIONS

The main conclusions of this paper are 1) noise tolerance is
an attractive technique for achieving low-energy operation in
presence of noise and 2) lower bounds on energy can be de-
rived via information-theoretic concepts. For an off-chip sig-
naling, we have shown that the lower bounds are a factor of 24
below what present day systems achieve and that a 4energy
reduction can be achieved by employing a noise-tolerant scheme
based on simple linear codes.

Future work needs to be directed toward deriving the lower
bounds for multiple output functions, obtaining comprehensive
noise models, and developing noise-tolerant schemes that are
applicable at various levels of design hierarchy. In [35],algo-
rithmic noise toleranceis applied at the system level to obtain
energy-efficient implementation of DSP systems. The issue of
noise tolerance at the circuit level has been recently addressed

in [36], [37], where energy-efficient and noise-tolerant dynamic
circuit styles have been proposed. Efficient approaches to noise
in the deep micron era would require a judicious combination
of noise tolerance and noise reduction at all levels of the VLSI
design hierarchy.

APPENDIX

In this Appendix, we derive (5.3) that expresses the energy
dissipation per bit for the proposed noise-tolerant scheme. The
total energy dissipation per information bit is given by

(A.1)

where is the dynamic component
of energy dissipation; ( is the energy dissipated over the
forward channel; is the energy dissipated over the reverse
channel); is the static component of energy dissipation;
and is the energy dissipated in the encoder and the decoder.

Every time an error is detected with probability , the
receiver sends a retransmission request over the reliable high
supply voltage ( ), reverse channel. Let code words
be transferred from the transmitting end over the noisy low
supply voltage ( ) forward channel. The total number
of transmissions (including retransmissions) over the forward
channel required to transfer code words is given by

(A.2)

Hence, the dynamic energy dissipation over the forward channel
for code words transferred is obtained from (A.2) and (4.1)
as follows:

(A.3)

where is the number of bits in a code word and is the
supply voltage over the forward channel. The number of retrans-
mission requests made over the reverse channel while transfer-
ring code words is given by

(A.4)

Hence, the dynamic energy dissipation over the reverse channel
for code words transmitted is given by

(A.5)

where the transition activity is 1 due to the assumption that a
retransmission request is made using transition signaling. The
total dynamic energy dissipation over the two off-chip lines per
information bit is given by

(A.6)

where is the number of information bits transmitted per code
word (recall that the coding scheme mapsinformation bits to
an bit code word). Substituting (A.3) and (A.5) in (A.6) we
get

(A.7)
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The static energy dissipation per bit of information transferred
is obtained from (4.2) as

We now derive an expression for the energy dissipation in the
encoder and the decoder. In the error control scheme described
in this paper, we have employed Hamming codes to perform
error detection. Hamming codes are linear codes which can be
defined by a generator matrix and parity-check matrix in sys-
tematic form [33]. For a linear code in systematic form, the gen-
eration of the -bit code word corresponding to a-bit message
symbol involves AND operations and
XOR operations. The decoding of an-bit received code word
corresponding to a -bit message symbol involves
AND operations and XOR operations. Therefore, the
total switching capacitance of the encoder and decoder is

, where is the switching ca-
pacitance of an AND gate and is the switching capacitance
of an XOR gate. The dynamic energy [see (4.1)] dissipated in
the encoder and decoder per information bit is given by

(A.8)

Note that when , no coding takes place and, hence,
0 as predicted by (A.8). Also, the overhead due

to retransmissions has been taken into account. Substituting
(A.7) and (A.8) in (A.1), we obtain the expression for the total
energy dissipation for the proposed noise-tolerant scheme as
given by (5.3).

REFERENCES

[1] The 1999 International Technology Roadmap for Semiconductors[On-
line] Available: http://www.sematech.org.

[2] H. H. Chen and D. D. Ling, “Power supply noise analysis methodology
for deep-submicron VLSI chip design,” in1997 Design Automation
Conf., Anaheim, CA, pp. 638–643.

[3] K. L. Shepard and V. Narayanan, “Noise in deep submicron digital de-
sign,” in ICCAD96, pp. 524–531.

[4] A. Devgan, “Efficient coupled noise estimation for on-chip intercon-
nects,” inICCAD97, pp. 147–151.

[5] L. Gal, “On-chip cross talk—the new signal integrity challenge,” in
IEEE Custom Integrated Circuits Conf., 1995, pp. 251–254.

[6] A. Chandrakasan and R. W. Brodersen, “Minimizing power consump-
tion in digital CMOS circuits,”Proc. IEEE, vol. 83, pp. 498–523, Apr.
1995.

[7] P. E. Landman and J. M. Rabaey, “Architectural power analysis: The
dual bit type method,”IEEE Trans. VLSI Syst., vol. 3, pp. 173–187, June
1995.

[8] B. Davari, R. H. Dennard, and G. G. Shahidi, “CMOS scaling for high-
performance and low-power—The next ten years,”Proc. IEEE, vol. 83,
pp. 595–606, Apr. 1995.

[9] D. Marculescu, R. Marculescu, and M. Pedram, “Information theoretic
measures for power analysis,”IEEE Trans. Computer-Aided Design,
vol. 15, pp. 599–610, June 1996.

[10] F. N. Najm, “A survey of power estimation techniques in VLSI circuits,”
IEEE Trans. VLSI Syst., pp. 446–455, Dec. 1994.

[11] A. Shen, A. Ghosh, S. Devdas, and K. Keutzer, “On average power dissi-
pation and random pattern testability of CMOS combinational logic net-
works,” in IEEE Int. Conf. Computer-Aided Design, 1992, pp. 402–407.

[12] C. H. Bennett, “Logical reversibility of computation,”IBM J. Res. De-
velop., pp. 525–532, Nov. 1973.

[13] R. Landauer, “Dissipation and noise immunity in computation and com-
munication,”Nature, pp. 779–784, Oct. 1988.

[14] J. D. Meindl, “Low power microelectronics: Retrospect and prospect,”
Proc. IEEE, vol. 83, pp. 619–635, Apr. 1995.

[15] E. A. Vittoz, “Low-power design: Ways to approach the limits,” in
ISSCC ’94, San Fransisco, CA, pp. 14–18.

[16] N. R. Shanbhag, “A mathematical basis for power-reduction in digital
VLSI systems,”IEEE Trans. Circuits Syst. II, vol. 44, pp. 935–951, Nov.
1997.

[17] J. Von Neumann, “Probabilistic logics and the synthesis of reliable orga-
nizms from unreliable components,” inAutomata Studies, C. E. Shannon
and J. McCarthy, Eds. Princeton, NJ: Princeton Univ. Press, 1956, pp.
43–98.

[18] N. Pippenger, “Reliable computation by formulas in the presence of
noise,”IEEE Trans. Inform. Theory, vol. 34, pp. 194–197, Mar. 1988.

[19] B. Hajek and T. Weller, “On the maximum tolerable noise for reliable
computation by formulas,”IEEE Trans. Inform. Theory, Mar. 1991.

[20] C. E. Shannon, “A mathematical theory of communications,”Bell Syst.
Tech. J., pt. I/II, vol. 27, p. 379–423, 623–656, 1948.

[21] P. Elias, “Computation in the presence of noise,”IBM J. Res. Develop.,
vol. 2, pp. 346–353, Oct. 1958.

[22] W. W. Peterson and M. O. Rabin, “On codes for checking logical oper-
ations,”IBM J. Res. Develop., vol. 3, pp. 163–168, Apr. 1959.

[23] D. K. Pradhan and S. M. Reddy, “Error-control techniques for logical
processors,”IEEE Trans. Comput., vol. C-21, Dec. 1972.

[24] T. R. N. Rao and E. Fujiwara,Error-Control Coding for Computer Sys-
tems. Englewood Cliffs, NJ: Prentice-Hall, 1989.

[25] J. M. Rabaey, Digital Integrated Circuits: A Design Perspec-
tive. Englewood Cliffs, NJ: Prentice-Hall, 1996.

[26] C.-K. K. Yanget al., “A 0.5-�m CMOS 4.0Gb/s serial link transceiver
with data recovery using oversampling,”IEEE J. Solid-State Circuits,
vol. 33, pp. 713–722, May 1998.

[27] R. X. Gu and M. I. Elmasry, “ Power dissipation analysis and optimiza-
tion of deep submicron CMOS digital circuits,”IEEE J. Solid-State Cir-
cuits, vol. 31, May 1996.

[28] D. Liu and C. Svensson, “Trading speed for low power by choice of
supply and threshold voltages,”IEEE J. Solid State Circuits, vol. 28,
Jan. 1993.

[29] S. Ramprasad, N. R. Shanbhag, and I. N. Hajj, “Achievable bounds on
signal transition activity,” inICCAD97, pp. 126–129.

[30] R. Gonzalezet al., “Supply and threshold voltage scaling for low power
CMOS,” IEEE J. Solid-State Circuits, vol. 32, Aug. 1997.

[31] C. Kim et al., “A 640MB/s bi-directional data-strobed, double-data-rate
SDRAM with a 40mW DLL circuit for a 256MB memory,” in1998
IEEE Int. Solid-State Circuits Conf., Feb. 1998.

[32] D. P. Siewiorek,Reliable Computer Systems. Bedford, MA: Digital,
1992.

[33] S. Lin and D. J. Costello,Error Control Coding: Fundamentals and Ap-
plications. Englewood Cliffs, NJ: Prentice-Hall, 1983.

[34] R. Hegde and N. R. Shanbhag, “Lower bounds on energy dissipation
and noise-tolerance for deep submicron VLSI,” in1998 IEEE Int. Symp.
Circuits Syst., Orlando, FL.

[35] , “Energy-efficient signal processing via algorithmic noise-toler-
ance,” in1999 IEEE Int. Symp. Low Power Design, San Diego, CA.

[36] L. Wang and N. R. Shanbhag, “Noise-tolerant dynamic circuit design,”
in Proc. IEEE Int. Symp. Circuits Syst., Orlando, FL, May/June 1999.

[37] G. Balamurugan and N. R. Shanbhag, “Energy-efficient dynamic circuit
design in presence of cross-talk noise,” in1998 IEEE Int. Symp. Low
Power Design, San Diego, CA.

Rajamohana Hegde (S’95) received the B.E.
degree in electrical and electronics engineering from
Manipal Institute of Technology, Manipal, India, in
1992, and the M.S. degree in electrical engineering
from Wright State University, Dayton, OH, in
1996. He is currently pursuing the Ph.D. degree in
electrical engineering from the University of Illinois
at Urbana-Champaign.

From May 1999 to August 1999, he was a summer
intern at the Circuits Research Laboratory of Micro-
computer Research Laboratory, Intel Corporation,

Hillsboro, OR, where his work involved high-speed and noise-tolerant datapath
design. His current research focus is on exploration of performance limits of
VLSI systems and development of algorithmic noise-tolerance techniques for
DSP and communication systems to achieve reliable low-energy operation. His
research interests are in the area of VLSI design of DSP and communications
systems for low-power and design of noise-tolerance techniques for deep
submicron VLSI systems.



HEGDE AND SHANBHAG: TOWARD ACHIEVING ENERGY EFFICIENCY 391

Naresh R. Shanbhag(M’88–S’88–M’93–SM’98)
received the B. Tech. degree from the Indian Institute
of Technology, New Delhi, India, in 1988, the M.S.
degree from Wright State University, Dayton, OH,
in 1990, and the Ph.D. degree from the University
of Minnesota, Minneapolis, in 1993, all in electrical
engineering.

From July 1993 to August 1995, he worked
at AT&T Bell Laboratories, Murray Hill, NJ, in
the Wide-Area Networks Group, where he was
responsible for development of VLSI algorithms,

architectures, and implementation of high-speed data communications
transceivers. In particular, he was the Lead Chip Architect for AT&T’s 51.84
Mb/s transceiver chips over twisted-pair wiring for asynchronous transfer
mode (ATM)-LAN and broadband access chip-sets. In August 1995, he
joined the Coordinated Science Laboratory and the Electrical and Computer
Engineering Department, University of Illinois at Urbana-Champaign, as an
Assistant Professor. His research interests are in the design and integrated
circuit implementation of low-power/high-performance signal processing and
communications systems. He has published more than 70 journal/conference
articles/book chapters and holds three U.S. patents on these topics. He is also
a co-author of the research monographPipelined Adaptive Digital Filters
(Norwell, MA: Kluwer, 1994).

Dr. Shanbhag received the 1999 IEEE Leon K. Kirchmayer Best Paper Award,
the 1999 Xerox Faculty Award, the National Science Foundation CAREER
Award in 1996, and the 1994 Darlington best paper award from the IEEE Cir-
cuits and Systems Society. Since July 1997, he has been a Distinguished Lec-
turer for the IEEE Circuits and Systems Society. He is currently serving as
an Associate Editor for the IEEE TRANSACTIONS ONCIRCUITS AND SYSTEMS:
PART II. He is a Member of the Design and Implementation of Signal Processing
Systems (DISPS) Technical Committee of the IEEE Signal Processing Society,
the VLSI Systems and Applications and VLSI in Communications Technical
Committees of the IEEE Circuits and Systems Society. He has served on the
technical program committees of various conferences, including the 1998 and
1999 International Symposium on Low-Power Electronics and Design, the 1999
IEEE Workshop on Signal Processing Systems, and the 1999 IEEE International
Symposium on Circuits and Systems.


