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Abstract : In this paper, we propose to reduce the hardware cost of an ALU that utilizes Constructive Timing Violation
(CTV) technique. The hardware cost required by the previously proposed CTV techniqueis about three times bigger than
that of the baseline ALU. In order to reduce the cost, we propose to share a part of ALU between the main and cheker
partsinthe CTV mechanism, and to utilize pipelining technique in the fault detection circuit. We implement the proposed
mechanism in a carry select adder using Verilog-HDL and logic synthesis. From the detailed simulations, it is observed
there is the potential that clock frequency can be boosted by 1.4 — 1.6 times. However, in practice, there are severa

problems found.

1 INTRODUCTION

In recent years, high performance and low power micro-
processors are required not only by large-scale compuit-
ers but also by mobile devices such as PDAs (Personal
Digital Assistance). For large-scale computers, increas-
ing clock frequency is one of the simple ideas in order
to gain processor performance. However, heating due
to increasing power comsumption probably destroys pro-
cessors. On the other hand, high perfomance micropro-
cessors are required by recent mobile devices. For ex-
ample, JAVA applications and video processing are often
exectued on such devices. In addition, since the devices
are battery-operated, reducing power consumption is an
important factor.
Theactive power Pyc.iv. andgatedelay ¢,q of aCMOS

circuit are given by
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where f is clock frequency, Ci,.q IS l0ad capacitance,
Vaa 1s supply voltage, and V;, isthreshold voltage of the
device. « is a factor depending upon the carrier veloc-
ity saturation and is about 1.3 — 1.5 in advanced MOS-
FETs. Based on Eq.(1), to reduce power consumption
and to keep high perfomance, decreasing power supply
voltage, V44, is required without decreasing clock fre-
guency. However, Eq.(2) tells us that power supply volt-
age reduction increases gate delay, and thus clock fre-
quency hasto be decreased. Therefore, keeping clock fre-
guency causes timing violations due to unsatisfied timing
constraints.

In order to relax the timing constraints, we proposed
Constructive Timing Violation (CTV) technique [1]. The
CTV exploits the facts that critical path in acircuit is not
always active and that there are considerable marginsin

LSI design. That is, we propose an LS| design methodol -
ogy focusing on typical cases rather than worrying about
very rare worst cases. It has a fault tolerant mechanism
for timing violation based on a kind of paralelism; that
is space redundancy. However, thereis much hardwarein
its timing violation detection mechanism. Hardware cost
required by the proposed technique is about three times
bigger than that of the conventional one. It is a serious
problem for not only low cost microprocessors but also
for high performance microprocessors.

This paper considers hardware cost reduction in the
fault detection mechanism for the CTV technique, and
evaluates the proposed mechanism adopted in an ALU.
In Section2, we describe the ALU utilizing the original
CTV technique. In Section 3, we describe an ALU struc-
ture utilizing anew CTV technique which requires hard-
ware cost. In Section 4, we describe the evaluation en-
vironment for the ALU utilizing new CTV technique. In
Section 5, we describe the evaluation results. And last,
we present our conclusion.

2 Overview of CTV Technique

Figure 1 shows the ALU structure utilizing the original

CTV technique. It consists of a main part and a checker

part. The main part includes an ALU and works at f 44
that is higher than that meetsthecritical path delay. There-
fore, the main part isimplemented so that it can maintain
throughput and low latency, but timing violations proba

bly occur. On the other hand, the checker part includes
two ALUs and two comparators in order to check if the
main part is safe. Each pair of an ALU and a comparator

in the checker part works at % and thus timing vio-
lations do not occur. Clocks provided for the pairs have
different phase, and they alternatively check the main part

to detect timing violation.

Circuits utilizing the CTV technique can work at



higher frequency or with less power consumption. Work-
ing at higher frequency will be easily understood. It is
assumed that currently the circuit works at % without
timing violations, and it is expected that the clock is in-
creased to fyq. Since the proposed mechanism detects
timing violations and arecovery mechanism toleratesthem,
it is possible for the circuit to work at f 44 with maintain-
ing its throughput and latency.
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Figure1: ALU design utilizing CTV

We explain how power consumption isreduced asfol-
lows. Inthisestimation, it isassumed that the ALU safely
works at f;4 whan its supply voltage is Vy,. Itis easily
found that decreasing power supply voltage is the most
effective way to reduce power consumption from Eq.(1).
In order to reduce power consumption, we would like to
decrease the supply voltage to % Usuadly, the clock
frequency should be decreased to ded determined by the
supply voltage Y22, but we keep it as fqq in the main
part. The checker part is used for detecting the timing vi-
olations and thus it works at the frequency 42 with the
supply voltage % without timing violations. Because
the energy reduction due to the lower supply voltage is
larger than the increase of energy consumption caused
by amount of parallelism, the CTV can decrease energy
consumption efficiently. In this case, the total power con-
sumption of the three ALUs in the main and the checker
partsis half that of the conventional one. We have already
evaluated the improvements in performance and energy
efficiency viacircuit simulations[2, 3].

The additional checker part has twice bigger hard-
ware than the main part does. Therefore, the hardware
overhead cannot be ignored even if the amount of circuit
required for implementing the CTV techniqueissmall. In
the next section, we explain how to reduce hardware cost
of the checker part, which is the essential component in
the CTV to detect timing violations.

3 Reducing Hardware Cost in Fault
Detection M echanism

Figure 2 shows an n-bit ALU structure utilizing CTV
technique with reduced hardware cost. The ALU con-
sists of a main part and a checker part. The main part
is divided into alower n/2-bit ALU and an upper n/2-bit

ALU, and works at f44. The checker part is also divided
into a lower n/2-bit ALU, an upper n/2-bit ALU, and a
comparator. The lower ALU is shared by the main part
and the checker part. In the checker part, the lower and
upper ALUs are pipelined so that they are able to work at
faa without timing violation and so that the checker part
keeps up with the progress in the main part; i.e. the main
and checker parts' throughput are same. As you can see,
the additional circuit only requires the upper ALU, the
comparator, and a few flipflops for pipelining.

Figure 2: ALU design utilizing improved CTV

The improved CTV technique has three advantages
over the origina one in addition to the hardware cost re-
duction in the checker part.

e It requires only one clock domain, f44, in order
to drive whole circuit. Therefore, the chip areais
significantly reduced since the clock generator of
fg—d and complementary two clock lines are not re-
quired.

e The static power consumption due to leakage cur-
rent is decreased dueto the reduction in the number
of transistors.

e The active power consumption of the chekcer part
ALU is reduced due to sharing the lower ALU be-
tween the main and the checker parts.

We explain the detail of third advantage of the im-
proved CTV under the same situation of the example in
the previous section. It is assumed that the circuit in Fig-
ure 2 works at f.4 with supply voltage V4. We would
like to decrease supply voltage to % Under this condi-
tion, it is assumed that timing violations probably occur
in the main part and do not occur in the checker part.
Based on Eq.(1), the active power of the ALUs in the
main and checker partsis as follows

Pmain + Pcheck
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where N is number of transistors in an ALU. It is as-
sumed that the number of transistorsin the checker ALU
is half that of the main ALU. Since the power consump-
tion of a conventional ALU is N fC1,44V3;, the power
consumtion of the improved CTV technique is reduced



by 62.5% from that of the conventional ALU. Moreover,
utilizing the improved CTV technique can expect 12.5%
power reduction compared to theoriginal CTV technique.

4 Evaluation Environment

In order to evaluate the improved CTV technique, weim-
premented a carry select adder (CSLA)[4] using Verilog-
HDL. After verifying the correctness of its function by
logic simulations, we logic-synthesized it in order to es-
timate gate delay. The clock frequency is boosted from
that determined by estimated critical path delay, and we
measure error ratesin the main part. At the sametime, we
also measure what times the clock frequency is boosted
without errors in the checker part. Figure 3 shows the
evaluation circuit. The circuit enclosed by dotted line is
the CSLA utlizing the improved CTV technique, that in-
cludes delay information. The lower and upper 16-bit
CSLAs construct the 32-bit main CSLA. A 16-bit CSLA
and a comparator are included by the checker part. The
three comparators in the right side of Figure 3 check
whether the main CSLA, the checker CSLA and the com-
parator in the checker part are safe. The “idea result”
shown at the top and bottom comparators are correct val-
ues delivered by the 32-bit CSLA without delay informa-
tion. Another “ideal result” is from the whole evaluation
circuit without delay information.
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Figure 3: Evaluation Circuit

Cadence Verilog-XL was used for logic simulation.
In order to perform logic simulation, we made test vectors
using an instruction level simulator, sim-safe, included
in SimpleScalar/PISA tool set [6] and SPEC2000 CINT
benchmark. The test vectors were created for additions
and subtractions executed as add, sub, load and store in-
structions. We made 10 thousand patterns for each in-
struction. The logic-synthesis is performed by Synopsis
DesignCompiler using Hitachi’s 0.18m CMOS process
technology provided by VDEC[5].

5 Evaluation Results

Inthis section, we present eval uation results. We measure
error rates of the main part without errors of the checker
part. They are shown in Figure 4. The horizonal axis of
each graph shows boosting ratio of the clock frequency,
and the vertical line shows error rates of the main part. In
thecasesof 164. gzi p 176. cc1,197. par ser,

256. bzi p2, and 300. t wol f, it is observed that the

frequency of the CSLA can be boosted by 1.4-1.6 times
and the error rate is less than 30%. Our previous studies
unveiled [1, 2, 3] that power reduction or performance
improvement is expected if error ratio is less than 30%.
Therefore, the validity of the improved CTV technique
can befoundinthiscase. Moreover, sincetheerror rate of
all benchmarksis 0% until the boosting ratio is increased
to 1.3, the clock frequency can be boosted without any
penalty due to recoveries from faults.

On the other hand, in the cases of 175. vpr,

181. ntf and 255. vor t ex, thefrequency can be only
boosted by 1.4 times. Beyond this point, errors are found
in the checker part. The error rate is about 10% when
boosting ratio is 1.4. Therefore, the potential of CTV
cannot be exploited. This problem is caused by pipelin-
ing the checker part. We consider the problem as fol-
lows. According to the timing-report of logic-synthesis,
the critical path delay in the main part is 1.54 ns, and that
inthe checker partis 1.44 ns. Therefore, using pipelining,
the delay in the checker part can be reduced by only 10%
of the critical path delay in the main part. In other words,
the checker part might cause timing violations when the
boosting ratio is bigger than 1.1. The reasons are as fol-
lows. First, pipelining the CSLA to the two-stage CSLA
can reduce just the delay of a 2-to-1 multiplexer. Sec-
ond, adding flipflops required by piplelining increases
the delay of each pipeline stage in the checker part. In
the logic simulation, timing violations was not found in
the checker part when the boosting ratio is less than 1.4.
However, boosting ratio of the frequency shouldbe 1.11in
order to execute with keeping safety. This problem can
be solved by re-examining the optimization constraints
for the logic-synthesis, but we don’t think that it is a fun-
damental solution.

In order to avoid this problem, increasing the number
of pipelinestagesis oneof the simpleideas. Thissolution
increases clock frequency. However, since the latency of
the checker part isincreased, the penalty for the recover-
ies dueto faultsis also increased.

6 Conclusion

In this paper, we proposed to reduce the hardware cost
of an ALU that utilizes CTV technique. The CSLA uti-
lizing the improved CTV technique was impremented by
Verilog-HDL. From the logic simulation, the clock fre-
guency of the CSLA can be boosted by 1.4 —1.6 times
with low error rates. However, in practice, we can boost
the clock frequency by only 1.1 times according to the
timing-report of the logic-synthesis. Therefore, we have
to re-examine the pipelining in the checker part in order
to execute at higher clock freguency.

Future studies regarding the CTV technique are as
follows. We have to design and to evaluate the deeper
pipelined ALUs to have a gain in clock frequency. We
are currently considering some technique to mitigates the
penalties due to timing errors, which is increased accord-
ing to the deeper pipeline. It can detect every error at
the earlier stages. We are also interested in exploiting the
profileinformation on occurrence of errors. Weareinves-
tigating a hardware profiler resembling the branch target
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Figure 4: Simulation Result

buffers. If we can predict if atiming error occurs, we use
the outcome from the cheker part instead of that from the
main part. This also mitigates the penalties due to the
errors.
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