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ABSTRACT
NBTI is one of the most important silicon reliability problems fac-
ing processor designers today. The impact of NBTI can be miti-
gated at both the circuit and microarchitecture levels. In this pa-
per, we propose a multi-level optimization approach, combining
techniques at the circuit and microarchitecture levels, for reduc-
ing the impact of NBTI on the functional units (FUs) of a high-
performance processor core. We perform SPICE simulations to
evaluate the impact of circuit-level design optimizationsto reduce
the NBTI guardband in terms of area, delay, and power. We then
propose a set of NBTI-aware dynamic instruction schedulingpoli-
cies at the microarchitecture level and quantify their impact on ap-
plication performance and guardband reduction through execution-
driven simulation. We show that carefully combining techniques at
both these levels provides the most attractive solution to reducing
the guardband while imposing the least overhead in terms of area,
power, delay, and application performance.

Categories and Subject Descriptors
B.2.3 [ARITHMETIC AND LOGIC STRUCTURES]: Reliabil-
ity, Testing, and Fault-Tolerance

General Terms
Reliability

1. INTRODUCTION
Silicon reliability is one of the key challenges facing the micro-

processor industry today. There is a myriad of reliability issues that
processor designers have to cope with, including soft errors, hard
errors, and process variation. One of the key emerging hard error
problems is Negative Bias Temperature Instability (NBTI).NBTI
affects the lifetime of PMOS devices and occurs when a logic input
of ‘0’ (i.e., a negative bias) is applied at the gate of the transistor.
This negative bias leads to the generation of interface traps at the
Si/SiO2 interface. These interface traps cause the threshold volt-
age of the transistor to increase, thereby lowering the speed of the
device and the noise margin of the circuit which finally lead to a
circuit failure [12, 9]. However, some of the interface traps can be
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eliminated by applying a logic input of ‘1’ to the device, putting
the device into a "recovery mode" [1].

NBTI affects both the cycle time and the stability of storage
structures within the processor. These problems are typically ad-
dressed via guardbanding. Guardbanding accounts for the degra-
dation in cycle time and the stability of the storage structures over
the lifetime by reducing the operating frequency and increasing the
minimum voltage of the storage elements (Vmin). Typically, 20%
of the cycle time is reserved as a guardband for NBTI and a 10% in-
crease in threshold voltage (Vt) can be handled with a 10% increase
in Vmin [1]. However, reducing the frequency and increasingVmin

have a detrimental impact on performance and power respectively
and therefore it is desirable to reduce the guardband via theuse of
NBTI mitigation techniques. In this work, we look into guardband
reduction techniques to address the degradation in cycle time.

Techniques for putting PMOS devices into the recovery mode
can be implemented at both the circuit and microarchitecture lev-
els in the processor. The goal of circuit-level techniques is to de-
sign the structures such that as many PMOS devices as possible
in the structure can be put into the recovery mode whenever pos-
sible. Circuit-level techniques typically attempt to tackle NBTI at
the granularity of a single structure. Microarchitecture level tech-
niques, on the other hand, can manage NBTI for several structures
within the processor core using techniques such as instruction fetch
and scheduling policies. There are tradeoffs in implementing NBTI
recovery at each of these levels in the system in terms of area,
power, performance, complexity, and, their effectivenessin reduc-
ing the guardband.

In this paper, we present a quantitative analysis of NBTI recov-
ery techniques at the circuit and microarchitecture levelsfor the
functional units (FUs) in the cores of a high-performance multi-
core processor. We choose to study FUs because of the general
trend in multicore processor design, where more cores are inte-
grated onto the die each sucessive generation but the cores them-
selves tend to be relatively simple and have only a small number of
FUs. In this scenario, the failure of even one FU could seriously
jeopardize the ability of that core to provide high performance. We
characterize the effectiveness of NBTI mitigation at both the cir-
cuit and microarchitecture levels and quantify their impact on other
important figures of merit, such as, area, delay, and application per-
formance. The objective of this chracterization study is toidentify
those techniques that can effectively reduce the guardbandbut have
the least amount of performance impact on applications, as well as
impose minimal overheads in terms of area, power, and delay.We
then show that lightweight optimizations at each level is more ef-
fective in reducing the guardband without adversely affecting the
other figures of merit than applying more extensive changes at any
one level. To the best of our knowledge, this is the first paperto



systematically analyze NBTI recovery techniques at each ofthese
levels for FUs and develop multi-level optimization techniques to
tackle this important reliability problem.

The specific contributions of this paper are:

• We propose and evaluate three different NBTI-aware FU de-
signs in terms of guardband reduction, area and delay. We
show that, on an average, the three different designs provide
a guardband reduction of 42%, 46% and 47% over the base-
line configuration.

• We then propose three different NBTI-aware scheduling poli-
cies and evaluate their impact on performance and guardband
reduction. We show that, on average, the three policies pro-
vide a guardband reduction of 43%, 54% and 63% over the
baseline FU configuration.

• Finally, we analyze the effectiveness of combining lightweight
optimizations at each level and show that this approach pro-
vides a 56% guardband reduction with minimal impact on
other figures of merit.

The outline of the rest of this paper is as follows. The next sec-
tion discusses the related work and the NBTI mitigation techniques
we consider are described in Section 3. The experimental method-
ology is described in Section 4. The results are presented inSection
5 and Section 6 concludes this paper.

2. RELATED WORK
NBTI mitigation techniques roughly fall into two categories: those

that aim to reduce the stress on the PMOS devices by controlling
Vdd, Vt, and temperature, and those that try to increase the recovery
time to facilitate detrapping.

There have been several studies into enhancing the reliability of
FUs at both the circuit and microarchitecture levels. [1, 6]tackle
NBTI-induced wearout problems by feeding specific inputs into the
FUs during idle periods to increase the recovery time. [16] uses
temperature-based job-scheduling to individual cores of amulti-
core processor in conjunction withVdd andVt control to hide the
effects of aging due to NBTI. There also has been prior work on
fault tolerant designs and hard error detection schemes forFUs. [3]
proposes a microprocessor design integrated with a dynamicveri-
fication based error detection mechanism to diagnose hard faults in
FUs. [7] presents a fault-tolerant design of the Kogge-Stone Adder
that leverages its inherent redundancy to continue reliable operation
even in the presence of hard errors.

While all these prior works propose optimizations at the cir-
cuit or microarchitecture level, to our knowledge there is no sys-
tematic analysis of NBTI optimizations for the FU at each level
and an exploration of multi-level optimization techniquesto tackle
this problem. Fu et al. [5] propose multi-level optimization for
soft error mitigation for SRAM arrays in SMT processor cores
and show that such combined approaches are attractive in terms
of reliability, performance, and power. In this paper, we show
that a multi-level approach is more attractive for NBTI mitigation
in the FUs of a high-performance processor than a circuit-only or
microarchitecture-only approach.

3. APPROACHES TO NBTI MITGATION AT
THE CIRCUIT AND MICROARCHITEC-
TURE LEVELS

In this section, we describe how degradation due to NBTI can be
reduced at the circuit and microarchitecture levels for thefunctional

units (FUs) and describe the specific designs and policies weeval-
uate. While our circuit designs are optimized versions of a previ-
ously proposed technique [6], the microarchitecture levelschemes
we propose are novel.

3.1 Circuit Level Techniques
Fu et al. [6] propose a circuit-level technique where a FU is

divided into multiple segments and instructions with narrow-width
operands are steered into one of the segments based on the delay
of each segment due to NBTI. The delay of a segment depends
on the level of stress experienced by the PMOS transistors inthat
segment. Higher the stress, more would be the increase inVt and
hence higher would be its delay. The specific design considered in
[6] is a 64-bit FU that is divided into four segments of 16 bitseach.
An instruction with 16-bit or smaller operands uses the segment
with the smallest delay while the other segments are put intothe
recovery mode. Instructions with operand-widths greater than 16
bits make use of the entire FU.

There are two drawbacks to the design proposed by Fu et al.
First, each segment in the FU is built as a Carry Lookahead Adder
(CLA) and the segments are connected as a multi-level CLA to
form a 64-bit FU. CLAs are seldom used in high performance mi-
croprocessors due to their low speed. Instead, most processors to-
day use some form of a high-speed prefix adder. Second, to put
PMOS devices in the idle segments into the recovery mode, they
feed in special input vectors. Since an FU is a complex combina-
tional circuit, a single vector of bits input to the FU cannotput all
the PMOS devices in it into the recovery mode and instead a se-
quence of input vectors are necessary, which takes multipleclock
cycles. Therefore, the PMOS devices cannot utilize the entire dura-
tion of an idle period to recover from NBTI. We address both these
limitations as follows.

In this paper, we model the FU to be a 64-bit Kogge-Stone adder
(KSA) which is a high-speed prefix adder [8] for the purpose ofes-
timating NBTI. KSA is a widely used FU design due to its regular
structure and its speed. In order to put all the PMOS devices in
the FU into the recovery mode during an idle period, we make use
of power gating [10]. Power gating reduces leakage power in the
circuit by using a header or footer device which connects theentire
circuit to Vdd or ground. Whenever the circuit is idle, turning off
this transistor disconnects the circuit fromVdd or ground. In our
model, we use footer devices to connect the circuit to ground. Dur-
ing power gating, we find that the gate voltages of the PMOS de-
vices in the FU stay reasonably close to a logic value of ‘1’, thereby
putting the FU into the recovery mode.

We design the KSA such that it consists of segments that are
capable of processing narrow-width operands while the idleseg-
ments undergo recovery using power gating. We profiled the SPEC
CPU2000 benchmark suite [15] to determine the distributionof
narrow-width operands. We find that there are a large number of in-
structions with 8-bit, 16-bit, and 32-bit operands. Therefore, there
is significant scope for NBTI recovery by partitioning the 64-bit FU
into 2, 4, or 8 segments, where each segment is 32 bits, 16 bits, or 8
bits respectively. Each such segment can operate as an independent
FU on operands of the given width and multiple such segments can
be combined to operate on wider operands. For example, if the
FU is partitioned into 4 parts, an instruction with two 16-bit input
operands needs to utilize only one part while the other threecan be
put into the recovery mode. An instruction with 32-bit operands
can use either the first two or last two consecutive segments while
the other two are put into the recovery mode. Figure 1 shows anFU
that has two segments. To ensure that all parts of the FU experience
roughly an equal amount of wear, we schedule instructions tothe
segments in a round-robin fashion.



�������� ���������	
	��
��
������ ��������
���������������� ������
������������  �!"�����  # $

��%�&��'()�"&!�
Figure 1: Partitioned Kogge-Stone Adder Design to Support
NBTI Recovery.

It is important to note that the KSA is fast because the carries
are computed in parallel, a feature that we retain in the partitioned
design. The delay of the FU, when operating in the 64-bit mode,
should not be significantly affected by the partitioned nature of the
design. In order to achieve this property, we introduce a setof
MUXes between adjacent segments, as shown in Figure 1. The
selection input to these MUXes depend on the width at which the
FU will be used. For example, in the case of Figure 1, the input
to the MUXes will determine whether the FU will be used as a
64-bit FU or a 32-bit FU. Each segment is connected to ground
via a footer device. The gates of the footer devices are controlled
by zero detectors and a one-bit counter output. The purpose of
the zero detectors is to decide whether the instruction has narrow-
width operands or not. The one-bit counter is incremented every
time a narrow-width operation is performed. If the operandsare
narrow-width, they are steered towards a particular segment using
a round-robin policy based on the value of the counter. The footer
for the left segment is shared with the MUXes since the MUXes
provide the input to the left segment.

There are tradeoffs in designing the FU in a partitioned man-
ner to support recovery. The more segments that a FU has, greater
are the opportunities for recovering the PMOS devices and reduc-
ing the guardband, since there will be a better matching between
narrow-width operands and the number of segments required to
operate on them. However, such a design comes at the cost of in-
creased area, delay, and higher power consumption when it isused
for operating on wide operands. We analyze these tradeoffs in Sec-
tion 5.

3.2 Microarchitecture Level Techniques
There are opportunities to reduce the guardband by carefully

managing the hardware resources within the core at the microar-
chitecture level. The usage characteristics of different FUs can
be controlled through various instruction scheduling policies. The
dynamic instruction scheduler decides which instructionsare exe-
cuted and at what times on a given set of FUs and therefore has
a strong impact on the utilization characteristics of the FU. The
scheduler consists of two key components: wakeup logic and se-
lect logic. The wakeup logic is responsible for asserting aninstruc-
tion as being ‘ready’ in the issue window by updating the source
dependences of instructions waiting for their source operands to
become available. Every time a result is produced by a FU, the
tag of the result is broadcast to the waiting instructions inthe issue
window. Each waiting instruction compares the result tag with the
tag of each of its source operands. Once both operand tags have
matched, the instruction is ready to execute (instruction wakeup)
and the ready instructions signal the select logic to request execu-

tion on a given type of FU. Once a FU becomes available, the select
logic directs a suitable instruction to that unit for execution by as-
serting the corresponding grant signal (instruction select). Since
multiple instructions could wakeup in a given cycle and the pro-
cessor typically has multiple FUs of the same type, there needs to
be a policy to select a subset of the ready instructions and assign
them to specific FUs based on resource availability. Modern in-
struction schedulers typically use a form of prioritized scheduling
where instructions are selected in an oldest-first order from the is-
sue window and each instruction is issued to the lowest-numbered
FU that is free. We call this policyPrioritized Scheduling (PS).
In this approach, an instruction will be allocated to FU0 if it is
available; if FU0 is busy, then FU1 will be checked for availability
and so on. This non-uniform assignment leads to the case where
FUs with smaller sequence numbers get utilized more than those
with higher sequence numbers and hence degrade faster. Thisis
illustrated in Figure 2, which presents the utilization of the integer
ALUs (in terms of the number of cycles that the FU is busy over
the entire execution time of the workload) of a 4-wide issue pro-
cessor core for a set of SPEC CPU2000 benchmarks. As we can
observe from the figure, the lower-numbered functional units tend
to be heavily utilized and therefore will wear out sooner than the
higher-numbered ones.
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Figure 2: Utilization of the Integer ALUs in a 4-wide issue pro-
cessor core using the PS policy.

We propose instruction scheduling policies that attempt toex-
tend the recovery times for the FUs so that their degradationdue to
NBTI can be minimized. We make use of power gating to put idle
FUs into the recovery mode. We now present a brief overview of
the instruction scheduling policies that we evaluate.
i) Priority Rotation Scheduling (PR): The PR policy is geared
towards achieving a balanced utilization of the FUs in orderto
level the wear on them. This policy modifies the conventionalPS
scheduling policy so that the priorities of the FUs are changed, in
a round-robin fashion, after a fixed number of cycles (CyclePR)
have elapsed. In thePR policy, we start with FU0 having the high-
est priority and assign lower priorities to the other FUs based on
their sequence numbers (i.e., FU0 initially has the highest priority
whereas FUn−1 has the lowest). AfterCyclePR cycles, FU1 gets
the highest priority, FU2 gets the second highest priority and so on
and FU0 has the lowest priority. The select logic is similar to the
PS policy but with added functionality to change the priorities of
the FUs afterCyclePR cycles. A key advantage of thePR policy
is that it does not degrade performance in the sense that no FUis
precluded from being used because it is in the recovery mode.
ii) Time-Dependent Scheduling (TD): Time-Dependent Schedul-
ing extends the conventional policy to include an explicit fixed re-
covery period. In theTD policy, whenever the wakeup logic flags
an instruction to be ready, the select logic allocates the lowest num-
bered FU that is available. After a FU is used, no other instruc-



tion is assigned to that particular FU for a fixed number of cy-
cles (CycleTD). This policy allows the FU to undergo recovery
for CycleTD cycles after each stress phase. We can implement
this in hardware by keeping the busy signal of the FU assertedfor
CycleTD cycles after the FU is used. However, since the FU can-
not be used during this time, there could be a detrimental impact on
performance.
iii) Prioritized Time-Dependent Scheduling (PTD): Prioritized
Time-Dependent Scheduling combines thePR andTD policies to
include an explicit fixed recovery period to the highest priority FU.
In this scheme, similar toPR policy, the priorities of the FUs are
changed in a round-robin fashion after a fixed number of cycles
(CyclePRC) have elapsed. Whenever an FU gains the highest
priority, it also gains the priviledge of an extended recovery period
after it is used. When this high priority FU is used, no other in-
struction is assigned to this particular FU for another fixednumber
of cycles (CycleTDC), allowing it to undergo recovery after each
stress phase. Other FUs can be continued to be used as usual. Once
CyclePRC cycles have elapsed, the priorities are rotated. This
transition in priorities does not affect the residual time for which
an FU can remain in the recovery mode. Any FU that enters the
recovery mode is guaranteed to be in that mode forCycleTDC

cycles. Since thePTD policy prevents an FU that is in the recovery
mode from being used till the requisite number of cycles elapse,
this policy could also have a detrimental impact on performance.
However, ifCyclePRC is chosen to be significantly larger than
CycleTDC , only one FU would tend to be in the recovery mode
at any one time and therefore the degradation in performancewould
tend to be less severe than theTD policy. We evaluate these policies
in Section 5.

4. EXPERIMENTAL SETUP
Our circuit-level modeling is performed via SPICE-level simu-

lation using the Cadence Virtuoso Spectre circuit simulator [4] for
the 32nm process using the Predictive Technology Model [11]. Our
architecture-level evaluations are carried out via execution-driven
simulation using the M5 simulator [2]. We simulate a 4-wide issue
core, which is representative of cores used in multicore processors
today, that runs at a 3 GHz clock frequency and has a supply volt-
age of 0.9V. We use all 26 benchmarks from the SPEC CPU2000
benchmark suite in our evaluations [15]. The benchmarks arecom-
piled for the Alpha ISA and use the reference input set. We perform
detailed simulation of the first 100-million instruction SimPoint for
each benchmark [13].

In this paper, we focus on the impact of NBTI on the integer
ALUs only. Although we consider both integer and floating-point
benchmarks in our evaluations, several of the floating-point bench-
marks have a considerable number of integer instructions intheir
instruction mix and therefore make heavy use of the the integer
ALUs [14]. We present our results for only the integer ALU with
the lowest sequence number since this ALU tends to be the most
heavily utilized of all the ALUs with conventional instruction schedul-
ing, as explained in Section 3.2. Since NBTI affects the threshold
voltages of PMOS devices in the FUs, the delay of the FU hard-
ware increases which causes a potential danger to meet the timing
constraints. Guardbanding is used to protect a circuit fromfail-
ure, which entails both performance and power penalties. Inall our
experiments, we assume that the baseline processor uses theun-
partitioned FU design, thePS instruction scheduling policy, and a
guardband of 20% [1].

In our evaluations, we use the percentage reduction in the guard-
band with respect to the baseline as the figure of merit to quan-
tify the extent to which a particular design mitigates the impact of

NBTI. To compute guardband reduction, we track the stress and
recovery cycles of the FUs in the architectural simulations. Using
these statistics, we estimate the degradation inVt after a 7-year ser-
vice life [16], using which we calculate the delay degradation in
the structures and finally the guardband reduction. We also quan-
tify the impact on other important figures of merit, such as, area,
delay, and application performance (in terms of IPC), to study the
effectiveness of NBTI mitigation at both the circuit and microar-
chitecture levels.

Our goal is to evaluate the extent to which optimizations at only
the circuit or microarchitecture level can reduce the guardband and
ascertain the costs incurred in applying these optimizations on the
other figures of merit. These results are presented in Sections 5.1
and 5.2. Based on this analysis, in Section 5.3, we study whether
less aggressive optimizations at each level, which impose less over-
heads, can be combined to provide an effective means to reduce the
guardband.

5. RESULTS

5.1 Circuit-Level Optimization
We now study the tradeoffs between different circuit-leveltech-

niques. We partition the FU into 2, 4 and 8 segments and analyze
the guardband reductions, area overheads, and the increases in de-
lay with respect to the baseline.
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Figure 3: Guardband reduction for the FUs with 2, 4 and 8
segments.
Guardband Reduction: Figure 3 presents the guardband reduc-
tion (as a percentage) due to the modified FU designs. The FU with
2 segments provides a guardband reduction of 30%-55% whereas a
4-Segment FU and a 8-Segment FU provide 35%-60% and 40%-
60% guardband reductions respectively. This result shows that
the more partitions that a FU has, the higher would be the guard-
band reduction. However, we see that the guardband reduction
achieved by going from the baseline to the 2-segment design is
much higher than going from the 2- to 4-segments and 4- to 8-
segments. Also, the integer benchmarks, which are the left-hand
side group of bars in the figure 3, experience less guardband reduc-
tions than the floating-point benchmarks.

In order to understand how the modified FU design impacts NBTI,
we need to analyze how the FUs are utilized and the distributions
of the narrow-width operands. The instruction mix gives an indi-
cation of how frequently each type of FU gets accessed. For ex-
ample, the higher the number of integer instructions, the higher
is the probability of accessing integer FUs. A previous study by
Siddiqua et al. [14] gives the breakdown of the instruction mix of
these benchmarks. We find that the lowest guardband reductions
are observed for those benchmarks which have a high percentage
of integer instructions. Similarly, to understand the benefit of the



segmented designs, it is important to look at the distribution of the
narrow-width operands. We find that, on average, the percentage of
32-bit operands is about 48% whereas it is 8% for 16-bit operands
and 27% for 8-bit operands across the benchmark suite. Sincethe
32-bit operand sizes occur most frequently, we get a higher guard-
band reduction when we go in for the 2-segment partition fromthe
baseline, whereas the 4-segment to 8-segment designs provide di-
minishing returns.
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(b) Increase in Delay (%)

Figure 4: Percentage increase in area and delay for the FUs
with 2, 4 and 8 segments wrt. the unpartitioned FU design.
Area and Power: We design the FU for the baseline design to
occupy the minimum area required to provide correct functionality.
The overheads for the partitioned FU designs are given in Figure 4
(a). We can see that the area overhead of the 2-segment, 4-segment
and 8-segment FUs are 3%, 7% and 12% respectively. The increase
in area is due to the number of sets of MUXes required for the
three designs (1, 3 and 7 respectively). These MUXes increase the
power consumption of the FU and therefore the designs with more
segments will consume more power.
Delay: We evaluate the delay to measure the highest clock fre-
quency at which the FU can operate reliably. Figure 4 (b) shows
the increase in delay with respect to the baseline design. Inour
simulations, we find that the increase in delay for the 2-segment, 4-
segment and 8-segment FU designs due to the additional hardwares
are 5%, 11% and 18% respectively. However, these increases in
delay can be accomodated within a 333ps clock cycle time (which
corresponds to the 3 GHz clock frequency) and therefore all these
FU designs can provide a single-cycle access latency for instruc-
tions using the FUs.
Summary: There are merits and demerits to using the aforemen-
tioned FU designs. The higher the segment count in the FU, the
higher is the guardband reduction. However, the area, power, and
delay overheads also increase significantly. Each segment intro-
duces a set of extra circuitry which adds area and increases power
consumption. For 64-bit operand computations, the FU wouldcon-
sume the highest power since all the MUXes will be active and
this power consumption will be higher with more partitions.Over-
all, we find that we get higher guardband reduction with leastarea,
power and delay overheads for the 2-segment design. Therefore,

we choose the 2-segment FU design for use in the multi-level ap-
proach in Section 5.3

5.2 Microarchitecture-Level Optimization
We evaluate the guardband reduction and performance of thePR,

TD andPTD policies. We use a value of 10K forCyclePR and
CyclePRC and a value of 1 forCycleTD andCycleTDC for
the different policies.
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(b) Percentage loss in performance

Figure 5: Impact of the instruction scheduling policies.

Guardband Reduction and Performance: Figure 5(a) presents
the percentage guardband reduction for the various policies. The
PR policy reduces the guardband by 30%-55% whereas theTD and
PTD policies reduce it by 50%-80% and 35%-70% respectively.
Since the scheduling policies aim to achieve improved guardband
reduction by increasing idleness to provide NBTI recovery,they
may impact performance, as discussed in Section 3.2. Figure5(b)
quantifies the performance loss. As we can see, theTD andPTD
policies achieve a greater guardband reduction at the cost of re-
duced performance whereas thePR policy experiences no perfor-
mance loss. On average, theTD andPTD policies lead to a per-
formance loss of 17% and 8% respectively. ThePTD policy pro-
vides a guardband reduction and experiences a performance loss
that is betweenPR and TD because the value ofCyclePRC is
much higher thanCycleTDC . Therefore, the policies that attempt
to increase the recovery time of a FU cause a corresponding loss
in performance for the benchmarks. Similar to the circuit-level re-
sults, the integer benchmarks have less guardband reduction than
the floating-point benchmarks.

The impact of scheduling policies on NBTI is influenced by two
factors: the instruction mix and instruction level parallelism. As
mentioned before, the instruction mix is an indicator of howfre-
quently each type of FU gets accessed. Instruction level parallelism
also determines the frequency of use of the FUs. Also, it affects
how groups of FUs get used. When the IPC is high, more instruc-
tions are executed per cycle. Consequently, more FUs will get uti-



lized. Indeed we find the least guardband reductions are observed
for those benchmarks which have a high percentage of integerin-
structions and higher IPC.
Summary: As the results indicate, there is a clear tradeoff be-
tween achieving higher guardband reductions and application per-
formance by using instruction scheduling. Although theTD policy
provides large benefits in terms of guardband reduction, it imposes
large performance overheads as well, which is unattractivefor use
in high-performance processors. Although thePTD policy reduces
the performance overheads significantly while still providing sig-
nificant guardband reductions, the detrimental impact on applica-
tion performance is still non-trivial. ThePR policy, on the other
hand, does not cause any performance loss while still providing a
guardband reduction of 43% on average. Therefore, althoughTD
andPTD provide large guardband reductions, we choosePR, since
it is the most lightweight policy in terms of its performanceimpact,
and use it in the multi-level approach.

5.3 Multi-Level Optimization
In the results presented thus far, we have observed that increasing

the effectiveness of NBTI mitigation techniques at only thecircuit
or microarchitecture level to improve the guardband entails penal-
ties in terms of area, power, delay, and application performance.
On the other hand, lightweight optimizations ateach level could
provide a net increase in guardband reduction with less overhead.
We now evaluate this hypothesis.

We choose the 2-segment FU design, which we found to have the
smallest overhead in terms of area, delay, and power in Section 5.1
as our circuit-level optimization and thePR instruction scheduling
policy as our microarchitecture-level optimization. The result of
combining these two optimizations is given in Figure 6.
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Figure 6: Guardband reduction using FUs with 2 segments and
the PR scheduling policy.

From the figure, it is evident that we achieve a guardband reduc-
tion of 45%-75%, which is a much higher range than the 30%-55%
for both circuit and microarchitecture levels. It is also important to
note that the achieved guardband reduction due to the multi-level
approach isnot merely additive from the individual optimizations
at each level. This is due to the fact that, in the multi-levelap-
proach, the overall flow of bits through the FUs over the course
of execution of the workload is different from the previous two
sets of evaluations. The new FU design changes the stress andre-
covery characteristics on the PMOS devices in the FU, due to the
partitioned nature of its design, compared to the unpartitioned FU
design evaluated in Section 5.2 for the microarchitecture-only op-
timizations. Similarly, thePR policy alters the overall utilization of
each FU and increases the idleness of all the FU segments, which
allows for greater recovery than thePS policy used in Section 5.1
for the circuit-only optimizations.

Overall, we observe that the multi-level approach providesgreater
reductions in the NBTI guardband while retaining the low area,
power, and delay benefits of the 2-segment FU design and the high
performance of thePR policy.

6. CONCLUSION
NBTI is one of the most important silicon reliability problems

facing processor designers. In this paper, we evaluate bothcir-
cuit and microarchitecture level approaches to reduce the NBTI
guardband for the FUs of a high-performance processor core.At
the circuit-level, we use an optimized version of a partitioned FU
design and evaluate several design points in terms of their effec-
tiveness in reducing the guardband and also their area, delay, and
power. At the microarchitecture-level, we propose and evaluate
a set of NBTI-aware dynamic instruction scheduling policies and
evaluate their impact in terms of guardband reduction and perfor-
mance. Finally, we show that a multi-level optimization approach,
which combines the benefits of both circuit and microarchitecture
level optimizations, is the most effective in reducing the guardband
while imposing little overhead in terms of area, power, delay, and
performance.
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