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Abstract—Negative bias temperature instability (NBTI) is an im-
portant lifetime reliability problem in microprocessors. SRAM-
based structures within the processor are especially susceptible to
NBTI since one of the pMOS devices in the memory cell always
has an input of “0”. Previously proposed recovery techniques for
SRAM cells aim to balance the degradation of the two pMOS de-
vices by attempting to keep their inputs at a logic *“0” exactly 50 %
of the time. However, one of the devices is always in the negative
bias condition at any given time. In this paper, we propose a tech-
nique called Recovery Boosting that allows both pMOS devices in
the memory cell to be put into the recovery mode by slightly modi-
fying to the design of conventional SRAM cells. We evaluate the cir-
cuit-level design of a physical register file and an issue queue that
use such cells through SPICE-level simulations. We then conduct
an architecture-level evaluation of the performance and reliability
of using area-neutral designs of these two structures. We show that
Recovery Boosting provides significant improvement in the static
noise margins of the register file and issue queue while having very
little impact on power consumption and performance.

Index Terms—Negative bias temperature instability (NBTI),
static random access memory (SRAM).

I. INTRODUCTION

ELIABILITY is one of the biggest challenges facing
R the microprocessor industry today. With continued
technology scaling, processors are becoming increasingly
susceptible to hard errors. Hard errors are permanent faults that
occur due to the wearing out of hardware structures over time.
These failures occur partly due to design-time factors such as
process parameters and wafer packaging, as well as runtime
factors such as the utilization of the hardware resources and
the operating temperature. It is important to ensure that the re-
liability of the microarchitectural structures in the processor is
maximized so that one can make use all the available hardware
resources effectively over the entire service life of the chip.
One important hard error phenomenon is negative bias tem-
perature instability (NBTI), which affects the lifetime of pMOS
transistors. NBTI occurs when a negative bias (i.e., a logic input
of “0”) is applied at the gate of a pMOS transistor. The negative
bias can lead to the generation of interface traps at the Si/SiO»
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interface, which cause an increase in the threshold voltage of
the device. This increase in the threshold voltage degrades the
speed of the device and reduces the noise margin of the circuit,
eventually causing the circuit to fail [11], [14]. One interesting
aspect of NBTI is that some of the interface traps can be elimi-
nated by applying a logic input of “1” at the gate of the pMOS
device. This puts the device into what is known as the recovery
mode, which has a “self-healing” effect on the device [1].

Memory arrays that use static random access memory
(SRAM) cells are especially susceptible to NBTI. SRAM cells
consist of cross-coupled inverters that contain pMOS devices.
Since each memory cell stores either a “0” or a “1” at all times,
one of the pMOS devices in each cell always has a logic input
of “0.” Since modern processor cores are composed of several
critical SRAM-based structures, such as the register file and
the issue queue, it is important to mitigate the impact of NBTI
on these structures to maximize their lifetimes. Previous work
on applying recovery techniques to SRAM structures aim to
balance the degradation of the two pMOS devices in a memory
cell by attempting to keep the inputs to each device at a logic
input of “0” exactly 50% of the time [1], [11], [19]. However,
one of the devices is always in the negative bias condition at
any given time. In this paper, we propose a novel technique
called Recovery Boosting that allows both pMOS devices in the
memory cell to be put into the recovery mode. The basic idea
is to raise the ground voltage and the bitlines to V34 when the
cell does not contain valid data.

The main contributions of this paper are given here.

* We describe how SRAM cells can be modified to support
recovery boosting and discuss several circuit and microar-
chitecture-level design considerations when using such
cells to build SRAM arrays.

* We present the circuit-level design of two large SRAM ar-
rays in a four-wide issue processor core—the physical reg-
ister file and the issue queue—that use the modified cells to
provide recovery boosting. We verify the functionality of
these designs and quantify their area and power consump-
tion through SPICE-level simulation using the Cadence
Virtuoso Spectre Circuit Simulator! for the 32-nm process
technology. We show that the modified SRAM structures
impose only a 3%—4% area overhead over the baseline non-
recovery boost designs and that their maximum power con-
sumption is less than 2% over the baseline.

* We then evaluate the performance and reliability of area-
neutral designs of these modified structures at the archi-
tecture-level via execution-driven simulation using the M5
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simulator [3] and the SPEC CPU2000 benchmark suite?
in nominal operating condition. We show that recovery
boosting provides a 56% improvement in the static noise
margin of the register file cells and a 48% improvement for
the issue queue across the benchmark suite while having a
negligible impact on performance.

The remainder of this paper is organized as follows. Section II
presents an overview of NBTI. Section III discusses the re-
lated work on NBTI mitigation techniques. Section IV discusses
the recovery boosting technique and the circuit-level design,
and evaluation of the register file and issue queue are given
in Section V. The experimental methodology used for the ar-
chitecture-level evaluation is given in Section VI, and the cor-
responding results in Section VII. Section VIII concludes this

paper.

II. OVERVIEW OF NBTI

When silicon is oxidized, most of the Si atoms at the surface
of the wafer bond with oxygen while a few atoms bond with
hydrogen. When a negative bias (i.e., a logic input of “0”) is
applied at the gate of a pMOS transistor (Vg = —Vqq), the rel-
atively weak Si-H bonds get disassociated, leading to the gener-
ation of interface traps at the Si/SiOs interface. These interface
traps cause the threshold voltage (V;) of the pMOS transistor
to increase, which in turn degrades the speed of the device and
the noise margin of the circuit, eventually causing the circuit to
fail [11]. A detailed discussion on the physics of interface trap
generation due to NBTT is given in [14].

The period of time when the pMOS transistor is negatively
biased is known as the stress phase or stress mode. The increase
in V; due to stress is given by the equation [23]
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where tgiress 1S the time under stress, tox is the oxide thick-
ness, and C,y is the gate capacitance per unit area. K1, F,,
Ty, Eo1 and k are constants equal to 7.5 C~%°nm=2-5, 0.49 eV,
108 s/nm?, 0.08 V/nm, and 8.6174 x 10~7 eV/K, respectively.

When a logic input of “1” is applied at the gate (Vs = 0), the
transistor turns off eliminating some of the interface traps. This
is known as the recovery phase or recovery mode. The final in-
crease in V; after considering both the stress and recovery phases
is given by [23]
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where .. is the recovery time, and &», &1, and ¢ are constants
equal to 0.5, 0.9, and 0.5 respectively.

From the equations, one can observe several options for re-
ducing the impact of NBTI. We can see that NBTI is affected by
temperature, the stress and recovery times and the difference be-
tween Vi and V;. Reducing Vs, temperature, the stress time and
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increasing V; can reduce the stress on the transistors whereas
longer recovery times enhance the recovery process. However,
using a lower Vg (which also provides a reduction in temper-
ature) can reduce performance. Similarly, although a higher V;
device is likely to be more resilient against NBTI, such devices
are slower than their lower V; counterparts. In this paper, we
tackle the NBTI problem by increasing the recovery time.

III. RELATED WORK

There are two basic approaches to mitigating NBTI: 1) reduce
the stress on the pMOS transistors and 2) enhance the recovery
process. Stress reduction techniques aim to reduce the aging
rate by controlling V4, Vi, and temperature, whereas recovery
enhancement techniques aim to increase the recovery time for
the pMOS devices. One could implement these techniques at a
coarse granularity (e.g., for entire cores) [7], [21], [22] or for in-
dividual structures within the core [1], [9], [11], [19]. Recovery
boosting is a recovery-enhancement technique for SRAM struc-
tures.

1) Stress Reduction Techniques: Srinivasan et al. [21] esti-
mate the MTTF due to aging mechanisms at runtime based on
the operating conditions and use dynamic reliability manage-
ment (DRM) to stay within the reliability budget. Tiwari and
Torrellas propose a technique called “Facelift” [22] to hide the
effects of aging through temperature-based job-scheduling to in-
dividual cores of a multicore processor, in conjunction with Vgq
and V; control. Feng et al. [7] propose to use on-chip reliability
sensors to guide job-scheduling decisions on a multicore pro-
cessor. The design of such on-chip NBTI sensors are discussed
in [5]. The use of stress reduction techniques is orthogonal to
the use of recovery enhancement.

2) Recovery-Enhancement Techniques: Abella et al. [1] pro-
pose to feed specific bit patterns into the devices to increase
the recovery time for pMOS transistors in logic structures (e.g.,
adders) during idle periods and balance the degradation of the
pMOS devices in SRAM-based memory structures when they
hold invalid data. Kumar et al. [11] propose a similar technique
to periodically flip the contents of SRAM cells to balance the
wear on the pMOS transistors. Shin et al. [19] propose a re-
covery enhancement technique for caches where SRAM cells
are proactively put into the recovery mode via the use of a spare
memory array. They reverse bias (Vgs = Vaq) the pMOS de-
vices to put them into a deep recovery state. When an array is
put into the recovery mode, the pMOS devices in one of the in-
verters in all of the cells are put into the recovery mode followed
by those in the other inverter and this recurring pattern is con-
tinued throughout the recovery period for the array. All of these
recovery enhancement techniques aim to balance the degrada-
tion of the two pMOS devices in the memory cell by attempting
to keep the inputs to each device at a logic input of “0” (i.e.,
negative-bias) exactly 50% of the time.

A recently issued U.S. patent describes an idea similar to one
of our proposed recovery-boosting technique (coarse-grained)
which is discussed in Section IV [4]. However, the idea in the
patent has the following drawback: it takes multiple processor
clock cycles to put both PMOSs into recovery and therefore
cannot be used for high-speed SRAM arrays. Moreover, the
patent does not provide any analysis of the impact (qualitatively
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Fig. 1. SRAM cell design for recovery boosting. (a) Conventional 6T SRAM
cell. (b) Modified SRAM cell that supports recovery boosting.

nor quantitatively) of using their technique to design microar-
chitectural structures.

IV. BASICS OF RECOVERY BOOSTING

Before we discuss recovery boosting, we first review the
design and operation of a conventional 6-transistor (6T) SRAM
cell. The design of the 6T cell is given in Fig. 1(a). The cell is
composed of a wordline (WL), a pair of bitlines (BL, BLB),
two cross-coupled inverters (1o, I1), and two access transistors
(No, N1). The cross-coupled inverters store one bit of data.
There are three basic operations that one can perform on this
SRAM cell: read, write and hold. To read and write data, the
cell is selected by raising WL to high. This activates the access
transistors and connects the inverters in the cell to the bitlines.
During a read operation, both bitlines are first precharged
high. Based on the data stored in the cell, one of the bitlines is
discharged. This change is detected by a sense amplifier (which
is not part of the cell) to determine the value stored in the cell.
During a write operation, one of the bitlines is raised high and
the other is lowered depending on the value to be written to the
cell. When the cell is not selected (W L = 0) for read or write,
it is expected to hold the data stored in it and is said to operate
in the hold mode.

Since the SRAM cell has cross-coupled inverters, each in-
verter charges the gate of the pMOS or nMOS device of the
other inverter. Therefore, at any given time, one pMOS device
will always be in the stress mode. The goal of recovery enhance-
ment is to put the pMOS devices into the recovery mode by

feeding input values to the cell that will transition them into that
mode. However, due to the cross-coupled nature of the inverters,
only one of the pMOS devices can be put into the recovery
mode. Therefore, previously proposed recovery-enhancement
techniques attempt to balance the wearout of the two pMOS de-
vices by putting each pMOS into the recovery mode 50% of the
time by feeding appropriate input values [1], [11], [19]. We pro-
pose a 6T SRAM cell design shown in Fig. 1(b) which is capable
of normal operations (read, write, and hold) as well as providing
an NBTI recovery mode (when the cell does not contain valid
data) that we call the recovery boost mode where both pMOS
devices within the cell undergo recovery at the same time. We
refer to the period when the cell does not contain valid data that
is never used by any other microarchitectural structure in the
processor as “invalid period.”

The basic idea behind recovery boosting is to raise the node
voltages (NodeO and Nodel in Fig. 1) of a memory cell in order
to put both pMOS devices into the recovery mode. This can be
achieved by raising the ground voltage to the nominal voltage
through an external control signal. The modified SRAM cell has
the ground connected to the output of an inverter, as shown in
Fig. 1(b). CRis the control signal to switch between the recovery
boost mode and the normal operating mode. During the normal
operating mode, CR has a value of “1” (V4q4), which in turn
connects the ground of the SRAM cell to a value of “0.” With
this connection, the SRAM cell can perform normal read, write,
and hold operations. To apply recovery boosting, CR has to be
changed to a “0” in order to raise the ground voltage of the
SRAM cell to V44. This circuit configuration puts both pMOS
devices in the SRAM cell into the recovery mode. A cell can
be put into the recovery boost mode regardless of whether its
wordline (WL) is high or low. Unlike read and write operations
on a cell, putting a cell into the recovery boost mode does not
require an access to its wordline. The operations of the modified
SRAM cell are shown in Table I.

However, the drawback of this approach is that it can take a
long time to raise both the node voltages to V4 in a high-perfor-
mance processor that operates at a high clock frequency. This
is illustrated in Fig. 2, which presents the achieved pMOS gate
voltages of a bitcell over time due to recovery boosting. The
simulation is performed using the Cadence Virtuoso Spectre cir-
cuit simulator for the 32-nm process using the Predictive Tech-
nology Model.3 The operating temperature is 90 °C, which is
the average temperature in which the high-performance proces-
sors operate [12]. We use this temperature value throughout the
paper for all the experiments. We can observe that this approach
achieves the desired gate voltage (V) within 3.33 ns. For a pro-
cessor which operates at 3-GHz frequency, it will take ten cycles

3Predictive Technology Model. [Online]. Available: http://www.eas.asu.edu/
~ptm/
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Fig.2. PMOS gate voltages of an SRAM bitcell due to recovery boosting using
the modified SRAM cell shown in Fig. 1(b) (Vaa = 0.9 V,T" = 90 °C).

to switch to the recovery boost mode. Similarly, it takes around
ten cycles to go back to the normal operating mode from the re-
covery boost mode. However, our goal is to be able to switch be-
tween the recovery boost mode and the normal operating mode
within a single cycle which is critical for a high-speed SRAM
structure, such as the issue queue, where instructions need to
be woken up and selected within a single clock cycle, in order
to expedite the execution of dependent instructions. As men-
tioned before, recovery boost mode is applied when an entry of
the structure holds data that is considered “invalid” at the archi-
tecture-level. Entries in the high-speed structures change their
status between valid and invalid very frequently. For example,
we find from architecture simulations that an issue queue entry
stays invalid for about 50 cycles before it changes its status to
valid. In such scenario, the cell shown in Fig. 1(b) will take 20
cycles of the 50 cycles (40% of the invalid period) to shift be-
tween modes, given that shifting to the normal operating mode
takes place during the end of the invalid period. Thus, only
30 cycles could be utilized for the recovery process. On the
other hand, if extra cycles are allocated to shift to the normal
operating mode after the invalid period, that would have neg-
ative consequences on the processor performance. Therefore,
single-cycle switching is required for the high-speed structures
in the processor for the maximum utilization of the invalid states
for the recovery process without any performance loss. Such
single-cycle switching can be achieved by raising the bitlines
along with the ground voltage to V4. There are various ways of
incorporating such cells into SRAM arrays, which we will dis-
cuss shortly.

Recovery boosting can be provided at a fine granularity, such
as for individual entries/rows of a memory array, or at a coarser
granularity, such as for an entire array. We now discuss how the
modified high-speed recovery boosting SRAM cells can be used
in each of these scenarios and then discuss additional microar-
chitectural issues related to implementing recovery boosting.

A. Fine-Grained Recovery Boosting

In the normal operating mode, the state of the bitlines change
during read and write operations. Since a pair of bitlines is
shared by all the memory cells in a given column in the array,
even those memory cells that are not being read from or written
to will have the voltage on their bitlines changing. In an ordinary
SRAM array, these bitline transitions do not affect the normal
operation of the cells. However, in order to perform recovery
boosting of a memory cell, both bitlines of the cell need to be
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Fig. 3. SRAM array for fine-grained recovery boosting. (a) Modified SRAM
cell with connection to the V4 rail of an adjoining row. (b) SRAM array with
modified cell (N entries, M -wide).

raised to V4. Therefore, we need to be able to isolate the bit-
lines of the memory cells that are in the recovery boost mode
from the bitlines that are used for accessing other cells in the
array. To provide this isolation, we extend the memory cell in
Fig. 1(b) with connections to the Vg4 rail of an adjoining row or
column via two pMOS access devices. The design of the mod-
ified SRAM cell is shown in Fig. 3(a) and an SRAM array that
uses this cell for controlling individual entries to operate either
in normal or recovery boost mode is shown in Fig. 3(b).

In the memory cell design given in Fig. 3(a), the CR signal
serves the same purpose as before. When a value of “0” is input
to the CR line to transition the cell into the recovery boost mode,
in addition to raising the ground voltage, the two extra pMOS
devices connected to the Vigq rail are also turned on. Therefore,
by raising the ground and connecting the bitcell to Vg4, the cell
can be transitioned into the recovery boost mode without af-
fecting cells in other rows of the array.

We make the extra pMOS devices resilient against NBTI by
using high-V; transistors. Although high-V; devices are slower,
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Fig. 4. PMOS gate voltages of an SRAM bitcell due to recovery boosting and
power gating (Vaa = 0.9 V,T = 90 °C).

these devices are used only when transitioning the cell into the
recovery boost mode and not when transitioning to the normal
operating mode. Therefore, these devices do not impact per-
formance but may delay the transition into the recovery boost
mode. Moreover, since these devices do not lie on the perfor-
mance critical path, they are sized so as to minimize the overall
area. However, the pMOS devices do consume leakage power.
We quantify the power consumption in Section V.

B. Coarse-Grained Recovery Boosting

In this approach, we use the SRAM cell design shown in
Fig. 1(b) instead of the one for fine-grained control. Here, a
single control signal puts the entire array into the recovery boost
mode. The control signal CR with a value of “0” raises the
ground connection of each entry to Vyq. In this design, connec-
tions to the Vygq rail via the pMOS devices are not required. In-
stead, we merely need to raise all the bitlines in the array to Vyq
to transition all the cells in the array to the recovery boost mode.

1) Tradeoffs Between Fine-Grained and Coarse-Grained Re-
covery Boosting: Going in for the fine-grained approach entails
an area overhead of having two additional pMOS devices for
each memory cell which can be prohibitive for large SRAM
arrays such as caches. On the other hand, the fine-grained ap-
proach provides single-cycle switching with greater flexibility
in managing NBTI by exploiting the usage characteristics of in-
dividual entries in the structure. In this paper, we evaluate the
use of recovery boosting for the register file and issue queue.
Due to the relatively small size of these structures (compared
with caches), we use the fine-grained approach.

C. Other Issues

1) Difference Between Recovery Boosting and Power Gating:
Similar to recovery boosting, power gating also involves a small
change to the design of the SRAM cell and can also be used to
combat NBTI [24]. As shown in Fig. 4, we can observe that re-
covery boosting achieves the desired gate voltage (Vaq) within
a very short interval of time (195 ps), whereas power gating
achieves only about 11% of V44. Power gating requires sev-
eral thousand nanoseconds to reach Vyq to provide recovery to
the SRAM bitcell. Therefore, it can be used as a stress reduc-
tion approach for the high-speed structures since the duration
of the invalid phases of these structures tend to be smaller than
thousand nanoseconds. When a memory cell stores valid data,
neither recovery boosting nor power gating can be applied and
the pMOS devices in the cells will be stressed in a similar way.

However, when the memory cell is idle and the data in the cell is
no longer needed, it would be more beneficial to take advantage
of recovery boosting.

2) Impact of Process Variation on Correct Functionality: In
deep submicron technologies, intra-die process variation is an
important issue. Different transistor parameters, including V;,
are affected by process variation and can impact circuit delay
characteristics. V; is affected by variations in the device geom-
etry, random dopant number flucations and mobile charges in
the gate oxide [20]. Process variation will affect the delay char-
acteristics of the 6T SRAM cell inherent in both the original
and modified bitcells in a similar way. Process variation can
also impact the V; of the two Vyq4-rail access transistors and
the devices in the inverter connected to the CR line. If the V;
of the Vyq rail transistors is high, then transitioning the bitcell
to the recovery boost mode may be slower. This could reduce
the amount of time for which we can apply recovery boosting
but will not affect the correctness of the SRAM cell operation.
On the other hand, if their V; is lower, the bitcell will transition
into the recovery boost mode faster and the access devices will
consume higher leakage power but will again not affect correct-
ness. A delay in the pMOS device of the CR line inverter will
again merely slow the transition into the recovery boost mode.
However, a delay in the nMOS device in the inverter could af-
fect the speed at which the cell transitions out of the recovery
boost mode and into a normal operating mode, which can af-
fect correctness. In order to handle this situation, we need to set
the clock frequency such that this delay can be accommodated
within a single cycle.

3) Recovery Boosting Does Not Exacerbate PBTI: Putting
the pMOS devices into the recovery mode does not increase
the stress on the nMOS devices in the memory cell. Stresses
on the nMOS devices can lead to a phenomenon that is sim-
ilar to NBTI called positive bias temperature instability (PBTI),
which occurs when a positive bias (Vys = Vaa) is applied to
the nMOS device. As with NBTI, PBTI also generates interface
traps and increases the threshold voltage. PBTI is expected to
become more important in future deep submicrometer technolo-
gies [15]. While in the recovery boost mode, both the ground and
node voltages of the cell are raised to Vi34. Consequently, the Vg
of the nMOS devices in the inverters becomes zero and there-
fore these nMOS devices do not experience any positive bias.
The access transistors are also not accessed during the recovery
boost mode. Therefore, recovery boosting does not exacerbate
PBTI on the nMOS devices in the memory cell (and may in fact
provide PBTI recovery [15]).

V. DESIGNING MICROARCHITECTURAL STRUCTURES THAT
SUPPORT RECOVERY BOOSTING

Having discussed the basics of recovery boosting, we now
turn our attention to designing SRAM-based microarchitectural
structures that use this technique to provide resilience against
NBTI. Here, we present and evaluate the circuit-level design
of two large SRAM-based structures within a four-wide issue
processor core, namely, the physical register file and the issue
queue, which we modify to support recovery boosting. We study
the design of a 128-entry multiported physical register file with
eight read-ports, four write-ports, and 64-b entries. The issue
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Fig. 5. Register states. The candidate states for recovery boosting are shown in
dashed circles.

queue uses a non-data-captured design [17] and consists of 64
entries with four read-ports, four write-ports and 65 b per entry.
The choice for the entry size is based on the issue queue descrip-
tions given in [1].

A. Physical Register File

Superscalar processors attempt to exploit instruction-level
parallelism (ILP) by fetching, decoding, executing, and retiring
multiple instructions each clock cycle. In order to eliminate
false dependences and support a large number of in-flight
instructions, superscalar processors make use of register re-
naming. There are a number of microarchitectural options for
implementing register renaming. In this paper, we model a
microarchitecture that uses a separate architected register file
and a physical register file. Instructions whose source operand
values are to be supplied by a physical register have their
architected source register mapped to the appropriate physical
register during renaming. These mappings from architected
registers to physical registers are maintained in a register alias
table (RAT). The physical register is returned to the free list
of registers when the next instruction that writes to the same
architected register commits.

A physical register goes through a sequence of four states,
shown in Fig. 5: 1) it is not mapped to any producer instruc-
tion and is free (Unmapped); 2) it is mapped to an instruction
but it has not yet been written into by that instruction (Mapped-
Invalid); 3) it holds a valid value that has been written to it
(Mapped-Valid); and 4) it holds a valid value but the value is not
read by any instruction before it is released to the pool of free
registers (Post Last-Read ). Once the register completes thePost
Last-Read state, the register returns to the Unmapped state and
remains in that state till the register-renaming logic chooses it
again for a mapping.

There are three candidate states that one could use for
recovery boosting:Unmapped, Mapped-Invalid and Post
Last-Read. When a physical register is in the Unmapped and
Mapped-Invalid states, it does not hold valid data and therefore
we can put its cells into the recovery boost mode without
affecting architectural correctness. The cells will need to be
transitioned into the normal operating mode when moving from
the Mapped-Invalid to the Mapped-Valid state, which occurs
when the producer instruction has completed its execution and
forwards the value to the register file. Post Last-Read is a more
complex situation. Several cycles may elapse between the last
time that the physical register is read and when the register is
released. This time period could potentially be exploited for
recovery boosting but it is challenging to precisely determine
when the last-use of a register is complete. Although there have
been proposals to exploit this time window to speculatively
release registers early for the sake of performance and power
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Current unmapped | completed Control Switch to
State bit bit Signal (CR) | Recovery Boost?
Mapped/invalid 0 0 0 Yes
Mapped/valid 1 1 No
Unmapped 1 0 0 Yes
Unmapped 1 1 0 Yes
Fig. 6. Control signal truth-table for a register.
| RAT Entry, - - - - |UM0|CM CRy Register,
I ! I
' ' ]
1 | ,
! I
| RAT_Entry, - - - - IUM"ICM" CR, Register,

Fig. 7. Control logic for generating control signal CR (UM, = “unmapped”
bit for register 2 and C'M, = “completed” bit for register ).

[2], [6], these techniques entail additional complexities of
tracking/predicting the last-use of registers and for maintaining
and restoring the old state of the early-released registers if
needed. To reduce the complexity of implementing recovery
boosting, we put registers into the recovery boost mode only
when they are in theUnmapped and Mapped-Invalid states. As
we will show in Section VII, putting registers into the recovery
boost mode just during these two states still provides substantial
improvements in reliability.

Since the register renaming logic tracks whether a physical
register is in theUnmapped or Mapped-Invalid state, the con-
trol signal for the recovery boost mode is set by the renaming
logic. Each RAT entry has an "'unmapped’ bit and a ’completed’
bit that denotes whether the given physical register that the RAT
entry points to has been mapped and whether it has been written
to respectively. Using these two bits, we can implement the con-
trol signal for recovery boosting using the truth-table and the
corresponding logic shown in Figs. 6 and 7 respectively.

B. Issue Queue

The issue queue houses instructions that have been fetched,
decoded and renamed and are pending execution. Instruc-
tions are dynamically scheduled from the issue queue based
on the availability of their source operands and functional
units. Instruction issue consists of two steps—wakeup and
select—which both need to be completed within a single clock
cycle for high performance. Instructions that have finished
execution broadcast their result tags to all the instructions in
the issue queue. Each instruction in the issue queue compares
the broadcasted tags with its own source tags for a possible
match. Once both the source operand tags of an instruction have
matched, the instruction is ready to be issued to a functional
unit (instruction wakeup). A subset of the ready instructions
are then selected to be issued to the functional units (instruction
select). These instructions obtain their source input operands
from the register file or the bypass network and then proceed to
use the functional units granted to them.

We model a noncollapsing issue queue that is organized as a
circular FIFO with head and tail pointers similar to the design
proposed by Folegnani and Gonzalez [8]. We design the issue
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queue entry to be similar to the one described by Palacharla et
al. [13]. Conventional issue queues have a CAM/RAM struc-
ture where the CAM holds the source operand tags and the
RAM holds the remaining information. The structure of the
issue queue entry is shown in Fig. 8(a). Each entry has a valid-bit
to indicate its status. The valid-bit is set when the entry is allo-
cated for a dispatched instruction and is reset when the instruc-
tion is issued and leaves the issue queue. We put invalid entries
into the recovery boost mode. (The valid-bit itself is not put into
the recovery boost mode to ensure correct operation of the in-
struction scheduler). The CAM performs tag-matching opera-
tions against all the broadcasted tags each clock cycle. In order
to do this, each CAM entry has a set of comparators and the
number of comparators required depends on the issue width of
the processor. The design of the CAM part of the issue queue for
a single bit is shown in Fig. 8(b). In each cycle, each matchline
is precharged. If there is a mismatch between the tag data in the
memory cell and the broadcasted result tag in any of the CAM
cells in the issue queue entry, then the corresponding matchline
is discharged; otherwise the matchline stays high. If any of the
matchlines for a given operand tag entry stays high, its corre-
sponding ready signal (RDY) is asserted high via the OR-block
shown in the figure.

To provide recovery boosting, the memory cells of the RAM
and CAM structures are composed of the modified SRAM cells
shown in Fig. 3(a). The modified issue queue entry is shown in
Fig. 8(c). The valid-bit works as the control signal (CR) for the
entry. When the memory cells in the entry transition to the valid
state, the CR signal becomes high which pulls the ground down
to low and the entry works in the normal operating mode. When
the entry transitions to the invalid state, the CR signal becomes
low and puts the memory cell into the recovery boost mode.
When in the recovery boost mode, both nodes of the memory
cells in both the RAM and the CAM parts are raised to Vyq.
Due to the high node voltages, the comparators in the CAM will
be triggered leading to a discharge of the matchline. To avoid
this unnecessary precharging and discharging of the matchline
(which wastes power), we further modify the issue queue entry
so that the prechargers of the matchlines are connected to the
CR signal. When CR is high in the normal operating mode,
the matchlines will be precharged to Vg4 and the tag-matching
process will continue each cycle. When CR is low during the
recovery boost mode, the matchlines stay low and therefore do
not discharge.

C. Circuit-Level Simulation Results

We now present the results from a circuit-level analysis of
the designs discussed in Sections V-A and V-B. Please note that
these simulation results are merely meant to substantiate our
idea and are not meant to be an exhaustive analysis of the circuit
and physical design of recovery boosting. We plan to conduct
such in-depth studies in our future work.

We perform SPICE-level simulation using the Cadence
Virtuoso Spectre circuit simulator to verify the functionality
of our designs and determine their area and power consump-
tion. Our experiments are carried out for the 32 nm process
using the Predictive Technology Model . Our bitcell device

tag, tag,,,
.| op | Rd SRC1 | SRC2 | Rdy pest.h,.
valid| .o SRg1) tag tag |SRC2 t::tkmsc
}— ram | CAM | RAM —|
(a)
precharger TAGw TAG; DATA DATA TAG; TAGw
£ I I 0 I
M r_l—r—l ru—l Matchline,
< v |
‘L__(L - —+ -+ —1 ! OR [~RDY
|
i M
47 é Matchline,,
(b)
precharger TAGw TAG; DATA DATA TAG; TAGw
—— MBC [—]
0 —__I —I__ —:| _I__
M |_ —I r —l Matchline,
< < |
& T —) — — 1 OR [-RDY
|
O —— L e
é W / J;Matchlinelw
>

(©)

Fig. 8. Issue queue design. (a) An issue queue entry. (b) CAM structure of an
issue queue entry (IW = issue width). (c) Modified CAM structure (IW =
issue width). MBC is the modified bit-cell for recovery boosting.

sizes are: PMOS = 58 nmx 33, NMOS = 87 nmx 33,
Access Transistor = 58 nmx 41. The supply voltage (Vaq)
and the operating temperature (7") are 0.9 V and 90 °C, re-
spectively. For each structure, we simulate two designs: the
baseline design that uses conventional 6T SRAM cells (which
do not provide recovery boosting) and the design that uses
the modified SRAM cells discussed in Section IV to provide
fine-grained recovery boosting.

1) Functionality: We evaluate two aspects of the function-
ality: 1) whether we can perform read, write and hold opera-
tions on the modified SRAM cells and 2) whether the modified
cells correctly switch between the normal operating modes and
the recovery boost mode. To evaluate these, we looked at the
waveforms of the voltage variations at the nodes and bitlines
of the cell in one clock cycle. We examine these waveforms
for the read, write, and hold operations and also for the transi-
tions between the recovery boost mode and the normal operating
modes. We take into account the extra inverter delay required for
changing the ground voltage of the cell during these transitions.

In Fig. 9, we show that the node voltages (NodeO and Nodel)
of the modified cell for recovery boosting takes 160 ps to reach
desired voltage values whereas, the conventional 6T cell takes
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Fig. 9. Write delay of the modified bitcell. NodeO and Nodel are the node
voltages of the bitcell (Vyq = 0.9V, T'= 90 °C).

140 ps. Even though the write delay is increased by 20 ps be-
cause of the increased capacitance in the modified cell, this op-
eration can be done within a single cycle of a high performance
processor. Since the read and hold operations behave in a sim-
ilar way for both modified and conventional 6T cells, we do not
present the waveforms for these operations.

Fig. 10(a) shows that the required time to switch to recovery
boost mode is 190 ps. To switch to the recovery boost mode,
both node voltages have to rise to Vyq. NodeO stays in Vgq
and Nodel takes 190 ps to rise to Vyq. Since a bitcell transi-
tions from recovery boost mode to normal operating mode on
a write, we ran simulation to confirm that we can succesfully
write to the cell after the transition within a cycle. Fig. 10(b)
shows the required time to switch to normal operating mode
from recovery boost mode with a write operation. In recovery
boost mode, both node voltages (NodeO and Nodel) stays in
Vaa. Therefore, with a write operation, NodeO has to stay in
Vaa and Nodel has to be pulled down to GND. As we can see
from the figure, Nodel reaches the desired value (GND) within
140 ps. Therefore, shifting to the recovery boost mode and to
come back to the normal operating mode from it take 190 and
140 ps, respectively.

Our simulations indicate that we can correctly perform read,
write, and hold operations on the registers and the issue queue
entries that use the modified SRAM cells in the register file and
the issue queue. The extra circuitry for recovery boosting is not
active during the normal operating mode and therefore they do
not interfere with normal operations on the cells. Since a reg-
ister transitions from the recovery boost mode to the normal
operating mode (i.e.,Mapped-Invalid state to the Mapped-Valid
state) on a write, our simulations confirm that we can success-
fully write to the cells after the transition. The same holds true
for an issue queue entry. We also found that the matchlines
for the CAM cells that are in the recovery boost mode are not
precharged so that they never trigger a match for those cells.

2) Clock Frequency Setting: In our simulations, we found
the smallest possible cycle-time for the modified SRAM cell to
be 220 ps (a clock frequency of 4.5 GHz). We choose a more
conservative cycle-time of 333 ps, which corresponds to a clock
frequency of 3 GHz. We found the delay of the high-V; access
transistors that connect to the Vyq rail to be small enough to
transition the cell into the recovery boost mode within a single
cycle for the 3-GHz clock frequency.
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Fig. 10. Transition between recovery and normal modes. NodeO and Nodel are
the Node voltages of the Bitcell (Vyq = 0.9 V, T = 90 °C). (a) Transition to
recovery boost mode. (b) Transition to normal operating mode.
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Fig. 11. Area of the register file and the issue queue for designs that use con-
ventional 6T cells and cells modified to support recovery boosting.

3) Area: We designed our structures for both the baseline and
recovery boosting cases to occupy the minimum area required to
provide correct functionality. Care was taken to size the devices
so that they are of minimal size while meeting the 3-GHz clock
frequency requirement. We calculate the area of the structures
based on the device sizes in their respective netlists. We assume
that the area overhead due to any new routing or interconnect
can be minimized by an optimized layout. In a typical SRAM
array, the cells are laid out in the array in a mirrored fashion so
that the same interconnect could be shared by adjacent rows and
columns. Under these assumptions, the extra pMOS devices and
the inverters would dominate the area overhead and accounting
for the extra devices would give a first order approximation of
the SRAM array area with the modified cells. The overheads for
the multiported register file and issue queue are given in Fig. 11.
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Since the register file has eight read-ports and four write-
ports, each bitcell has 20 transistors: four transistors for the in-
verter-pair and eight transistors each for the write and read-ports
(for supporting single-ended reads). Similarly, the issue queue
has 4 read and write-ports respectively and has 16 transistors per
bitcell. To support recovery boosting, we add two extra transis-
tors of minimal size to each cell and one extra inverter for an
entire row of 64 bitcells, in the case of the register file, or 65 bit-
cells for the issue queue. Therefore, adding the extra transistors
for recovery boosting to these heavily multiported structures is
expected to add only a small amount of area. Indeed, we can
see that the area of the physical register file and issue queue that
use the modified cells are 4% and 3% respectively more than
their baseline designs. This overhead is roughly equivalent to
the area occupied by three registers in the modified register file
and two entries in the modified issue queue. We can therefore
design the register file and issue queue to be area-neutral with
respect to the baseline (i.e., occupy the same area as the base-
line design) by having their capacities reduced by three registers
and two entries respectively. The rationale behind going in for
area-neutral structures is to minimize the impact of designing
structures that employ recovery boosting on the processor floor-
plan. Going for the area-neutral design of the structures could
affect the performance of the processor. The performance im-
pact of these area-neutral designs are evaluated in Section VII.

4) Dynamic and Leakage Power Consumption: Fig. 12 gives
the power consumption of a single register and a single issue
queue entry for both the baseline design and the one that uses the
modified SRAM cell. For the register, we show the power con-
sumed for the read, write and hold operations as well as when the
cells are in the recovery boost mode. For the issue queue entry,
in addition to the power consumed in the recovery boost mode,
we quantify the power consumed in each of the three normal op-
erating modes. For each of these modes, we present the power
consumption for two scenarios: 1) when both source tags of an
entry mismatch with the ones broadcast down the issue queue
in the same cycle, which is the highest power consumption sce-
nario since all the matchlines discharge and 2) when both source
tags match in the same cycle, which consumes the least amount
of power.

We can see that the power consumed by the designs that use
the modified SRAM cells for the read, write and hold opera-
tions are nearly equal to those of the baseline designs. The max-
imum increase in power is less than 1% for the register and less
than 2% for the issue queue entry. The power consumption of
the issue queue entry is higher than the register because of its
CAM/RAM structure. The slight increase in power for the re-
covery boost designs is due to leakage in one of the pMOS ac-
cess transistors that connect to the Vyq rail. The sources of the
pMOS access transistors are connected to Vgq and the drains
are connected to the nodes. Therefore, based on whether a cell
holds a “0” or a “1,” one of the two pMOS devices will leak.
Since we use high-V; pMOS devices as the access transistors
for the cells (to reduce the impact of NBTI), the leakage power
of these transistors is also reduced.

In memory arrays that use conventional SRAM cells, the cells
will normally be operating in the hold mode when they house in-
valid data. However, when the modified cells are used, cells that
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Fig. 12. Power consumption of a single register and a single issue queue entry
(Vaa = 0.9V, T =90 °C). (a) Register. (b) Issue queue entry.

hold invalid data can operate in the recovery boost mode. We
can see that the power consumed in the recovery boost mode is
orders of magnitude less than in the hold mode. This is because
the recovery boost operation raises Node0 and Nodel [shown in
Fig. 3(a)] and the ground to Vyq, which cuts off the path from
Vaq to ground and significantly reduces the leakage currents. Fi-
nally, there is a small power benefit at the structure level since
we use area-neutral designs for the physical register file and the
issue queue that are slightly smaller than the baseline designs.

VI. EXPERIMENTAL METHODOLOGY FOR THE
ARCHITECTURE-LEVEL ANALYSIS

Having seen the circuit-level design of the physical register
file and the issue queue to support recovery boosting, we now
evaluate the impact of using these techniques at the architecture
level. We carry out our architecture-level evaluations via execu-
tion-driven simulation using the M5 simulator [3]. We use the
system-call emulation mode of M5. Our workloads consist of
all 26 benchmarks from the SPEC CPU2000 benchmark suite
. The benchmarks are compiled for the Alpha ISA and use the
reference input set. We perform detailed simulation of the first
100-million instruction SimPoint for each benchmark [18]. We
model a four-wide issue core, which is similar to those in mul-
ticore processors. We assume the initial threshold voltage of the
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pMOS devices in the memory cells to be 0.2 V and the service
life of the processor to be seven years based on the work by Ti-
wari and Torrellas [22].

1) Reliability Metric—Read Static Noise Margin (SNM):
NBTI causes an increase in the threshold voltage of the pMOS
transistors. In the case of SRAM cells, this shift in V; could
increase the time needed for reading from and writing to the
cells. NBTI could also decrease the read SNM of the cells. The
SNM is a measure of the stability of the cell and specifies the
maximum amount of voltage noise that can be tolerated at the
nodes of the memory cell before the contents of the cell get
flipped [16]. Previous work [11] has shown that, of these three
metrics, the SNM is the one that is most heavily affected by
NBTI and therefore we use SNM as the reliability metric in
this paper.

Initially, before the processor is used for executing work-
loads, the bitcells in the register file and the issue queue are
designed such that their SNM is not limited by the strength of
the pMOS devices. But after these structures are exercised by
workloads, their SNM gets limited by the strength of the pMOS
devices due the impact of NBTI on V;. We capture this impact
by tracking the stress and recovery cycles on all of the pMOS
devices in the register file and the issue queue (based on our cir-
cuit-level designs of these structures) over the course of an ar-
chitecture simulation and extrapolate the statistics to calculate
the degradation in V; after the seven-year service life. We then
feed the V; values of these pMOS devices into the Cadence Vir-
tuoso Spectre circuit simulator to calculate the SNM of all the
cells in a structure at the end of the seven-year period and use
the smallest value to denote the SNM for that structure.

VII. ARCHITECTURE-LEVEL SIMULATION RESULTS

We now study the impact of putting memory cells of regis-
ters and issue queue entries into the recovery boost mode when
they hold invalid data. As discussed earlier, we put registers
into the recovery boost mode when they are in theUnmapped
and Mapped-Invalid states. We present results only for the in-
teger register file for two reasons. First, the integer benchmarks
have very few floating-point instructions and therefore rarely
exercise the floating-point register file. Second, several of the
floating-point benchmarks have a large number of integer in-
structions in their first 100-million instruction SimPoint and
therefore significantly exercise the integer register file. (Nine
out of the 14 floating-point workloads have more integer than
floating-point instructions in their first SimPoint.) As a result,
the integer register file is exercised to a greater extent than the
the floating-point register file for most of the benchmarks. Issue
queue entries are put into the recovery boost mode when they
no longer hold valid data.

We evaluate three different processor configurations, which
we denote as:Baseline, Recovery Boosting and Balancing. Base-
line models four-wide issue core that do not use any NBTI mit-
igation technique. Recovery Boosting replaces the integer reg-
ister file and the issue queue of the baseline configuration with
their counterparts that support recovery boosting. We assume
that the modified structures for Recovery Boosting are designed
to be area-neutral with respect to Baseline by trading off a small
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amount of storage capacity to accommodate the extra area re-
quired to implement recovery boosting. Based on our area evalu-
ations in Section V, we assume that the modified integer register
file and issue queue have 125 registers and 62 entries, respec-
tively. In all of our simulations, we find that this reduction in ca-
pacity has a negligible impact on performance and therefore we
do not present detailed performance results.Balancing denotes
a recovery enhancement scheme similar to the one proposed in
[1] that uses the same time intervals thatRecovery Boosting ex-
ploits to balance the degradation of the two pMOS devices in
the memory cell. As pointed out by Abella ez al. [1], flipping the
contents of the memory cells only when they hold invalid data
instead of when they hold both valid and invalid data, for which
additional circuitry is required [11], is the preferable approach
for high-speed SRAM structures in order to not increase their
delay significantly. Since the access times of the physical reg-
ister file and the issue queue have a strong impact on processor
performance, theBalancing technique is applied only when the
memory cells hold invalid data. We optimistically assume that
Balancing does not impose any additional area overheads over
the baseline design and that it can keep the inputs to each pMOS
device at a logic “0” exactly 50% of the time whenever the cells
are in this mode.

For the remainder of this paper, we will refer to the integer
register file and the issue queue as RF and 1Q, respectively.

A. Physical Register File Results

Fig. 13 shows the V; degradation and the resultant SNM for
the RF across the benchmarks due to NBTT after the seven-year
service life for the Baseline, Recovery Boosting, and Balancing
configurations. As mentioned earlier, the initial V; is 200 mV
and, using this value, we get the initial SNM of the RF to be
171 mV before the RF is stressed by the benchmark. For the
Baseline, on an average, the V; degrades to 305 mV across the
benchmarks, which leads to an average SNM of 109 mV. There-
fore, Baseline causes about 37% degradation in SNM. To im-
prove the SNM over the Baseline, Recovery Boosting takes ad-
vantage of the invalid periods of the RF to apply recovery to
the registers. A breakdown of the time spent by the registers
in the four different states given in Fig. 5 is shown in Fig. 14.
The values given in the graph are an average over all the reg-
isters and over the entire SimPoint for each benchmark. As we
can see, the registers are in the Unmapped and Mapped-Invalid
states for a large fraction of time for most of the benchmarks.
Therefore, we have significant opportunities to apply recovery
boosting for the RF. The impact on the SNM as a result of using
recovery boosting is given in Fig. 13. As Fig. 13 shows, the av-
erage degraded V; stays close to 245 mV because of the applied
recovery to the RF bitcells. This causes the SNM to degrade to
an average value of 144 mV, which is about 15% degradation
in SNM over the initial condition. Similarly, for the Balancing
approach, the average degraded V; stays close to 265 mV and
the SNM degrades to an average value of 133 mV.

In Fig. 15, each pair of bars shows the improvement in the
SNM over Baseline for Recovery Boosting and Balancing,
respectively. As Fig. 15 shows, while Balancing provides a
good improvement in the SNM, Recovery Boosting provides
significantly higher reliability benefits by virtue of its ability to
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Fig. 14. Breakdown of time spent by the registers in different states. The lowest
part of each stacked bar is the Unmapped state.

put both pMOS devices into the recovery mode. Across all the
benchmarks, Balancing provides a 40% improvement in the
SNM while Recovery Boosting provides a 56% improvement.
These results clearly highlight the benefits of recovery boosting
as a technique to mitigate NBTI in the RF.

B. Issue Queue Results

Fig. 16 shows the V; degradation and the resultant SNM for
the IQ across the benchmarks due to NBTI for the Baseline, Re-
covery Boosting, and Balancing configurations. Similar to the
REF, the initial V; and the SNM are 200 and 171 mV, respec-
tively. On an average, the V; degrades to 305 mV and the SNM
degrades to 109 mV for the Baseline. Unlike the RF, the V; and
the SNM of the 1Q varies across different benchmarks for the
Recovery Boosting configuration. Specially, the V; and the SNM
varies a lot for the floating-point benchmakrs. The reason behind
this is illustrated in Fig. 17 where the breakdown of the time
spent by the IQ entries in the Valid and Invalid states for each
benchmark is shown. The time-breakdown is an average over

g. 13. V; and SNM degradation for the RF for the Baseline, Recovery Boosting, and Balancing configurations (Vaq = 0.9 V, T = 90 °C).
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Fig. 15. Improvement in the SNM for the RF over the Baseline processor con-

figuration (Vaa = 0.9V, T = 90 °C).

all the entries in the IQ and over the entire SimPoint of each
benchmark. The duration of the Invalid state is much shorter for
some floating-point benchmarks as shown in the figure. On an
average, V; degrades to 254 mV and the resultant average SNM
becomes 140 mV for the Recovery Boosting configuration. Sim-
ilarly, V; degrades to 272 mV and the resultant average SNM
becomes 131 mV for the Balancing configuration.

While the RF results show that Recovery Boosting is consis-
tently superior to Balancing, the 1Q shows a more varied trend.
The reliability results are given in Fig. 18. For the integer bench-
marks, which are in the left-hand side group in the graphs in
Fig. 17, the 1IQ entries are in the Invalid state for a large frac-
tion of the time (over 76% on average) and therefore enjoy sig-
nificant benefits from recovery boosting. The exception to this
is mcf, where the IQ entries spend only 34% of the time in
the Invalid state. The difference in the SNM improvement be-
tween Balancing and Recovery Boosting is much smaller for this
benchmark and so is the overall benefit over Baseline. This is
because 37% of the instructions in mcf are memory instructions
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Vt and SNM Degradation for Issue Queue
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Fig. 16. V; and SNM Degradation for the IQ for the Baseline, Recovery Boosting and Balancing configurations (Vaq = 0.9V, T'= 90 °C).
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Fig. 17. Breakdown of time spent by the 1Q entries in the Valid and Invalid
states.

(33.5% are loads and 3.5% are stores). Given the large number
of load-instructions and the fact that loads values are consumed
by subsequent instructions in its dependence-chain that wait in
the IQ, they have a significant impact on the occupancy charac-
teristics of the IQ. We find that the L1 data-cache miss rate for
mcf is high (54.5%), which leads to these dependent instructions
occupying IQ entries for a longer period of time. As a conse-
quence, there are fewer opportunities to apply either Balancing
or Recovery Boosting to the IQ for mcf compared to the other
integer benchmarks. Note that although the IQ entries are in the
Valid state while these instructions wait, the destination register
of a producer instruction remains in the Mapped-Invalid state in
the RF till the value is actually ready to be written to the register.
We can see in Fig. 14 that the registers spend a longer time in the
Mapped-Invalid state for mcf than for the other integer bench-
marks. Therefore, the RF still benefits from recovery boosting
during this period.

The floating-point workloads exhibit a range of behaviors.
Recovery Boosting provides significant improvements in the
SNM for more than half the benchmarks and the benefits
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Fig. 18. Improvement in the SNM for the IQ over the baseline processor con-
figuration (Viq = 0.9V, T = 90 °C).

provided are much better than Balancing. However, for certain
workloads (swim, equake, fma3d) the benefits provided by
Recovery Boosting and Balancing are nearly the same. Most
interestingly, for sixtrack, lucas and applu, Balancing pro-
vides slightly better improvement in the SNM than Recovery
Boosting. We now explain why this happens.

First, as we expect, there is a relationship between the ben-
efits that Recovery Boosting provides and the amount of time
that the IQ entries spend in the Invalid state, as Fig. 17 indi-
cates. There are several factors that influence the amount of
time that various workloads spend in the Invalid state, such
as the percentage of high-latency instructions in the instruc-
tion mix of the benchmark and the memory system performance
(both the hit-rates of the L1 instruction and data caches as well
as the average miss latencies). For workloads that have a sig-
nificant number of high-latency floating-point instructions, the
instructions data-dependent on those high-latency instructions
will occupy IQ entries for a longer time. sixtrack, lucas
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and applu contain a significant number of floating-point in-
structions in their instruction-mix (65%, 64%, and 52% respec-
tively). These three workloads also have the highest fraction of
floating-point multiply instructions among all the floating-point
workloads (36%, 23%, and 24% of the overall mix, respec-
tively). Since a floating-point multiply takes four cycles to ex-
ecute, instructions on their dependence-chains wait in the 1Q
for a long time in the Valid state. Similarly, for workloads that
have a high percentage of load instructions, the IQ entries occu-
pied by the loads and their dependence-chains will remain in the
Valid state for a longer time if the loads frequently miss in the
cache. In general, the IQ occupancy behavior depends on both
the characteristics of the application and the exact microarchi-
tectural configuration of the processor. However, since we do
not optimize either of these factors for Balancing and Recovery
Boosting, it is more important to understand when one scheme
will be more beneficial than the other in terms of reliability.

To achieve a good SNM, it is important to minimize the in-
crease in V; due to NBTI of both pMOS devices in the memory
cell. Additionally, it is also important to ensure that the differ-
ence in the threshold voltages between the two pMOS devices
is kept as small as possible. Recovery Boosting addresses the
first condition whereas Balancing addresses the second. When
an IQ entry holds valid data for a long period of time, as is the
case for sixtrack, lucas and applu, one of the pMOS devices
in each memory cell stays in the stress phase while the other in
the recovery phase. This increases the difference in the V; be-
tween the two pMOS devices and therefore degrades the SNM.
When the IQ entry is in the Invalid state for a short period of
time, Recovery Boosting reduces the V; of both pMOS devices
all the memory cells. However, Balancing flips the bits stored
in those cells so that the pMOS device that was in the recovery
phase while the IQ entry was valid now enters the stress phase
and vice-versa, which tends to reduce the difference in V; be-
tween the two pMOS devices. As a result, for workloads where
the 1Q entries spend very little time in the Invalid state, the SNM
for the Balancing scheme is better than for Recovery Boosting.
The difference is especially evident for lucas, whose IQ en-
tries spent the least amount of time in the Invalid state (5% of
the time) as shown in Fig. 17. However, when the Invalid periods
are even slightly longer, the difference between the two schemes
becomes less evident and it starts becoming more beneficial to
reduce V; than to try maintaining a small threshold voltage dif-
ference for longer Invalid periods. For example, we can see in
Fig. 17 that sixtrack and applu spend successively longer pe-
riods in the Invalid state (13% and 21% respectively) and con-
sequently the gap between Balancing and Recovery Boosting
diminishes and Recovery Boosting provides more benefit than
Balancing for workloads with longer Invalid times.

In general, we find that Recovery Boosting is more beneficial
than Balancing for a wide range of 1Q entry Invalid-state occu-
pancy times. Recovery Boosting provides a 48% improvement in
the SNM over Baseline whereas Balancing provides only a 37%
improvement for the entire SPEC CPU2000 benchmark suite.

VIII. CONCLUSION AND FUTURE WORK

NBTT s one of the most important silicon reliability problems
facing processor designers. SRAM memory cells are especially

vulnerable to NBTI since the input to one of the pMOS devices
in the cell is always at a logic “0.” In this paper, we propose re-
covery boosting, a technique that allows both pMOS devices in
the cell to be put into the recovery mode by raising the ground
voltage and the bitline to V4. We show how fine-grained re-
covery boosting can be used to design the physical register file
and issue queue and evaluate their designs via SPICE-level sim-
ulations. We then show that area-neutral designs of these two
structures can provide significant reliability benefits with very
little impact on power consumption and negligible loss in per-
formance.

The fine-grained recovery boosting approach that we eval-
uate in this paper can be used for small SRAM arrays. In future
work, we plan to study the use of coarse-grained recovery
boosting, which imposes less area overheads, for designing
caches. Caches pose additional challenges, such as identi-
fying when lines become valid to put them into the recovery
boost mode. We plan to explore the use of techniques such
as dead-block prediction [10] in conjunction with recovery
boosting to mitigate the impact of NBTI on caches. We also
plan to study the circuit-level design of recovery boosting in
depth.
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