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BTI-Aware Sleep Transistor Sizing Algorithm for Reliable Power

Gating Designs
Kai-Chiang Wu, Ing-Chao Lin, Yao-Te Wang, and Shuen-Shiang Yang

Abstract—Power gating is an effective way to reduce leakage power.
This technique uses high Vth transistors, called sleep transistors, to
turn off the power supply. However, sleep transistors suffer from the
bias temperature instability (BTI) effect, resulting in an increased Vth,
and reduced reliability. This paper proposes two BTI-aware sleep tran-
sistor sizing algorithms to reduce the total width of sleep transistors
based on the distributed sleep transistor network structure. The pro-
posed algorithms reduce total width by more than 16.08%. More area
can be reduced if the BTI effect on both sleep and cluster transistors is
considered.

Index Terms—BTI effect, power gating, reliability.

I. INTRODUCTION

As CMOS technology is scaled down, leakage power increases
exponentially and thus has become a critical issue. An effective way
to reduce leakage power is power gating [1], [2], [4]–[6]. This tech-
nique uses high-Vth transistors, called sleep transistors, to turn off
the power supply, reducing leakage power in standby mode.

There are two types of power gating designs: header- and footer-
based designs, each of which use pMOS and nMOS as a sleep
transistor. Because the sleep transistor behaves as a resistor, its width
should be sufficiently large to avoid excessive IR-drop. Fig. 1(a)
shows a footer-based design [1]. The circuit is divided into several
smaller clusters, each with a pMOS header sleep transistor. However,
the maximum instantaneous current (MIC) of a cluster may be large,
resulting in large sleep transistor width. Long and He [6] proposed a
distributed sleep transistor network (DSTN), as shown in Fig. 1(b),
and sleep transistor sizing algorithms were proposed in [2]–[4] to
reduce area overhead. Compared to the cluster-based design, this
design connects all virtual ground (VGND) lines together. Therefore,
the current can flow from one cluster to all sleep transistors, and a
discharging current can be shared among the sleep transistors, reduc-
ing sleep transistor sizes. Note that the virtual ground also has wire
resistance that cannot be ignored; therefore, an empirical parameter
was used to replace the effect of the virtual ground resistance on a
discharging current. However, this parameter cannot accurately model
the effect of the virtual ground resistance.

To obtain accurate MIC/IR-drop profiles with the virtual ground
resistance in the DSTN structure, a discharging matrix method is
proposed method in [2] to calculate the current more accurately. This
algorithm partitions a period of time into uniform time frame partitions
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(UTPs) or variable-length time frame partitions (VTPs). When the
number of UTPs is increased, more accurate MIC and smaller total
sleep transistor widths can be obtained. However, the runtime is also
increased. VTPs significantly reduce the runtime but slightly increase
total width. Details on time frame partitioning can be found in [2].

NBTI is a major reliability issue in nanoscale technologies [7]. It
is caused by traps at the Si/SiO2 interface in pMOS transistors under
a negative bias voltage (VGS = −VDD). Interface traps are generated
within the Si/SiO2 interface, increasing Vth and transistor delay. The
accumulation of interface traps when a pMOS transistor is under a
negative biased voltage is referred to as the stress phase. When the
biased voltage is removed, and the effect is reduced, this is referred
to as the recovery phase. The corresponding effect on nMOS is called
positive bias temperature instability (PBTI). While PBTI is normally
insignificant in the SiON process, it becomes comparable to NBTI and
cannot be ignored in high-k metal gate technologies [10]. Therefore,
it is necessary to consider both NBTI and PBTI effects in advanced
high-k metal gate technologies.

The motivation to address the BTI issue in sleep transistors is the
fact that sleep transistors are always turned on and stressed when in
functional mode, and thus they suffer a more significant BTI effect
than do other functional gates. Since sleep transistors are on the crit-
ical path of the current flowing from the power rail to the circuit,
the Vth degradation in a sleep transistor will reduce the circuit speed
as a whole and cause long-term reliability issues. In addition, both
sleep transistors and cluster transistors are subject to the BTI effect,
whose impact thus needs to be addressed in order to design reliable
power-gated circuits. Hence, this paper proposes two sleep transis-
tor sizing algorithms that consider the BTI effect based on DSTN
structure. The contributions of this paper are summarized as follows.

1) Two sleep transistor sizing algorithms are proposed to address
the BTI-aware sleep transistor sizing problem. A trade-off
between runtime and total sleep transistor width can be made.
The first algorithm reduces more area at the cost of a longer
runtime, while the second algorithm reduces runtime but yields
a slightly larger total width.

2) Experimental results show that when only the BTI effect on
pMOS sleep transistors in 90 nm technology is considered,
the proposed algorithms reduce total width by 17%∼31% as
compared to that obtained using the method in [2]. In 32 nm
technology, the proposed algorithms reduce area by 16%∼28%
when nMOS transistors are used as sleep transistors. When
considering the BTI effect on both sleep and cluster transistors,
more area reduction can be achieved.

II. PRELIMINARIES

A. BTI Model

NBTI (PBTI) occurs when a pMOS (nMOS) transistor is under a
negative (positive) bias voltage. The Vth drift of a pMOS (nMOS)
transistor due to the static NBTI (PBTI) effect can be described by a
direct-current (DC) reaction-diffusion (RD) framework. If a transistor
is under alternating stress and recovery phases, the DC RD model
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Fig. 1. Power gating structures. (a) Cluster-based. (b) DSTN designs.

Fig. 2. Resistance network of DSTN structure.

should be modified into an alternating-current (AC) RD model [8]

�VTH (t) ∼= KAC × tn ∼= α(S, f )× KDC × tn (1)

where a is a function of stress frequency ( f ) and signal probability
(S). Since the impact of frequency is relatively insignificant, the effect
of the signal frequency is ignored. KDC is a technology-dependent
constant. More details about this model can be found in [9].

B. Determination of Sleep Transistor Width

To maintain circuit operation, the IR-drop should be maintained
in a certain range; hence, the sleep transistor width, WST , can be
represented as

WST =
(

MIC(ST)

VST

)
· k (2)

where WST is the minimum sleep transistor width that meets the
IR-drop constraint requirement, and VST is the maximum IR-drop
across the sleep transistor. MIC(ST) is the MIC flowing through the
sleep transistor, and k is equal to L/μCOX(VDD-Vth). More details
can be found in [2].

The DSTN structure can be represented as a resistance network,
as shown in Fig. 2. Sleep transistors are replaced with resistors; thus,
the resistance of sleep transistor i is represented as R(STi). Each
cluster is modeled as a current source Ii, and the resistance of the
virtual ground line is modeled as resistor RV . Because the discharging
current among all sleep transistors can be balanced through the DSTN
structure, an accurate MIC(STi) cannot be measured easily using (2).

Chiou et al. [2], [4] used Kirchhoff’s current law and Ohm’s law to
obtain a discharging matrix in order to estimate MIC(STi). The dis-
charging matrix for Fig. 2 is shown in (3). ϕ is a 3 × 3 discharging
matrix constructed from the resistance network of the DSTN struc-
ture. Every entry can be replaced by ψij, which is the percentage of
the shared current from the current source Ij to the sleep transistor
STi. Every entry is positive and can be calculated from resistance
values

ϕ =
⎡
⎣ψ11 ψ12 ψ13
ψ21 ψ22 ψ23
ψ31 ψ32 ψ33

⎤
⎦ (3)

⎡
⎣ MIC(ST1)

MIC(ST2)

MIC(ST3)

⎤
⎦ = ϕ ·

⎡
⎣ MIC (C1)

MIC (C2)

MIC (C3)

⎤
⎦. (4)

Fig. 3. IDS algorithm.

The upper bound of MIC(STi) can be calculated using a discharging
matrix and MIC(Ci), as shown in (4). After evaluating MIC(STi), the
required sleep transistor width can be directly calculated using (2).

III. PROPOSED SLEEP TRANSISTOR SIZING ALGORITHM

The algorithm in [2] used the worst IR-drop constraint among
all the time frames under consideration to determine sleep transis-
tor sizes. However, not all of the sleep transistors have their worst
IR-drop in the same time frame, and the sizing results in [2] were
usually overly pessimistic. Furthermore, the BTI effect was not con-
sidered in [2], and therefore a power-gated design could potentially
fail to operate correctly after a period of time. This section pro-
poses a modified sleep transistor sizing algorithm based on the DSTN
structure to address the over-sizing problem due to the pessimistic
scenario, with the BTI effect modeled for long-term reliability.

A. Modified BTI-Aware Sleep Transistor Sizing Algorithm

The proposed algorithm, increase and decrease sizing (IDS), contains
three steps, as shown in Fig. 3. VDEG is the maximum allowable IR-drop
under the BTI effect. In step 1 (lines 1–4), the minimum initial width
of the sleep transistors is determined. This is done by finding the
minimum current of each cluster (line 2) and using (2) to calculate
the initial sleep transistor width (line 3). Then, discharging matrix ϕ,
MIC(STi, Tj), R(STi), and Slack(STi, Tj) are updated (line 4). Note
that Slack(STi, Tj) is the voltage difference between VDEG and the
voltage drop across the sleep transistor STi in the time frame Tj and
is used to examine whether the VDEG constraint is met. MIC(STi, Tj)
can be obtained using (4) by multiplying matrix ϕ and MIC(Ci, Tj).
R(STi) is the obtained resistance for each sleep transistor.

In step 2 (lines 5–9), the width of the sleep transistors is increased
until all Slack(STi, Tj) values are equal to or greater than zero.
According to the Slack(STi, Tj) values from step 1, the least nega-
tive Slack(STi, Tj) value and the corresponding sleep transistor STi are
obtained (line 6). This means that the IR-drop in the case of this sleep
transistor is relatively large. Thus, the width of this sleep transistor is
first increased. The increase ratio is obtained from VDEG divided by
the largest IR-drop of STi and is used to enlarge STi (line 7). After
the adjustment, the new discharging matrix ϕ, MIC(STi, Tj), R(STi),
and Slack(STi, Tj) are updated (line 8). The loop is repeated until all
Slack(STi, Tj) values are equal to or greater than zero, which implies
that the VDEG constraint is satisfied. However, the sleep transistors
may be too large after the increase step. The decrease step can be
used to reduce these over-sized sleep transistors.
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Fig. 4. DDS algorithm.

In step 3 (lines 10–16), the sleep transistors are reduced one at a
time. The sleep transistor with the largest positive slack is adjusted
first (line 11) since more reduction may be obtained. Then, this sleep
transistor is reduced by the decrease ratio, which is defined as one
minus the ratio of the worst IR-drop of STi across all time frames
to VDEG. This ratio is used because the difference between VDEG
and the worst IR-drop of STi across all time frames is the smallest.
Hence, reducing the sleep transistor width using this ratio results
in the lowest chance of violating the VDEG constraint. After this
decrease ratio is used to adjust STi, the new discharging matrix ϕ,
MIC(STi, Tj), R(STi), and Slack(STi, Tj) are updated (line 13). Then,
it is determined whether all Slack(STi, Tj) values are greater than
or equal to zero (line 14). If all slacks are greater than or equal
to zero, the current total width is better than the previous solution;
otherwise, the previous solution is considered to be better and is
therefore restored. This loop is repeated until no sleep transistor width
can be further reduced, and all Slack(STi, Tj) values are equal to or
greater than zero.

B. Enhanced BTI-Aware Sleep Transistor Sizing Algorithm

Although IDS uses the decrease step to obtain a smaller total sleep
transistor width than that obtained in [3], both algorithms have a
long runtime because they adjust one sleep transistor at a time. If
the number of sleep transistors is large, the algorithms requires more
iterations to recalculate the width of each sleep transistor. In addi-
tion, as mentioned in Section I, cluster transistors are also subject
to the BTI effect, thus reducing the current. Hence, sleep transistor
sizes can be further reduced if this current degradation is considered.
Based on the DSTN structure, we propose an enhanced algorithm
that adjusts all sleep transistors at the same time, while considering
current degradation on cluster transistors.

The enhanced algorithm, dual decrease sizing (DDS), improves the
total runtime while obtaining a comparable total width. It consists
of three steps. Initially, the maximum initial sleep transistor width is
chosen. Then, all sleep transistors are reduced simultaneously. Finally,
sleep transistors are reduced one at a time for further improvement.
Fig. 4 shows the enhanced algorithm in detail. MIC(Ci, Tj) and VDEG,
defined above, are inputs of the algorithm. CDi is the ratio of the

Fig. 5. Implementation flowchart.

current degradation of cluster Ci under the BTI effect and is also an
input of the sizing algorithm. The output is R(STi), which contains
the obtained resistance for each sleep transistor.

In step 1 (lines 1–4), the MIC of each cluster MIC(Ci) is found
according to the values of MIC(Ci, Tj) (line 2). Then, these cur-
rents are used to calculate the maximum initial sleep transistor width
that meets the VDEG constraint based on the DSTN algorithm [6]
(line 3). Note that if the current degradation of each cluster is con-
sidered, MIC(Ci) is multiplied by CDi. If not, CDi is equal to 1.
After initialization, ϕ, MIC(STi, Tj), R(STi), and IR_Drop(STi, Tj)
are updated (line 4). The value for MIC(STi, Tj) is the same as
that in the IDS algorithm and can be obtained by multiplying ϕ and
MIC(Ci,Tj). R(STi) is the obtained resistance for each sleep transis-
tor. IR_Drop(STi, Tj) indicates the IR-drop across the sleep transistor
STi in the time frame Tj.

The goal of step 2 (lines 5–12) is to find a decrease ratio to
reduce all sleep transistors simultaneously. The maximum IR-drop is
obtained according to all IR_Drop(STi, Tj) and then divided by VDEG
(lines 7 and 8) to get the decrease ratio, which is then used to reduce all
sleep transistors at the same time (line 9). After that, ϕ, MIC(STi, Tj),
R(STi), and IR_Drop(STi, Tj) are updated (line 10), and it is determined
whether any new IR_Drop(STi, Tj) value is greater than VDEG. If all
IR_Drop(STi, Tj) values are smaller than VDEG, this step is repeated
until an IR_Drop(STi, Tj) value is obtained that is greater than VDEG.
If any IR_Drop(STi, Tj) is greater than VDEG, which means that the
decrease ratio is too large to maintain the VDEG requirement. As a
result, the previous sleep transistor widths are output in step 2.

After step 2, all sleep transistors cannot be adjusted simultaneously.
To further reduce the total width of the sleep transistors, sleep tran-
sistors can be reduced one at a time in step 3 (lines 13–22). The main
idea of step 3 is to find an appropriate sleep transistor sizing in order
to further reduce individual sleep transistors (line 14). According
to the IR_Drop(STi, Tj) values from the previous step, the worst
IR-drop of each sleep transistor is found. Since the sleep transistor
with the smallest worst IR-drop requires the most size reduction, the
IR-drops are sorted from small to large for the purpose of sizing
the sleep transistors. After the sizing order is obtained, single sleep
transistors are reduced one at a time (lines 15–22). The decrease
ratio used to shrink an individual sleep transistor STi is obtained by
taking the worst IR-drop of STi and dividing it by VDEG (line 16).
After the sleep transistor STi is adjusted (line 17), ϕ, MIC(STi, Tj),
R(STi), and IR_Drop(STi, Tj) are updated (line 18), and it is deter-
mined whether all IR_Drop(STi, Tj) values are smaller than VDEG
(line 19). If all values meet the constraint, the total width is con-
sidered to be the best current width. Otherwise, the previous total
width is determined to be the best width. Step 3 is repeated until
no sleep transistors can be further reduced with the decrease ratio.
The last sleep transistor widths are the final output of the proposed
algorithm.
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TABLE I
BENCHMARK CIRCUIT INFORMATION

TABLE II
TOTAL PMOS SLEEP TRANSISTOR WIDTH AND RUNTIME COMPARISONS

COMPARED TO UTP IN 90 NM TECHNOLOGY

TABLE III
TOTAL PMOS SLEEP TRANSISTOR WIDTH AND RUNTIME COMPARISONS

COMPARED WITH VTP IN 90 NM TECHNOLOGY

IV. EXPERIMENT SETUP AND RESULTS

The algorithms are implemented in C/C+, and the BTI model from
Section II is used to obtain the �Vth of the sleep transistors. The
benchmarks are from ISCAS 85 and 89, as shown in Table I. Fig. 5
shows the simulation framework. RTL netlists are synthesized to gate-
level netlists, and the SDF file is generated using design compiler. The
netlists are then simulated to obtain the VCD file with 10 000 random
patterns, and placement and routing are done to obtain the location
of each gate and the virtual ground resistance using SoC Encounter.
Based on the gate location, the gates in a given row are grouped as
a cluster. The MIC of each cluster is estimated using PrimeTime and
the VCD file, and the output file containing time frames and current
information is generated. Then, the time frames are partitioned based
on the information contained in the output file and are designated as
the inputs for the experiments.

TABLE IV
TOTAL NMOS SLEEP TRANSISTOR WIDTH AND RUNTIME COMPARISONS

COMPARED WITH UTP IN 32 NM TECHNOLOGY

TABLE V
TOTAL NMOS SLEEP TRANSISTOR WIDTH AND RUNTIME COMPARISONS

COMPARED WITH VTP IN 32 NM TECHNOLOGY

Note that VDEG is set to 10% of the supply voltage. The probability
of sleep transistors being turned on is set to 0.5, and�Vth is estimated
for 10 years. The number of variable-length time frames is equal
to the cluster numbers based on [2], and the number of uniform
time frames is set to ten times the cluster number. TSMC 90 nm
and the PTM 32 nm high-k metal-gate technology model [11] are
used. TSMC 90 nm technology considers only NBTI because PBTI
is relatively insignificant, and 32 nm technology considers both NBTI
and PBTI to demonstrate that the proposed sizing algorithms can be
applied for both header-based and footer-based designs. The current
inputs and cluster numbers of the 90 nm experiment are used in the
32 nm experiment. Both UTP and VTP [2] algorithms are compared
with the IDS and DDS algorithms. Since DSTN, UTP, and VTP
algorithms do not consider the BTI effect, in order to compare these
works with the proposed algorithms, the maximum allowable IR-drop
with the BTI effect, the VDEG constraint, is used to replace the worst
IR-drop constraint.

A. Width and Runtime Comparisons When Considering the BTI
Effect on Sleep Transistors

Table II compares the UTP, IDS, and DDS algorithms with uni-
form time frames in 90 nm technology when only the NBTI on
pMOS sleep transistors is considered. Uniform time frames are used
in UTP, IDS, and DDS algorithms. It can be seen that DDS and IDS
reduce transistor width by 31.57% and 19.3%, on average, respec-
tively. The runtimes of the IDS and DDS algorithms are 1.91X and
0.36X of the runtime required by UTP. This is because the UTP and
IDS adjust one sleep transistor at a time, and the DDS algorithm
adjusts all transistors simultaneously. Similarly, Table III compares
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TABLE VI
COMPARISONS OF TRANSISTOR WIDTHS CONSIDERING THE BTI EFFECT ON PMOS SLEEP AND CLUSTER TRANSISTORS IN 90 NM TECHNOLOGY

the VTP, IDS, and DDS algorithms with variable-length time frames
in 90 nm technology when only the NBTI on pMOS sleep transis-
tors is considered. The proposed algorithms reduce sleep transistor
width by 27.07% and 17.65%, on average, respectively. The runtimes
of IDS and DDS are 3.26X and 0.24X of the runtime required by
VTP, respectively. Compared to UTP and VTP, the proposed algo-
rithms reduce the sleep transistor width more in 90 nm technology
header-based designs.

Since PBTI becomes significant in 32 nm process technology,
experiments are done for footer-based designs with the PTM 32 nm
technology model. Table IV compares UTP, IDS, and DDS in uni-
form time frames. Compared to UTP, DDS, and IDS reduce sleep
transistor width by 28.98% and 16.08%, on average, respectively. The
runtimes of the IDS and DDS algorithms are 2.24X and 0.46X of the
runtime required by UTP, respectively. Table V compares the VTP,
IDS, and DDS algorithms in a variable-length time frame. Compared
to VTP, IDS, and DDS reduce sleep transistor width by 27.95% and
17.7%, on average, respectively. The runtimes of IDS and DDS are
3.74X and 0.14X of the runtime required by VTP. It can be seen that
the proposed algorithms reduce sleep transistor width more in both
header-based and footer-based designs.

B. Width Comparisons When Considering the BTI Effect on
Both Sleep Transistors and Cluster Transistors

Since the BTI effect occurs on sleep and cluster transistors, its
influence on both needs to be considered. Table VI compares the
UTP, VTP, and DDS algorithms in 90 nm when the BTI effect occurs
on both pMOS sleep and cluster transistors. Five current degradation
ratios are used in the cluster transistors: 10%, 15%, 20%, 25%, and
30%. The circuits are assumed to remain reliable when these current
degradation ratios occur on the cluster transistors. It can be seen that
when current degradation on the cluster transistors is not considered
in uniform time frames, the sleep transistor width obtained by DDS
is 72% of that obtained by UTP. However, when 10%, 15%, 20%,
25%, and 30% of current degradation on the cluster transistors are
considered, the sleep transistor width is 63%, 59%, 56%, 52%, and
47% of that obtained by UTP. Similar results are obtained when vari-
able time frames are used. As the current degradation ratio increases,
DDS can reduce more sleep transistor width. This is because the
current flowing through sleep transistors decreases due to the current
degradation of the cluster transistors, and thus, sleep transistors need
less width to satisfy the IR-drop constraints.

V. CONCLUSION

This paper proposed two sleep transistor sizing algorithms to
reduce the total sleep transistor width under the BTI effect.

A trade-off between runtime and sizing results can be made by choos-
ing the proper algorithm. The total sleep transistor width obtained
using the proposed algorithms when only the BTI effect on sleep
transistors is considered was reduced by 25%∼35% in 90 nm tech-
nology and by 13%∼31% in the PTM 32 nm technology model,
on average. Therefore, when the BTI effect on both sleep and cluster
transistors are considered, greater sleep transistor width reduction can
be achieved.
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