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Abstract—The wake-up process of a power-gated design may induce an
excessive surge current and threaten the signal integrity. A proper wake-up
sequence should be carefully designed to avoid surge current violations. On
the other hand, PMOS sleep transistors may suffer from the negative-bias
temperature instability (NBTI) effect which results in decreased driving
current. Conventional wake-up sequence decision approaches do not
consider the NBTI effect, which may result in a longer or unacceptable
wake-up time after circuit aging. Therefore, in this paper, we propose a
novel NBTI-aware wake-up strategy to reduce the average wake-up time
within a circuit lifetime. Our strategy first finds a set of proper wake-up
sequences for different aging scenarios (i.e. after a certain period of aging),
and then dynamically reconfigures the wake-up sequences at runtime. The
experimental results show that compared to a traditional fixed wake-up
sequence approach, our strategy can reduce average wake-up time by as
much as 45.04% with only 3.7% extra area overhead for the
reconfiguration structure.
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1. INTRODUCTION

In modern IC design, power gating reduces leakage power by
isolating a block of unused circuits from the power supply. Fig. 1
shows a header-based coarse-grained power gating structure
called a distributed sleep transistor network (DSTN) [1]. High-V;
PMOS transistors that work as switches (called sleep transistors,
STs) are inserted between the power supply and the virtual VDD.
Low-V, transistors are used in the power-gated circuit blocks for
high performance. The STs are turned off when the power-gated
blocks are idle (called the sleep mode) and are turned on again
when the blocks need to resume their normal operation (called
the active mode). When the circuit is restored from the sleep
mode to the active mode, the time between the first ST is turned
on and the virtual VDD is charged to the stable supply voltage is
defined as the wake-up time The traditional strategies to turn on
STs such as proposed in [2][3][4] are intended to find a proper
wake-up sequence that can minimize the wake-up time while
keeping the surge current under a given constraint. A wake-up
sequence (also called wake-up scheduling) defines the order to
efficiently turn on STs. STs are divided into multiple groups, and
the groups are turned on one by one based on the wake-up
sequence.

On the other hand, the negative-bias temperature instability
(NBTTI) effect is a physical nature of the oxide wear out
mechanism in PMOS devices. When a negative bias voltage is
applied to PMOS gate oxide, it will induce dangling bonds (traps)
at the Si-SiO, interface and increase the transistor threshold
voltage [5], which is called the stress phase. The increased

threshold voltage will lead to reduced current and longer
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Fig. 1. A header-based power gating distributed sleep transistor network

(DSTN) structure

propagation logic gate delays. When the negative bias voltage is
removed, the traps may be disencumbered, and the threshold
voltage will be partially recovered, which is called the recovery
phase. However, the recovery phase cannot remove all the traps
generated during the stress phase, which results in increases in
the threshold voltage.

In power-gated designs, compared to functional logics in the
power-gated blocks, STs are prone to be seriously impacted by
the NBTI effect [6][7]. However, the wake-up strategies
proposed in [2][3][4] do not take the NBTI effect into
consideration and always use the same wake-up sequence for the
entire circuit lifetime, which will increase the wake-up time once
the driving current is reduced after circuit aging. On the other
hand, under the same given surge current constraint, the
decreased driving current through PMOS STs also provides
margins to turn on more STs simultaneously after circuit aging.
If more STs can be turned on simultaneously after circuit aging,
the wake-up time then can be reduced. Therefore, we propose a
novel wake-up strategy that considers the NBTI effect to reduce
the average wake-up time within a certain lifetime (called the
observation window) while keeping the surge current under a
given constraint.

The contributions of this work can be summarized as follows:

e We propose a reconfigurable structure that can
reconfigure STs into different groups at run-time to
mitigate the wake-up time increasing due to NBTL.

e We propose an NBTI-aware wake-up strategy which
reconfigures the wake-up sequence at run-time by
exploiting the NBTT effect to minimize average wake-up
time while maintaining the surge current constraint after
circuit aging.

e We develop an NBTI-aware wake-up sequence decision
(NAWSD) algorithm which can determine an optimal
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wake-up sequence set under a given reconfiguration
constraint to minimize the average wake-up time.

e The experimental results show that compared to a fixed
wake-up sequence approach, our strategy can achieve up
to a 45.04% average wake-up time reduction with only

3.7% extra area overhead for the reconfiguration structure.

II. ANALYSIS OF THE NBTI EFFECT ON THE WAKE-UP SEQUENCE

To simulate the NBTI effect on a power gated design, we
apply an NBTI model which is used in [8]. Then we use C432
with eight STs (ST1 to ST8) as an example to demonstrate the
influence of NBTI. In Fig. 2, the solid line shows the wake-up
time at different aging scenarios with Seql = {(ST1, ST2, ST3),
(ST4, STS, ST6, ST7, ST8)}. The Seql is obtained before circuit
aging (at year 0). The dotted line shows the wake-up time of
another wake-up sequence Seq2 = {(ST1, ST2, ST3, ST4, ST5,
ST6, ST7), (ST8)}, which is obtained at year 2. In both the
sequences, each ST in the same group is turned on
simultaneously, and each group is turned on one by one. For
example, in Seql, group (ST1, ST2, ST3) is turned on first, then
group (ST4, STS, ST6, ST7, ST8) is turned on next. It can be
seen that although the wake-up time of both the wake-up
sequences increase with the circuit aging, the wake-up time of
Seq2 is always lower than the wake-up time of Seql. This is
because compared to Seql, Seq2 takes the advantage of the NBTI
effect to turn on more STs simultaneously in the first group. Note
that the key to make Seq2 practical is the sufficient surge current
margins (i.e., surge current constraint — induced surge current)
after aging scenario at year 2. However, before the aging scenario
at year 2, Seq2 cannot be used since the excessive surge current
will lead to a surge current constraint violation.
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Fig. 2. Wake-up time vs. different aging scenarios of Seqland Seq2 which
are wake-up sequences used in C432. Seql = {(ST1, ST2, ST3), (ST4, ST5,
ST6, ST7, ST8)} and Seq2 = {(ST1, ST2, ST3, ST4, ST5, ST6, ST7),
(ST8)}
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Fig. 3. An example of our proposed reconfigurable wake-up sequence
structure. ST; represents a sleep transistor 7, SELi represents the select signal of
a MUXi, and Si represents the wake-up signal for group i

If we apply Seql to turn on STs before year 2, then we can
avoid the surge current constraint violation. At year 2, we can
reconfigure Seql to Seq2, and the wake-up time can be
significantly reduced (by around 45%). To realize this idea, we
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propose a reconfigurable structure similar to [9] as shown in Fig.
3. In the figure, two multiplexers (MUXs) are inserted between
ST3 - ST4 and ST7 - STS, respectively. In the beginning, as Seq1
is used, SEL1 and SEL2 are both set to 0, and the STs are
grouped into two groups, (ST1, ST2, ST3) and (ST4, STS, ST6,
ST7, ST8). At year 2, as signals SEL1 and SEL2 are both set to 1,
the eight transistors are reconfigured into two groups (ST1, ST2,
ST3, ST4, ST5, ST6, ST7), (STS).

III. NBTI-AWARE WAKEUP STRATEGY AND SEQUENCE DECISION
ALGORITHM

This section first gives an overview about our NBTI-aware
wake-up strategy, and then formally formulates the NBTI-aware
wake-up time minimization problem. After that, the NBTI-aware
wake-up sequence decision (NAWSD) algorithm is proposed.

A. NBTI-aware Wake-up Strategy

We propose an NBTI-aware wake-up strategy to minimize
the average wake-up time in the observation window. The
average wake-up time is defined as the total wake-up time at all
observation points divided by the number of observation points in
the given observation window. Fig. 4 shows the overall flow of
the proposed strategy. The strategy is a two-phase strategy that
includes an off-line decision phase and an on-line reconfiguration
phase.
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Fig. 4. Overall flow of the proposed strategy

The off-line decision phase contains two given constraints:
the surge current constraint and the observation window
constraint. The observation window constraint is the circuit
lifetime we expected. The wake-up sequence generator generates
wake-up sequence candidates for the different aging scenarios.
The wake-up sequence generator iteratively executes the wake-up
time minimization algorithm (WTM) [2] and NBTI-aware surge
current estimator. The WTM can generate wake-up sequences,
and the surge current of the generated sequences can be estimated
by the NBTI-aware surge current estimator. At this step, only the
wake-up sequence that has the lowest wake-up time in a specific
aging scenario can be added to the wake-up sequence candidates.
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After the wake-up sequences candidates are obtained, the
NBTI-aware wake-up time estimator generates a wake-up time
table that contains the wake-up times of each wake-up sequence
candidate at all the different aging scenarios. The wake-up time
of a wake-up sequence at the different aging scenarios will
increase along with circuit aging, as described in Fig. 2. To
consider the area overhead of MUXs, the NAWSD algorithm
(which will be detailed in Section III.C) uses the wake-up time
table to obtain a configuration set based on the reconfiguration
number constraint. The configuration set is a subset of the wake-
up sequence candidates. Each element included in the
configuration set is a wake-up sequence-reconfiguration timing
pair. After obtaining the configuration set, we can design the
reconfigurable structure that will have the minimum area
overhead and still can minimize the average wake-up time as
much as possible under the reconfiguration number constraint.

In the on-line reconfiguration phase, we use the critical path
delay monitor (CPM) [10] to decide the reconfiguration timing.
Once the critical path delay informed by the CPM matches the
design time critical path delay estimation, we reconfigure the
wake-up sequence to the one that can lead to the lowest wake-up
time at the aging scenario.

B. Problem formulation

The NBTI-aware wake-up time minimization problem is
intended to pick up a number of wake-up sequences from a given
group of wake-up sequence candidates as a configuration. Based
on the configuration, we can minimize the average wake-up time
within a given observation window.

Fig. 5 shows the NBTI-aware wake-up time minimization
problem formulation. There are four inputs: (1) wake-up
sequence candidate set, /. Each element (w;, #;) in W is a wake-
up sequence-reconfiguration timing pair. The wake-up sequence
w; is determined at aging scenario #;, and only can be used at #; as
early as possible. These elements are the candidates to be chosen
in order to reduce the wake-up time after circuit aging. (2) wake-
up time table, W7. Each entry in WT is the wake-up time of a
wake-up sequence at different aging scenarios. (3)
reconfiguration number constraint, CSTR,ccone. This constraint
stands for the maximum number of reconfigurations we can do
and the maximum number of wake-up sequence-reconfiguration
timing pairs we can pick up from W. (4) observation window,
OW. OW is the circuit lifetime we consider.

Under the initial conditions, the configuration set C only
contains (wy, fy) pair. wyis the wake-up sequence obtained before
circuit aging. The objective function is used to minimize the
average wake-up time during OW while the number of wake-up
sequence-reconfiguration timing pairs picked up from W cannot
exceed CSTR,cconfig-

Inputs: (1) Wake-up sequence candidate set. W = {(wy, t;), (Ws, 13), ..., (Wy,
t,)} (2) Wake-up Time Table, WT (3) CSTR,cconig (4) Observation Window,
ow

Initial Condition: Configuration Set C = {(wy, ty)},

Constraint: (|C|-1) < CSTR,cconfig, C-{(Wo.20)} € W

Objective function: Minimize the average wake-up time during OW by
reconfiguration the wake-up sequences in C after circuit aging.

Fig. 5. NBTI-aware wake-up time minimization problem

C. NBTI-Aware Wake-Up Sequence Decision Algorithm

To solve the NBTI-aware wake-up time minimization
problem, we propose the NBTI-aware wake-up sequence
decision (NAWSD) algorithm. The pseudo code of the proposed
algorithm is shown in Fig. 6. NAWSD takes the wake-up
sequence candidate set, the wake-up time table WT, the constraint
of reconfiguration number CSTR,..;, and the observation
window OW as inputs. The NAWSD output is a configuration set
C. The elements included in C are the wake-up sequence-
reconfiguration timing pairs. Based on the configuration set C,
we can reduce the wake-up time under the reconfiguration
number constraint.

[NBTI-Aware Wake-Up Sequence Decision Algorithm]
Input: (1) W = {(wy, t;), (W>, t3), ..., (Wy, 1)} (2) Wake-up Time Table, WT
(3) CSTR cconsic (4) Observation Window, OW
Output: C = {(wy, ), (Wer, ter), (Wea, 1e2), <oy (Wei, 1)}, Where (W, 1) EW
forVi={12..,n}

1: for i <= 0 to CSTR,cconsis
2:  /*step l: calculate avg. wake-up time in WT

3: forj<—Oton

4: Total Wakeup Time=0;

S: Avg_Wakeup_Time;j=0;

6: fork«—Oton

7: Total Wakeup_Time =+ wakeup_time_entryj ;
8: end for

9: Avg Wakeup_Time;= Total Wakeup_Time/n;
10:  end for

11:  /* step 2: select the wake-up sequence configuration set*/

12:  Find the configuration C in WT that has the minimum average \
13:  wake-up time;

14:  /* step 3: if not done then update the entries in WT */

15:  if(i>n) return C;

16:  else UPDATE (WT);

17: end for

18: return C;

Fig. 6. The pseudo code of the NAWSD algorithm

In Fig. 6, lines 3-10 show the first step of NAWSD, which is
used to calculate the average wake-up time for each possible
configuration in WT when integer i is 0, 1, ..., CSTR,ccons,. Note
that n is the number of observation points, which is equal to
CSTR econsig by default. After the average wake-up time for each
configuration are obtained, the second step is to find the
configuration that has the minimum average wake-up time
among all possible configurations (lines 12 and 13). Finally, if
integer 7 is still less than |[IW] and not equal to CSTR,ccong, WE
update the entries in the wake-up time table for the next iteration
(line 16); otherwise, we return C (line 15 and line 18).

[V. SIMULAITON SETUP AND EXPERIMENTAL RESULTS

We use ISCAS-85 benchmarks to demonstrate the efficacy
and effectiveness of our proposed strategy. NAWSD and WTM
are implemented with Perl. All experiments are performed on a
6-core, 2.10GHZ, Intel Xeon CPU, with 8GB memory, and
CentOS release 6.5 machine. All the experimental benchmarks
are implemented with PTM 32nm CMOS technology [11]. We
use the PTM customized model cards [11] to simulate the
different PMOS ST aging scenarios, and then obtain the surge
current and NBTI-induced delay using HSPICE simulations. For
the aging simulation, we set the observation window to 10 years.
Note that to balance simulation accuracy and simulation time, we
set the observation point monthly for the first year and yearly for
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the following 9 years. We also set the supply voltage to 0.9V, the
operating temperature to 45°C, and the size of all the inserted
STs to identical. The surge current constraint was set to half of
the maximum surge current induced by the all-on wake-up
sequence before circuit aging.

Our experimental results are shown in Table 1, where column
1 and column 2 show the benchmark information; column 3
shows the number of STs inserted; column 4 shows the surge
current constraint (in uA), and columns 5, 6 are the average
wake-up time (in ns) of a fixed wake-up sequence approach [2]
and our method, respectively. The fixed wake-up sequence
approach always turns on STs by using a wake-up sequence
obtained before circuit aging. Finally, we compare our method to
the fixed wake-up sequence approach in terms of average wake-
up time reduction (in %). Column 7 shows the results. It can be
seen that our method can achieve a reduction in average wake-up
time of up to 45.04% for C1908. Even for C6288, our method
can still achieve to a 33.41% wake-up time reduction. Note that
among these benchmarks, the least runtime (about a half hour)
experiment is for C432, the largest runtime (about 46 hours)
experiment is for C7552.
TABLE 1. BENCHMARK INFORMATION, SURGE CURRENT CONSTRAINT, AVERAGE

WAKE-UP TIME FOR FIXED WAKE-UP SEQUENCE APPROACH AND OUR APPROACH,
AVERAGE WAKE-UP TIME REDUCTION IN OUR APPROACH

Surge Fixed [2] Our Method
Circuit Gate | # Clll‘l'el}t Avg. Avg. Avg.
Count | STs | Constraint | wake-up | Wake-up | Wake-up Time
(nA) Time (ns) | Time (ns) | Reduction (%)
C432 160 8 38.00 12.23 737 39.71
C880 383 20 96.00 11.74 6.60 43.75
C1355 546 20 98.00 12.05 6.92 42.56
C1908 880 40 187.00 11.87 6.52 45.04
C2670 [ 1269 | 70 334.85 11.94 6.85 42.58
C3540 [ 1669 | 80 425.49 11.83 6.82 42.39
C5315 | 2307 | 120 573.45 12.10 7.04 41.79

C6288 [ 2416 | 90
C7552 | 3513 | 170

418.65 12.50 8.32 33.41
807.90 12.27 7.47 39.09

TABLE 2 PARASITIC MULTIPLEXER AREA OVERHEAD INDUCED BY WAKE-UP
SEQUENCE RECONFIGURABLE STRUCTURE FOR ISCAS-85 BENCHMARKS

Original Our Method Parasitic
Circuit | #Reconf | #MUX | cCetidrea | MUX Area Area
2 2 Overhead

(um) (um) (%)

C432 4 87.82 5.23 6.0
C880 8 8 186.38 10.45 5.6
C1355 7 7 246.18 9.14 3.7
C1908 11 11 392.20 14.37 3.7
C2670 12 12 606.45 15.68 2.6
C3540 14 14 799.64 18.29 2.3
C5315 14 14 1183.71 18.29 1.5
C6288 12 12 1084.58 15.68 1.4
C7552 12 12 1668.81 15.68 0.9

To estimate the MUXs area overhead, we first analyze the
reconfigurable structure and then count the number of the MUXs.
Second, we refer to a given TSMC 40nm technology data book to
obtain the cell area information for each different cell in the
benchmarks. Then, we estimate the cell area in 40nm technology
to the one in 32nm technology using constant voltage scaling.

After that, we can calculate the total cell area and the area
overhead increase after inserting the MUXSs for each benchmark.

In Table 2, column 1 shows the benchmark name. Column 2
shows the reconfiguration number which is the total number of
times we reconfigure the wake-up sequences. Column 3 shows
the number of inserted MUXs. Column 4 shows the original total
cell area (in (um)’) of each benchmark. Column 5 shows the
MUX area (in (um)?) we added. Column 6 shows the area
overhead after adding the MUXs. It can be seen that the area
overhead is no more than 6%, and the overhead is decreased with
increased total cell area..

V. CONCLUSIONS

In this paper, we propose a novel NBTI-aware wake-up
strategy to minimize the average wake-up time for a power-gated
design. The proposed strategy dynamically reconfigures wake-up
sequences at different aging scenarios so more STs can be turned
on at earlier stage. We also bring up a MUX-based
reconfigurable structure, and develop the NAWSD algorithm
which can find a wake-up sequence configuration set under a
given reconfiguration constraint to minimize the average wake-
up time. The experimental results show that our method can
achieve up to 45.04% average wake-up time reduction compared
to a fixed wake-up sequence approach with only 3.7% extra area
overhead for the reconfiguration structure.
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