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Abstract—As technology scales, negative bias temperature instability
(NBTI) has become a major reliability concern for circuit designers. And
the growing process variations can no longer be ignored. Meanwhile,
reducing power consumption remains to be one of the design goals. In
this paper, a variation-aware supply voltage assignment (SVA) technique
assignment and dynamic
scaling is proposed on
combining dual
a statistical platform, to minimize circuit power under an aging-aware
timing constraint. The experimental results show that our SVA technique
can mitigate on average 62% of the NBTI-induced circuit delay degradascaling approaches,
tion. Compared with guard-banding and single
our approach saves more energy.
Index Terms—Dynamic power, leakage power, negative bias temperature
instability (NBTI), supply voltage assignment (SVA).

I. INTRODUCTION
With the continuous scaling of CMOS technology, negative bias temperature instability (NBTI) is emerging as one of the major reliability
degradation mechanisms [1]. NBTI is an aging effect which gradually increases the threshold voltage (Vth ) of pMOS transistors when
they are negatively biased, thus increasing the gate delay. Meanwhile,
leakage power has become a large portion of the total power consumption. Moreover, the growing process and device variations are emerging
as key influencing factors of circuit performance. Traditional worstcase design will lead to an over-pessimistic estimation. Instead, statistical static timing analysis (SSTA) is an effective technique to evaluate
the increasing variations instead of the traditional STA [2].
Researchers have explored many techniques to mitigate NBTI-induced degradation, such as NBTI-aware synthesis [3], gate and transistor sizing [4], [5], input vector control (IVC) [6]–[8], internal node
control (INC) [9], [10]. These techniques are all “one-time” fixed solutions, which give the circuits a high guard-band strength, leading to
large positive slacks during the initial time, therefore result in large area
and power overhead [11].
Recently some adaptive (dynamic) techniques were proposed.
Zhang et al. [12] proposed a scheduled voltage scaling technique,
which gradually increased Vdd to compensate for NBTI-induced
degradation. Their technique has the potential to increase IC lifetime
by 46%. However, the scheduled method may not be suitable for any
circuit, and their approach significantly increases the leakage power.
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Kumar et al. [11] proposed adaptive body biasing (ABB) and adaptive supply voltage (ASV) techniques: they adjusted the supply/bias
voltage to recover the circuit performance. ABB and ASV increases
the leakage by 23% on average. Mintarno et al. [13] proposed an
optimized self-tuning method: they adjusted Vdd and clock frequency
to maximize the lifetime computational power efficiency considering
NBTI and DIBL induced degradation. However, the time stamps in
[13] are uniform, so it may not be the optimal solution. A recent
publication [14] claimed that power savings of dynamic voltage tuning
could be significant initially, but were limited after the first few months
of operation. However, they only considered the power saving but
not energy saving. In this paper, we will show that the energy can be
effectively saved by our approach.
For the above reasons, in this paper we attempt to develop a new technique which can mitigate NBTI-induced degradation and reduce power
simultaneously. Traditional power reduction techniques, such as dual
Vdd or dual Vth , reduce power by the sacrifice of some positive slacks,
thus lead to the increase of the number of critical paths, and make the
performance of critical paths degrades. We utilize dual Vdd and dynamic Vdd scaling, which increases the voltage of critical paths to ensure their performance, and decreases the voltage of non-critical paths
to reduce power. Since the partition of dual Vdd islands and the scaling
method have large impact on both circuit performance and power, reliability and power should be simultaneously considered when partitioning the dual Vdd islands and scaling the voltage values. The contribution of this paper can be summarized as follows.
• We propose a variation-aware SVA technique combining dual Vdd
assignment and dynamic Vdd scaling. The high Vdd is used to
compensate for NBTI-induced degradation; while the low Vdd is
used to reduce power. During circuit operation, the optimal Vdd
values are dynamically determined according to the aging-aware
timing constraint.
• The experimental results show that our approach can mitigate
on average 62% of NBTI-induced degradation. Compared with
guard-banding and single Vdd scaling approach, our method can
effectively save the energy.
The rest of this paper is organized as follows. Section II reviews the
models. The variation-aware SVA technique is proposed in Section III.
We show the experimental results in Section IV. Finally the paper is
concluded in Section V.
II. MODEL REVIEW
1) Gate Delay Model: The load dependent delay of gate v is given
by the alpha-power law [15]
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2) NBTI Degradation Model: NBTI can be described using reaction-diffusion (R-D) mechanism [16]–[20]. The compact model to predict long term NBTI is given by [19]
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where q is the electron charge, k is the Boltzmann constant,
Cox is the oxide capacitance per unit area, Eox = Vgs =Tox ,
C = 1=T0 exp (0Ea =kT ), Ea  0:49eV , T0 = 1008 and
E0 0.25 V/nm are constants, Tclk is the time period of one stress-recovery cycle, ! is the duty cycle (the ratio of the time spent in stress
to time period), 1 and 2 are two constants. n is a time exponent and
equal to 1=6 for an H2 diffusion model, Tox is the oxide thickness.
3) Power Model: Dynamic power is calculated as follows:
Pdyn

= 12 f

N
v=1

2
v Cv Vdd

(5)

where v is the switching probability of gate v , f is the clock frequency, N is the gate number in the circuit.
A leakage lookup table is created by simulating all the gates in the
standard cell library, under all possible input patterns. Thus the leakage
power of gate v can be expressed as

( )=
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input

( input) 2 Prob(v; input)

Plkg v;

(6)

where Plkg (v; input) and Prob(v; input) are the leakage power and
the input signal probability of gate v when the input pattern is input.
4) Variation Model: Many variations strongly affect the gate delay,
such as threshold voltage (Vth ), channel length (Le ), oxide thickness
(Tox), and so on. Since gate delay and leakage power both strongly depend on the threshold voltage. We simply consider the Vth variations
for a fast and approximate statistical analysis, and assume that Vth variation is modeled by Gaussian distribution

1 e01=2(V 0
PDF(Vth) = p2
th

=

)

(7)

where th and th are the mean value and standard deviation of Vth ,
respectively. th =th = 0:42, which is obtained from ITRS 2007 [21].
According to (1), the gate delay can also be described as a Gaussian
distribution. Then the statistical information of the circuit delay can be
calculated using ADD and MAX operations [22] with Clark’s formula
[23].
Leakage current which is dominated by sub-threshold effect, depends on Vgs and Vth according to the sub-threshold leakage formulas
[24]
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where C is a constant, e is the N -mobility, VT is the thermal voltage,
n is the sub-threshold swing parameter (n < 3).
Gate leakage current (and power) is modeled as a log-normal distribution, so the statistical leakage power of the circuit can be calculated
as follows:
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where uv denotes the correlation coefficient between gate u and v .
The uv ’s are calculated by the method in [25] and [26].
III. SUPPLY VOLTAGE ASSIGNMENT (SVA) TECHNIQUE
According to the NBTI model, Vth will increase due to the NBTI
effect, thus leading to degradation of the circuit speed. Increasing Vdd

Fig. 1. Impact of

scaling on NBTI-induced delay degradation.

is a feasible method to maintain the circuit performance. However, increasing Vdd will directly increase the leakage and dynamic power. We
notice that it’s not necessary to increase all gates’ Vdd , because not all
the gates are critical, the non-critical gates have positive slack to reduce
Vdd so that it can reduce power consumption. So we propose to use
dual Vdd , the high Vdd is used to compensate for NBTI-induced degradation on critical gates, while the low Vdd is used to reduce power on
other gates. Our target is to reduce power as much as possible under an
aging-aware timing constraint.
There are two steps in our SVA technique: 1) Dual Vdd assignment
(dual voltage islands partition): divide all the gates into two sets: HVGS
(high Vdd gate set) and LVGS (low Vdd gate set); 2) Dynamic Vdd
scaling: dynamically determine the optimal time nodes and the voltage
values.
A. Dual Vdd Assignment
First, the nominal (nominal means the original circuit, without any
NBTI mitigation and power reduction techniques) NBTI-aware delay
slack at 10 year time node is calculated, then we determine two gate
sets: HVGS (High Vdd Gate Set) and LVGS (Low Vdd Gate Set): if the
slack of gate i (Si ) is smaller than a given threshold value (Sth ), then
gate i is called “NBTI-aware critical gate”. All the NBTI-aware critical
gates are included in HVGS. In addition, all the predecessors of NBTIaware critical gates are also included in HVGS; LVGS is composed of
all the rest gates. Once HVGS and LVGS are determined, they are fixed
forever.
B. Dynamic Vdd Scaling
In the SVA technique, we set a timing constraint for each circuit.
Since the statistical platform is used, delay upper bound (upper bound:
 + 3 ,  is the mean value, and  is the standard deviation) is used
instead of the absolute delay. The timing constraint is chosen as the
nominal delay upper bound at a given time node (in this paper, this time
node is 10 day) of each circuit. Once the circuit delay upper bound exceeds the constraint, the voltages need to be scaled (as shown in Fig. 1).
This means the circuit delay upper bound will never exceed the constraint.
At each time node ti (t0 = 0, the determination of other ti ’s will
be described in the below), the mean value and standard deviation
of circuit delay and power are calculated, then we determine the optimal voltages: Vddhigh (ti ) and Vddlow (ti ), which will be assigned in
the following time interval [ti ; ti+1 ). The HVGS gates are assigned
Vddhigh (ti ), while LVGS gates are assigned Vddlow (ti ). The detailed
determination of Vddhigh (ti ) and Vddlow (ti ) will be described in the
below. Then the Vth degradation of each gate after ti is calculated as
the same as the method in [12], and we predict the next time node ti+1
at which the circuit delay upper bound will exceed the constraint, so
the supply voltages need to be scaled again.
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The same procedure including three operations: determine optimal

Vddhigh (ti ), Vddlow (ti ), and predict the next time node ti+1 , will be
repeated at each time node ti , until the time node achieve the circuit
lifetime.
1) Calculating Vddhigh (ti ): Fig. 1 shows how Vdd scaling improves
the NBTI-induced delay degradation, the delay will be a sudden drop
at ti immediately after assigning a higher Vdd according to (1). However, higher Vdd directly leads to higher NBTI-induced Vth degradation
((2)–(4)) and higher power. Our target is to make the circuit delay and
power at ti achieve optimal values simultaneously. Considering the statistical model, our target is to minimize the following function:

F

=

A 2 Delay(t ) + 3Delay(t ) + B
2 P (t ) + 3P (t ) + P (t ) + 3P

(t ) : (11)

Then a serial search in Vddhigh 2 [1 V; 1:4 V] is performed, with a
resolution of 20 mV, to find an optimal Vddhigh (ti ) which leads to the
minimum value of (11).
2) Calculating Vddlow (ti ): Consider a gate v in LVGS, it has positive delay slack, so its delay can be relaxed and then its Vdd could be
lower

Drelaxed (v) = Dcurrent (v) + R 2 Dslack (v)

(12)

where Drelaxed , Dcurrent , Dslack are the relaxed delay, the current
delay and the delay slack of gate v , respectively. R is a constant between 0 and 1 to make sure that the gates in LVGS will not change to
be critical. According to (1), the new Vdd of gate v can be calculated
using Newton iteration method. Vddlow of the whole circuit is the maximum supply voltage of the gates in LVGS to make sure that each gate
in LVGS will satisfy the delay requirement.
3) Predicting the Next Time Node: Cao et al. pointed out in [27]
that the mean value and standard deviation of the circuit delay under
both NBTI effect and process variation can be written as

1=6

Delay (t) = Delay (0)

1 + ti t

Delay (t) = Delay (0)

1

0 v t1=6

(13)

where ti and v are two constants determined by circuit and variation
parameters.
At time node ti , once the new Vddhigh (ti ) and Vddlow (ti ) are calculated, we use (13) to calculate ti+1 according to the timing constraint.
C. Overhead of the SVA Technique
In the traditional dual voltage design, the high and low voltage cells
must be isolated by level converters, which introduce extra overheads
(power, area, delay, etc.). To avoid these overheads, we propose that
in topological order, the critical gates and all their predecessors
are included in HVGS. An example is shown in Fig. 2. By using this
method, one can simply partition a circuit into two voltage islands
without level converters, and place the HVGS and LVGS cells into
two clusters. This method is similar to the Clustered-Voltage-Scaling
(CVS) structure proposed in [28]. The researchers of Toshiba [29]
have explored the methods of circuit synthesis, placement, routing,
and clock tree generation for dual Vdd design.
Zhang et al. proposed an n-bit digital-to-analog converter (DAC) in
[12] with the resolution of 1.37 mV, which is sufficient to implement
dynamic voltage scaling. DAC will increase area and power, however,
these overheads are small, so the detailed analysis is omitted here.
IV. SIMULATION RESULTS
Our experiments are implemented by C++ on a PC with Intel Q9550
CPU and 4 GB RAM. Some key parameters are: nominal jVdd j = 1.0
V; jVth j = 0.20 V for both nMOS and pMOS transistors; Tox = 1.2

Fig. 2. Our proposed dual voltage islands partition method.

nm; T = 378 K. ISCAS85, ISCAS89 benchmarks and some ALU circuits are synthesized using a 65 nm low power library from industry,
and used to evaluate our technique. The circuit lifetime (Tlife ) is set to
be 10 years. The timing constraint of each circuit is chosen as the nominal (nominal: the case without any NBTI and power reduction techniques) delay upper bound at 10 day time node, in other words, under
this constraint, the circuit performance will always keep the fresh state
within 10 days.
Table I shows the results of our SVA technique and the comparison
between our approach and guard-banding approach/single Vdd scaling
approach. All these approaches are implemented at the same voltage
resolution: 20 mV. The power presented in the following is the average
power during the overall circuit lifetime, which is proportional to
the energy consumption.
For guard-banding approach, a fixed supply voltage is set to
each circuit, to ensure that the circuit delay upper bound will never
exceed the constraint. Since NBTI effect degrades the circuit continuously, the circuit delay at Tlife should be guaranteed. The results
of guard-banding method are shown in the three sub-columns in
“Guard-banding” column. Guard-banding approach increases 38% of
the average leakage power and 17% of the average dynamic power, to
guarantee the timing constraint.
The single Vdd scaling approach is similar with our SVA technique,
the only difference is that it only uses one supply voltage, which is
scaled higher to compensate for the NBTI-induced degradation. This
approach can mitigate 63% of the NBTI-induced degradation, with
15% average leakage power increase and 15% average dynamic power
increase. Compared with the guard-banding approach, it can save more
energy.
The results of our SVA technique are shown in the last 6 columns.
Our approach can mitigate on average 62% of the NBTI-induced degradation, while the average leakage power decreases by 12.8% and the
average dynamic power decreases by 1.8%. Compared with guardbanding approach, our SVA technique can save 50% more of the average leakage power and 18% more of the average dynamic power;
while compared with single Vdd scaling technique, it can save 27%
more leakage and 16% more dynamic power, respectively.
As pointed out in [14], for dynamic voltage tuning approaches, the
rate of NBTI degradation is rapid in the early lifetime and slows down
under continued stress. As a result, the supply voltage increases quickly
during the early lifetime, so the power benefits are relevant only in
the early lifetime, while they swiftly degrade afterward. However, as
shown in the comparisons, by using an additional low voltage to reduce
power on non-critical gates, our approach can effectively save the
energy consumption, compared with guard-banding or single Vdd
scaling techniques.
The comparisons indicate that out SVA technique is more effective
and flexible, because we explore the available slack as much as possible, and the optimal voltage values and the time nodes are dynamically decided during circuit operation. The comparisons also well support our motivation. Guard-banding techniques lead to larger energy
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TABLE I
RESULTS OF OUR SVA TECHNIQUE AND THE COMPARISONS

increase, dynamic techniques also increase more energy when compensating for aging without taking power into account, compared with
our approach.
The delay and energy improvements of different circuits are different, which is mainly caused by the HVGS/LVGS partition. The
HVGS/LVGS partition depends on the circuit structure. From Table I,
when there are more gates in LVGS, our SVA technique can reduce
more energy (for example, c880, s38584, s38417, etc). For some
balanced circuits (the delay of most paths is equal, it also means most
of the paths and gates are critical), LVGS only contains few non-critical gates, so our SVA technique will lead to more energy increase
(for example, c432, c1355, booth9x9, etc). Therefore, according to
, we can
the circuit structure and the value of
approximatively predict the effect of our SVA technique.
For the balanced circuits, such as c432, c1355, booth9x9, our SVA
technique can still reduce energy compared with the single dd scaling
method, but the improvement is small [for these three circuits, the
average power improvement is less than 10%, and the average improvement of all the benchmarks is 27.8% (average leakage power)
and 16.8% (average dynamic power)]. Because the dual dd assignment in our method, reduces power by the sacrifice of some positive
slacks on non-critical paths, which is the same as some traditional techniques (such as multi th [30]). However, in practice, there may not
be many perfectly balanced circuits, because they are dangerous under
PVT (process, voltage, temperature) variations. Our method can be utilized on the circuit which is not perfectly balanced (even if it’s partly
balanced). In addition, in this paper, the SVA technique is implemented
on gate level, it can also be implemented on module level.

HV GS#=LV GS#
V

V

V

The runtime of our SVA technique ranges from 0.07 to 11.3 s for
all the benchmarks, the average runtime is 1.33 s. The computational
, where is the gate
complexity of our SVA technique is about
number in a circuit.

O(N)

N

V. CONCLUSION
Power and reliability have become two key design goals with technology scales. In this paper, a SVA technique combining dual dd assignment and dynamic dd scaling is proposed on a statistical platform,
to minimize NBTI-induced performance degradation and circuit power
consumption. It saves 62% of the NBTI-induced circuit delay degradation. Compared with single dd scaling and guard-banding techniques,
our approach can save more energy. Furthermore, our SVA technique
is more flexible, since the optimal results are dynamically decided for
any circuit, so the circuit delay exactly meets the performance constraint during circuit operation.
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Direct Compare of Information Coded With
Error-Correcting Codes
Wei Wu, Dinesh Somasekhar, and Shih-Lien Lu

Abstract—There are situations in a computing system where incoming
information needs to be compared with a piece of stored data to locate
the matching entry, e.g., cache tag array lookup and translation look-aside
buffer matching. If the stored data is protected with error-correcting codes
(ECC) for reliability reason, the previous solution is to access the stored
information, decode and correct if necessary before it is used to compare
with the incoming data. The decoding and correcting step increases the total
access time, which is often critical. In this paper, we propose a method to
improve the compare latency for information encoded with ECC. We use
the cache tag array look-up as an example, and results show that 30% gate
count reduction and 12% latency reduction are achieved.
Index Terms—Data comparison, error correcting code (ECC), Hamming
distance, set associative cache, tag array lookup.

I. INTRODUCTION
Data comparison circuit is a logic that has many applications in a
computing system. For example, to check whether a piece of information is in a cache, the address of the information in the memory is compared to all cache tags in the same set that might contain that address.
Another place that uses a data comparison circuit is in the translation
look-aside buffer (TLB) unit. TLB is used to speed up virtual to physical address translation.
Error correcting codes (ECC) are widely used in modern microprocessors to enhance the reliability and data integrity of their memory
structures. For example, caches on modern microprocessors are protected by ECC [1]–[3]. If a memory structure is protected with ECC,
a piece of data is encoded first and the entire codeword including the
ECC check bits are written into the memory array. When the codeword
is loaded from memory, it has to be decoded and corrected if errors are
detected to obtain the original data.
Data comparison circuit is usually in the critical path of a pipeline
stage because the result of the comparison determines the flow of the
succeeding operations. When the memory array is protected by ECC,
it exacerbates the criticality because of the added latency due to ECC
logic. In the cache tag match example, the cache tag directory must be
accessed first. After the tag information is retrieved, it must go through
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