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ABSTRACT

This paper describes the strong effects on sub-threshold digital
circuit operation of the ratio of PMOS and NMOS current in a given
process. We define the concept of process balance/ imbalance as
describing this ratio and explain the impact of different circuit and
environmental parameters on process balance. Many of these
characteristics are best understood by the degree to which they
increase or further decrease process balance. We also propose a
model that provides accurate estimation of the effects of process
balance that is useful for understanding the impact of process
variations and the appropriate types of circuits to use for sub-
threshold operation in a given process.

Categories and Subject Descriptors
B.7.1 [Integrated Circuits]: Design Styles — VLSI, Advanced
technologies.

General Terms: Performance, Design, Reliability, Theory

Keywords: Sub-threshold digital circuits; minimum energy
operation; sub-threshold modeling; process balance; process
imbalance; variations.

1. INTRODUCTION

Power consumption in CMOS integrated circuits has increased to
the point that circuit design has entered a power-limited era [1].
Essentially all designs in modern technologies are constrained in
some way by the amount of power they consume. Power constraints
become especially important for embedded applications due to the
need to extend system lifetimes. Emerging applications such as
wireless microsensor networks and medical devices are severely
energy-constrained as a result of small form factors and extended
lifetime requirements. The necessity to conserve every scrap of
energy makes energy-constrained applications an ideal fit for sub-
threshold circuit operation.

Both analog (e.g. [2]) and digital (e.g. [3]) sub-threshold circuits
were identified for low power applications in the 1970s. Although
analog sub-threshold circuits were investigated since that time,
digital operation was largely ignored until the late 1990s [4]. Sub-
threshold digital circuits use a supply voltage Vpp that is less than
the threshold voltage, Vr, of the transistors. In this region, both on-
and off-current depend exponentially on Vgs-Vr. Although digital
sub-threshold circuits are slower due to the lower current, they also
reduce power and energy consumption significantly due to the
quadratic reduction of these metrics with supply voltage. Sub-
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threshold circuits are known to provide minimum energy operation
over most scenarios [5][6]. The minimum energy point occurs
because of the exponential increase in leakage energy per operation
(due to longer cycle times) that eventually exceeds the diminishing
contribution of dynamic energy per operation.

Recent previous work in this area has made sub-threshold circuits
a more viable option for low-power designers. The first sub-
threshold processor, an FFT processor, demonstrated logic operation
down to 180mV and experimentally verified minimum energy
operation [7]. The first sub-threshold memory, a 256kb array in
65nm CMOS, was demonstrated [8], and more generalized sub-
threshold processors are appearing [9]. Still, several key issues must
be resolved to improve the design process before sub-threshold
circuits can achieve widespread use.

The most daunting obstacle to sub-threshold circuits is process
variation. Variations in CMOS process parameters, interconnect and
transistor dimensions, and device characteristics make reliable
circuits more difficult to design in general in deep sub-micron
processes, and variations will only worsen as devices continue to
shrink. The impact of such variations is amplified in sub-threshold
circuits because of the exponential dependence of device currents on
parameters such as threshold voltage. In the best case, variation
reduces the available energy savings in sub-threshold [10], and, in
the worst case, they can cause functional failure (e.g. [8]).
Variations can occur at a large scale from die-to-die (D2D, or global
variations) or locally within a die (WID, or local variation [17]).
Although physical variations exist in many parameters, we focus on
threshold voltage variation in this paper.

We will define the notion of process balance and show that a
clear understanding of this characteristic of sub-threshold circuits is
essential to evaluating the impact of both D2D and WID variations
in different processes and to developing general methodologies for
sub-threshold design. Many previous works have examined sub-
threshold operation in a specific process and then offered
conclusions that might not necessarily apply broadly to sub-
threshold circuits in other contexts (e.g. [4]-[13]). We will show
that, unlike for strong inversion circuits, these conclusions are often
not applicable because other processes are differently balanced. Our
analysis will extend the state of the art for sub-threshold design by
specifying exactly when generalizations are likely to work and
when they should be approached with caution. We also provide
models that illustrate how different amounts of process imbalance
alter circuit characteristics to the extent that they require different
changes in circuit selection and design.

Section 2 defines process balance and process imbalance and
analyzes the impact of various factors for different types of
processes. Sections 3 and 4 describe the specific impact of process
imbalance on combinational logic and SRAM bitcells, respectively.
Section 5 provides models for evaluating the impact of process
imbalance on digital circuits, and Section 6 offers our conclusions.



2. Sub-threshold Process Balance/Imbalance

This section defines the concepts of process balance and
imbalance and then describes the impact of a number of effects on
the sub-threshold balance of a particular process.

2.1 Process Balance/Imbalance

For strong inversion operation, processes all start from a common
reference point. Specifically, NMOS devices are always ~2-3 times
stronger than iso-sized PMOS devices due to the higher mobility of
electrons relative to holes. We can therefore describe CMOS
processes as having essentially the same “balance” for strong
inversion operation. However, this is decidedly not the case for sub-
threshold circuits. Although processes can theoretically be designed
for sub-threshold operation (e.g. [11]), the relative rarity of sub-
threshold circuits makes this unlikely in practice. Instead process
engineers define each process for strong inversion operation, and the
characteristics of the process for sub-threshold operation are a
secondary or even ignored consideration. As a result, processes that
are very similar in strong inversion can exhibit markedly different
traits in sub-threshold. We can broadly identify and describe these
differences under the heading of process balance.

We define sub-threshold process balance generally as the relative
strength of PMOS and NMOS devices in a process. We will
specifically define the process balance factor (PBF) as the ratio of
PMOS to NMOS on-current for devices having the same physical
dimensions in a given process at the typical process corner. A
process is considered balanced if the NMOS and PMOS current are
the same (or quite close) and increasingly imbalanced as the process
balance factor differs more and more from unity. Despite having
similar strong inversion characteristics, the ratio of P/N current in
sub-threshold can differ substantially from process to process.

Figure 1 shows an example of how processes can differ. The
global process corners (e.g. Fast NMOS, Slow PMOS (FS), etc.)
create a rough box around the typical point (Typical NMOS,
Typical PMOS (TT)) on a plot of relative PMOS and NMOS
strength for two conceptual processes. The process balance point
determines the location of this box relative to the balanced
(symmetrical) case, which is represented by the dashed line (x=y).
Global variation in a given process describes where a given die falls
within this box, and local variations describe how individual devices
vary in strength around that process corner. Process I in Figure 1
represents a Strong-PMOS (Sp) process, because its TT point falls
above the balanced line (PBF>1). Process II, on the other hand,
demonstrates a Strong-NMOS (Sy) process with a TT point below
the symmetrical line (PBF<1). Generally, processes with a TT point
farther from the symmetrical case are more imbalanced (PBF farther
from 1).

In sub-threshold, device symmetry is quite important because it
provides the best-case for circuit stability and robustness for static
CMOS circuits. Prior work on sub-threshold circuits has recognized
the advantages of having matched PMOS and NMOS current and
has suggested or used body biasing to achieve symmetrical devices
(e.g. [18][19]). Although the practice of body-biasing can nullify (at
least partially) the final impact of process imbalance, a clear
understanding of process imbalance and its implications is important
for implementing sub-threshold designs and for correctly applying
results from the literature. Furthermore, body biasing is not always
available (e.g. no triple wells) or is too costly in terms of overhead
(power and area).
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Figure 1: Process imbalance relative to the
PMOS/NMOS symmetrical case sets the relative
strengths of devices and affects circuit choice and the
impact of variations. The TT corner (typical NMOS,
typical PMOS) centers the other corners (e.g. Fast
NMOS, Slow PMOS (FS)) relative to a balanced process
(centered on the dashed line).

Whether or not body biasing is used, process balance is an essential
concept to understand for sub-threshold designers.

Prior results related to sub-threshold circuit operation have been
published on circuits in both Strong-N (e.g. [12][6]) and Strong-P
(e.g. [8][13]) technologies. Often, the conclusions drawn in these
works are stated as having general applicability. In fact, we will
argue in this paper that they are usually only applicable to processes
with similar process balance factors, and caution is advisable in
transferring them to processes with different balance points.

Figure 2 shows example IV curves of Sy (a) and Sp (b)
processes, which are modifications of the processes provided by the
predictive technology models (PTMs) [14][15]. Sy and Sp were
created by changing the VTgs and only the VTgs of the 90nm PTM.
Although these are not real processes, they correspond closely with
the IV curves of commercial Sy and Sp processes from the authors’
experience. Again, the strong inversion characteristics of the two
processes are nearly identical, but the PBF differs by nearly two
orders of magnitude. Clearly, this change will have substantial
impact on the behavior of a given circuit in the two processes.
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Figure 2: IV curves for sub-threshold processes that are
imbalanced to be Strong-N (a) and Strong-P (b).

One notable effect of process balance, which can be inferred from
Figure 1, is that global variations have different impact depending
on the PBF. For example, the SF global process corner will improve
the process balance for the strong NMOS process in Figure 3(a) by
bringing the PBF nearer to a value of one (although inverting it to a
strong PMOS scenario).
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Figure 3: Corner plots for Strong-N (a) and Strong-P (b)
processes.

In contrast, the SF global corner will dramatically decrease the
balance of the strong PMOS process in Figure 3(b). In both cases,
common changes to both NMOS and PMOS (e.g. along the line
connecting the SS and FF corners) will not alter the PBF, although
these corners will provide large changes in speed. Clearly, the
impact of global process corners cannot be correctly evaluated
without first understanding the process balance.

By analyzing process balance and referring to the symmetrical
case, designers will understand quickly how a circuit will behave
across technologies and variation scenarios. Knowing the impact of
process balance will help to identify specific circuits that require
redesign based on the technology and will facilitate designing sub-
threshold circuits in general.

2.2 Factors Affecting Process Balance

A number of different factors can alter the process balance. First,
we have specified the PBF to be the ratio of on-current. This
definition makes the PBF useful for understanding tradeoffs related
to speed, which depends on the on-current. The most common
significant difference between NMOS and PMOS that creates an
imbalance in sub-threshold on-current is a difference in threshold
voltages. So long as other factors are the same (e.g. DIBL, sub-
threshold slope (S)), the ratio of P/N currents will remain constant
even when Vgg changes (as is nearly the case in Figure 2, in which
P and N currents are nearly parallel in the sub-threshold region). In
general, the PBF tends to be fairly representative of the ratio of P/N
current across the full range of Vg, but this is not necessarily the
case.

Differences in sub-threshold slope (S) for PMOS and NMOS
devices tend to be fairly small, but they are certainly possible.
Clearly, different values of sub-threshold slope can cause off-current
to be imbalanced even if the PBF is unity. For example, a larger S
for PMOS will mean that Ioprp>Ioppy €ven if the PBF is one. This in
turn makes the Ion/Iopr ratio generally worse (e.g. lower) for CMOS
gates with output high, because the pull-down tree is leaking. Since
the Ion/lopr ratio is quite important for sub-threshold circuit
robustness, this issue is important to understand when S differs for
the devices. In Section 5, we will show the impact of differing S on
switching threshold and noise margins.

Another trait of devices that affects the process balance is drain-
induced barrier lowering (DIBL). If PMOS and NMOS devices
have different DIBL coefficients, then the PBF becomes dependent
on the operating voltage. If the disparity between NMOS and
PMOS DIBL is large, then designers must decide on a specific
operating voltage early in the design cycle in order to make correct
decisions about circuit structures, etc. A large difference in DIBL
coefficients will also make the use of multiple sub-threshold

operating voltages more difficult, since process balance will vary
across those points.

Process scaling can clearly change the sub-threshold balance
point. For example, Figure 4 shows how the PTM processes vary
with scaling. These technologies become more N-strong with
scaling. Furthermore, taking global variation to be the same
percentage of Vi, the global corners spread out farther for more
deeply scaled devices, as shown in Figure 4. Figure 5 shows that the
DIBL effect becomes more significant with process scaling in the
PTMs. This has one side effect that is helpful for sub-threshold
operation; although Iogy is larger for more scaled technologies at the
nominal Vpp, it actually is smaller (because of larger DIBL) for sub-
threshold circuits in scaled technologies. Figure 5 shows that the
crossover point is around 500mV. Different technologies can
obviously show different trends with scaling.
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Figure 4: The change in process balance and the impact
of global variation for PTMs. Different technologies may
show different trends.
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Figure 5: MOSFET current showing DIBL effect on off-
current for NMOS using the PTMs. Process balance can
change with Vy, if P,N DIBL differs.

Sizing also can have an impact on process balance. Generally, the
linear W/L impact that first order equations describe is secondary.
Since process imbalance can readily produce PBFs that differ from
unity by over an order of magnitude, the linear impact of sizing is a
weak knob for restoring balance, as shown in [6]. In contrast, higher
order effects that result from deep process scaling can impact the
process balance more significantly by altering V. Specifically, the
short channel effect, reverse short channel effect, narrow channel
effect, or reverse narrow channel effect can dramatically alter the
relationship between PMOS and NMOS current. Figure 6 shows
device current versus size at Vpp=200mV for a commercial 90nm
technology as an example. In this technology, minimum width



devices have much worse process balance than slightly larger
devices. These higher order effects can vary with supply voltage, so
sub-threshold designers should note their impact at the desired
operating point. If reverse short channel effect is dominant, then a
special sizing strategy can actually improve sub-threshold
robustness [21]. However, the impact of all of these effects tends to
vary across technologies.
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Figure 6: Normalized Iy, versus size in a commercial 90nm
process. Forward/reverse short/narrow channel effects
affect process balance and can vary across processes.

As we have previously discussed, the process balance alters the
way in which global variation affects sub-threshold circuit
robustness. A similar scenario exists for local variation. Local
variations that are beneficial in a strong-PMOS technology are
likely to be detrimental in a strong-NMOS technology. In other
words, the best-case and worst-case tails of the distributions of
various metrics may switch.

We propose that the best method for evaluating variations in the
context of process balance is to determine whether they drive the
PBF closer or farther from 1 (e.g. increase or decrease balance).
Framing the problem this way provides immediate insight into the
positive or negative influence of certain variation scenarios.

Changing temperatures also can alter the process balance. This
change occurs when NMOS and PMOS currents vary by different
rates with temperature. Again, we recommend that the impact of
temperature be determined by examining if the process becomes
more or less balanced. Suppose that NMOS devices become
stronger relative to PMOS at higher temperatures. This means that
higher temperatures will increase the balance (move the PBF toward
1) for strong-P technologies and decrease the balance (move the
PBF away from 1) for strong-N processes.

3. Impact on Combinational Logic
3.1 Logic Style

Static CMOS is the most common logic style used in sub-threshold
due to its robustness. Pseudo-NMOS has also been proposed
because some of its disadvantages in strong inversion are mitigated
in sub-threshold [4]. The always-on PMOS pull up in pseudo-
NMOS is less sensitive to changes in size, but more sensitive to
process variations. As a result, the pseudo-NMOS logic style cannot
function well in strong-PMOS technologies, because variations in
the pull-up device can cause it to overpower the pull-down network
despite efforts to counteract this by sizing. Specifically, the
distribution of the output low logic level (V) can reach nearly to

Vpp [22]. This sensitivity dramatically reduces the yield of pseudo-
NMOS logic for strong-P processes.

Static CMOS logic is more robust across different process
balances in terms of functionality. However, different metrics
applied to static CMOS will vary broadly as process balance
changes. This has strong implications for standard cells designed to
operate in sub-threshold. Characterization of standard cell libraries
will vary dramatically with technology. Process balance also will
alter the robustness of static logic by varying noise margins, which
we discuss in the next section.

3.2 Noise Margins

Process variations cause noise margins in static CMOS sub-
threshold logic to vary [13]. The impact of these variations will
change depending on the process balance. To understand this, we
will examine the impact of process balance. Figure 7 shows how the
VTC of a sub-threshold inverter changes with process balance. The
balanced process has a switching threshold, V), that occurs at
Vpp/2. This maximizes the high and low noise margins and sets
them equal. For processes that are imbalanced toward strong-P or
strong-N, either the noise margin low or high will degrade,
respectively. As the figure indicates, the change in Vy; and noise
margins is symmetrical about the balanced process. In Section 5, we
will describe a model for relating V) to process balance.
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Figure 7: Process balance affects noise margins.

4. Impact on SRAM Bitcell Stability

The Static Noise Margin (SNM) of an SRAM bitcell in sub-
threshold is dependent on various factors such as global and local
threshold variation, Vpp, sizing, and temperature [22]. In addition to
these other factors, process imbalance also has an impact on SNM.
Figure 8 shows the degradation of SNM for a cell holding its data
(hold SNM) for imbalanced processes compared with a balanced
process. The maximum hold SNM for a certain Vpp in sub-
threshold occurs for the balanced process (BAL), which has its trip
point V) of the cell VTCs located at the center coordinate (Vpp/2,
Vpp/2) because of the equalized strength between NMOS and
PMOS. However, for a Strong-NMOS process (Sy), Vy moves to
the lower-left side, which causes a degradation of the SNM. With an
increase of NMOS strength, V\; moves farther away from the
central point and thus SNM is decreased to a lower value. Similarly,
the Strong-PMOS process (Sp) also leads to a degradation of SNM
but with the V); moving to the upper-right side. Therefore, to obtain
a higher SNM, the imbalanced processes should be adjusted towards
the balanced one.



Besides SNM, data retention voltage (DRV) is another critical
metric when considering SRAM stability at low voltage during
standby operation. DRV is defined as the lower bound of Vpp that
will preserve data in an SRAM bitcell [24]. The reduction of DRV
can improve power savings and/or stability for SRAM. Since the
DRV is actually the Vpp where the SNM is equal to zero, a lower
hold SNM at a given Vpp level implies that a higher DRV is
required to preserve data. Therefore, imbalanced processes degrade
both DRV and SNM. In order to lower the DRV, it is also important
to compensate for the imbalanced strength between N and P.
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Figure 8: Static Noise Margin (SNM) for imbalanced
processes (Strong-P (Sp) and Strong-N (Sn)) degrades.

During a read operation, since the access NMOS is turned on, the
voltage of a cell node’s ‘0’ becomes higher than zero. For this
reason, read SNM is usually dramatically reduced compared with
hold SNM. Because of the higher voltage at the node holding ‘0’,
the other node which is holding a ‘1’ is more vulnerable to flipping
when the driving strength of the pull-down NMOS is strong. A
Strong-NMOS process therefore degrades the read SNM. On the
other hand, a process with a relatively strong PMOS improves the
stability of the node with a ‘1°, and that leads to a higher read SNM.
However, if the PMOS is too strong or the NMOS is too weak, read
SNM decreases because the ‘0’ node is more sensitive to noise, and
thus write-margin can suffer.

5. Modeling Process Imbalance

In order to design circuits operating in the sub-threshold region, it
is desirable to model the effect of the process imbalance factor
(PBF) of Ip/Iy on circuit behavior. In this section, we model the
switching threshold, Vy;, of an inverter operating in the sub-
threshold region. We initially derive an estimate of the relationship
between Vy and PBF by graphically analyzing the imbalance in a
simplified plot device current. We then independently confirm the
trend shown in this graphical analysis by deriving Vy; using weak-
inversion current equations.

Figure 9 shows the sub-threshold current for a pair of NMOS and
PMOS transistors, which have the same S and no DIBL for
mismatch in this conceptual process gives a PBF of Ip/Iy=exp(-2).
The current of the ideal balanced case is shown as a dotted line
equidistant between the NMOS and PMOS currents.
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Figure 9: Plot of Vs vs In|Ip| of conceptual NMOS
and PMOS transistors with matched S, no DIBL,
PBF=exp(-2), and Vpp=0.3V

This plot illustrates how V), is affected by PBF graphically to
demonstrate that this technique can be applied to circuits more
complicated than an inverter where analytical equations get too
complex. When In|PBF| drops below zero (when the NMOS is
stronger than the PMOS), V) shifts to the left of (Vpp/2). Similarly,
when In|PBF| becomes greater than zero, V), shifts to the right. This
point is illustrated on the plot with the darkly-shaded triangle. Extra
lines at Y=Ip,yppn (Ip of the balanced process at (Vpp/2)) and
X=(Vpp/2) and X=V), help to clarify key points of interest on the
plot. The line at X=V), is in an unknown location between 0 and
Vpp/2 since In|PBF] is less than zero. The slope of the hypotenuse
of the dark triangle equals -0.5*In(Ip/Iy)/ (Vpp/2)-Vm. Since this
slope also equals In10/S, we can solve for:

0y

V S
Vi = % +510g10(10FFp M ory )

where Iopr, and Iopr, are the off current of PMOS and NMOS,
respectively, when we ignore DIBL.

In order to confirm this graphical model, we will now derive Vy
analytically. The switching threshold of an inverter can be derived
by equating the weak-inversion currents through NMOS and PMOS
devices (at Viv=Vour=Vm) and then solving for Vy,;. This results in
(2), shown below:
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where n, and n, are sub-threshold slope factors (S=nVInl0,
Vu=kT/q), M, and n, are linearized DIBL coefficients, and I, and
Lo, are the current at V=V for NMOS and PMOS, respectively.
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Equation (2) shows that asymmetry in device characteristics
complicates the relationship between V\; and current ratio. If we
assume that the devices are symmetrical except for Vs, and there is
no DIBL, then (2) reduces to (3):

_ Vo . Vi, =V,

Tp

V
M 2 2 (3)
V. In 1- exp((_VDD + VM)/Vth)
" L—exp(=V,, /V,)
2

The final term of this equation only becomes significant (due to
current roll-off) when Vy; nears Vy, or Vpp-Vy,. Thus, for the range
of voltages in between these values, we can ignore the final term.
Since, based on our simplifying assumptions, the N and P currents
are parallel, we can readily show that Vr,-Vr,=Slogo(Iogry/Iorrn)-

+

Thus, 3) reduces to be equal to (1):
V., S v, V-V,
V= % + EIOgIO(IOFFp HMopp,) = % + % (C))

The model in (4) suggests that Vy; will vary linearly until it
approaches one of the supply rails and the low Vpg roll-off term
starts to become significant. In order to determine the validity of the
model, simulated V), data for an inverter was plotted on top of the
predicted Vy; as shown in Figure 10.
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Figure 10: Simulation of Vy; vs. log(Ip/Ix) shows the linear
relationship over many orders of magnitude.

As seen in Figure 10, the linear prediction provides a fit of the
data accurate within an average 3.2% error across five orders of
magnitude. The error is due to the fact that differences between the
sub-threshold slopes of the P and the N currents as well as the fact
that second order effects such as DIBL were ignored.

We can understand the source of this error by examining (2) more
closely. Differences between the sub-threshold slopes will cause V)
to shift by a fixed offset from (Vpp/2) due to the first, third, and
final terms in (2). Sub-threshold slope difference in the second term
of (2) essentially weights the difference in Vs linearly. DIBL
causes an offset due to the first term, but tends to dampen the
second, third and fourth terms.

6. Conclusions

In this paper, we have presented the concept of process imbalance
and why it arises. In addition, we have described the effect of
imbalance on combinational logic, noise margin, and SRAM bitcell
stability. We have introduced and defined the Process Imbalance

Factor (PBF) and developed a simple linear model to accurately
predict the V), of a minimum-sized inverter to within a mean 3.2%
error for a PTM process.

Process balance has a strong impact on the way that process
variations and environmental factors, like temperature, affect sub-
threshold circuit behavior. The process balance of a given
technology will likely even alter circuit choices made during the
design process. We have provided a thorough analysis of process
balance including a model for understanding its impact on Vy. We
have also proposed that the impact of factors such as variation is
best determined by analyzing whether those factors increase or
decrease the process balance.

7. References

[1] M. Horowitz, et al., “Scaling, Power, and the Future of CMOS,” IEDM,
pp- 9-15, December 2005.

[2] E. Vittoz and J. Fellrath, “New Analog CMOS IC's Based on Weak
Inversion Operation," ESSCIRC, September 1976.

[3] R.M. Swanson and J. D. Meindl, “lon-Implanted Complementary
MOS Transistors...," JSSC, vol. 7, no. 2, April. 1972.

[4] H. Soeleman and K. Roy, “Ultra-low Power Digital Subthreshold Logic
Circuits, ISLPED, pp. 94-96, 1999.

[5] A.Wang, A. Chandrakasan, and S. Kosonocky, “Optimal Supply and
Threshold Scaling for Sub-threshold CMOS Circuits,” Symposium on
VLSI, pp. 7-11, April 2002.

[6] B.H. Calhoun, et al., “Modeling and Sizing for Minimum Energy
Operation in Sub-threshold Circuits,” JSSC, Vol. 40, No. 9, pp. 1778-
1786, September 2005.

[71 A.Wang and A. Chandrakasan, “A 180mV FFT Processor Using Sub-
threshold Circuit Techniques," ISSCC, pp. 292-293, 2004.

[8] B.H. Calhoun and A. Chandrakasan, “A 256kb Sub-threshold SRAM
in 65nm CMOS,” ISSCC, pp. 628-629, 2006.

[9]1 B.Zhai, etal., “A 2.60pJ/Inst Subthreshold Sensor Processor for
Optimal Energy Efficiency,” VLSI Ckts Symp, 2006.

[10] B. Zhai, et al., “Analysis and Mitigation of Variability in Subthreshold
Design,” ISLPED, pp. 20-25, 2005.

[11] B.C. Paul, et al., “Device Optimization for Ultra-low Power Digital
Sub-threshold Operation,” ISLPED, 2004.

[12] J. Chen, et al., “An Ultra-Low-Power Memory with a Subthreshold
Power Supply Voltage,” JSSC, Vol. 41, No. 10, Oct 2006.

[13] J.Kwong and A. Chandrakasan, “Variation-Driven Device Sizing for
Minimum Energy Sub-threshold Circuits,” ISLPED, 2006.

[14] Y. Cao, et al.,“New Paradigm of Predictive MOSFET and Interconnect
Modeling for Early Circuit Design,”CICC, 2000.

[15] http://www.eas.asu.edu/~ptm (November 19, 2006)

[16] B.H. Calhoun and A. Chandrakasan, “Ultra-Dynamic Voltage Scaling
(UDVS) ...” JSSC, Vol. 41, No. 1, 2006.

[17] R.Keyes, “The Effect of Randomness in the Distribution of Impurity
Atoms on FET Threshold,” Applied Physics A: Materials Science and
Processing, Vol. 8, pp. 251-259, 1975.

[18] A. Bryant, et al., “Low-Power CMOS at Vdd=4kT/q,” Device Research
Conference, pp. 22-23, June 2001.

[19] E. Vittoz, “Weak Inversion for Ultimate Low-Power Logic," in Low-
Power Electronics Design, C. Piguet, Ed. CRC Press, 2005.

[20] B. C.Paul, H., Soeleman, and K. Roy, “An 8x8 Sub-threshold Digital
CMOS Carry Save Array Multiplier,” ESSCIRC, 2001.

[21] T-H.Kim, et al., “Utilizing Reverse Short Channel Effect for Optimal
Subthreshold Circuit Design,” ISLPED, pp. 127-130, 2006.

[22] A. Wang, B. Calhoun, and A. Chandrakasan, Sub-threshold Design for
Ultra Low-Power Systems, Springer, 2006.

[23] B.H. Calhoun et al., “Static Noise Margin Variation for Sub-threshold
SRAM in 65nm CMOS,” JSSC, Vol. 41, No. 7, July 2006.

[24] H. Qin, et al., “SRAM Leakage Suppression by Minimizing Standby
Supply Voltage,” ISOED, pp. 55-60, 2004.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


