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Abstract: In this brief paper, the dependency of short-circuit power on threshold voltage is
analyzed and utilized for short circuit (SC) power reduction in multi-threshold (MTCMOS)
processes. Analytical expressions are developed for estimation of the change of ratio
between short-circuit power and dynamic power (Psc/Pgy,) while changing the design
process. The analysis shows that the Pgc/Pgy, ratio can increase significantly if the Vi/Vay
ratio in new process decreases. An analytical expression is also derived for estimation of
potential SC power reduction in MTCMOS processes by replacing low-Vr transistors by
high-Vt devices in the same process. The proposed technique allows significant reduction
of SC power without the need for process shift. The simulation results show good
correlation with the analytical estimation at cell level, while demonstrating an average SC
power saving of 36%. The performance impact is also validated, showing that timing
degradation is minor and controllable. The proposed optimization technique is applicable
to any multi-threshold process. The technique is simple for implementation, and can be
easily integrated in the existing optimization tools.
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1. Introduction

The power reduction in VLSI circuits is becoming one of the key challenges in the semiconductors
industry. The techniques for power optimization are applied at all levels of semiconductor design. The
advanced processors feature multiple improvements at architectural level, like branch prediction,
software-hardware co-optimization, utilization of multiple cores in one processor, and more. At system
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level, multiple power planes are used enabling low-power operating points, efficient power control and
shut off of inactive blocks. The power control can be obtained during the operation, such as in the case
of various thermal sensors embedded in 32 nm Sandy Bridge processor; or even during production
testing, as in the case of controlling the effective size of pull-up devices for low-voltage cache
operation [1]. Additional techniques are applied at system level to block levels to optimize the power
consumed by the clock tree. The high activity and capacitance of the clock tree, together with its
importance and influence on the performance and reliability of the processor, make the clock
optimization an important component of overall power optimization. Techniques like clock gating,
skew optimization, retiming and others are being extensively used in advanced designs. At circuit
level, techniques for low-power logic gates implementation can be used [2] to allow reduced power
and area, without compromising the performance. Finally, the most important impact on power
reduction is achieved by advances in the semiconductor process technologies. By providing new MOS
structures, like 3D transistors [3]; or by enabling a multiple choice of threshold voltages for the
circuits, the advanced manufacturing processes allow the exponential improvement in performance,
dictated by Moore’s low, while maintaining the power budgets of the designs. A change of the
manufacturing process is, however, an expensive and complex move. The designer must fully utilize
the potential of power optimization allowed by a given process, before considering a shift to a
new technology.

A common characteristic of the effective power optimization techniques at all the levels is the high
impact and wide application of the technique over the design. The most efficient techniques should be
applied orthogonally to other optimizations, and should not influence the design flow, maintain the
performance, and require minimal or no changes in the standard cell libraries and tools. Moreover, it is
important to distinguish between the various components of power consumption and reduce certain
power components without increasing other.

The total power dissipation of a logic cell can be described as follows:

P . =P + B, =P

total active dyn

+PSC +Eeak (1)

where P 1s the power consumed during the steady-state period, and P, 1s the power dissipated
during logic transitions and is comprised of two components: the dynamic power Pg, and the
short-circuit power Pgsc. The leakage power is consumed by closed devices while no transitions occur
and, thus, is regarded as parasitic power. The dynamic power Py, is dissipated while
charging/discharging the capacitances. This power dominates the total power value in most of
applications and is regarded as useful, as it contributes to transition of logic signals. The short-circuit
power Psc is dissipated due to a temporary direct path between V,; and gnd during simultaneous
conduction of both p- and n-block of CMOS cell. Opposed to the dynamic power, the short-circuit
power is considered as waste, as it does not contribute to signal transitions.

2. Short Circuit Power Analysis and Optimization

The mechanism of short-circuit power dissipation is depicted in Figure 1 for a CMOS inverter.
During an input transition, there will be a time period in which both the NMOS and PMOS will
conduct, causing short-circuit current to flow from supply to ground. This current flows within a time
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“window”, where input voltage is higher than a threshold voltage of NMOS V7, (keeping NMOS on),
and lower than a threshold voltage of PMOS V7, below V;; (keeping PMOS on). The duration and the
magnitude of the SC current depend directly on the slope of the input signal. In addition, there is a
dependency on the output slope, while the short-circuit current grows as the output slope is
substantially smaller than the input slope. This is caused by the fact that the drain-source voltage of the
closing transistor equals to V;; most of the transition time, leading to the maximal short-circuit
current (saturation) [4].

Figure 1. Short-circuit current in CMOS inverter.
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In many cases, the SC power is neglected during the analysis of power dissipation, or during
development of power optimization techniques [5]. However, the portion of the SC power out of the
dynamic power can be significant. While in some cases it is assumed to be around 10% of the dynamic
power [6], the high dependency of the SC power on slopes may cause an increase of SC to tens of
percents out of dynamic power [7].

One of the challenges in SC analysis is the separate estimation of SC power. Some works propose
analytical models for SC estimation [8]. However, these models are complex for manual usage or for
fast estimation of SC portion out of dynamic power. Other researches propose estimation of Psc/Pgy,
ratio based on empirical simulations [9]. The research in [7] shows the dependency of the SC on the
process parameters as part of technology scaling, without addressing MTCMOS processes.

Another challenge is related to SC power optimization. In many researches targeting power
optimization, the SC power is neglected, while in some cases the SC reduction is a by-product of
dynamic or leakage power optimization. Similar situation can be observed in industrial designs, where
major focus is applied on dynamic and leakage power reduction. Indeed, some of the techniques for
SC reduction are similar to common low-power design measures. The downsizing of transistors
contributes to SC reduction, but is an integral part of most of the existing optimization techniques, both
for leakage and for dynamic power. Similarly, the voltage scaling can be effective for overall power
reduction and will reduce the absolute values of the SC power, but is not effective for reduction of
Pgc/Pgy, ratio, as was shown in [7,10]. The approach of slope-balancing proves to be effective for SC
power reduction [11]. However, in many cases this is a side effect of global sizing optimizations in
which the oversized transistors are identified and treated, while resolving timing requirements. These
techniques are usually basing on existing power characteristics in which the overall active power is
given including both Psc and Py, components. As most of the aforementioned techniques for dynamic
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power reduction are already a part of a standard design flow, in order to gain additional power
reduction, there is a need for specific optimizations focusing on SC power, without increasing the
dynamic and leakage power and without compromising the timing.

In [7] the SC reduction was addressed with regards to technology scaling, while showing the
dependency of SC on the threshold voltage of the process. However, in this work the SC reduction is
achieved by similar measures as leakage reduction, and becomes significant only for high frequencies.
Moreover, the SC reduction in this work is allowed only as part of process technology scaling rather
than optimizing a design in a given process. This, of course, is an extremely costly solution for most
industrial designs.

In order to target the SC power optimization effectively, there is a need for separate estimation of
the SC power both as absolute value and as portion of the active power. It is important to insure that
the SC optimization does not increase other power components and maintains the timing requirements
of the design. As most of the industrial designs are based on standard cell libraries with wide variety of
cells, for effective utilization of the technique it is also desirable that it would be template-independent
and widely applicable.

In this brief paper we present a technique for SC power reduction by using high-Vr transistors in
multi-threshold processes. This technique allows a dedicated approach for SC optimization by utilizing
the Vr-dependency of the SC power, while resolving the aforementioned challenges and fulfilling the
timing and design methodology requirements. Expressions are developed for analyzing the SC power
dependency on Vrt and deriving the ratio of SC power out of dynamic power. The simulation results of
SC reduction are presented, followed by discussion.

3. Short Circuit Power Dependency on V¢

As was shown in Figure 1 the short circuit power is dissipated during the transition period of the
input signal and is dependent on the current magnitude and the input slope duration. A model for
SC current estimation developed by Veendrick in [11] is widely used as handy model of SC
power dissipation:

)

The formula describes the short-circuit power dissipation in a CMOS inverter without output load,
where f is the gain factor, 7 is the input rise/fall time of inverter and 7 is the input signal period. An
intuitive description of the cubic SC current dependency on the threshold voltage is also shown in
Figure 1. As can be seen, the duration of the SC current linearly depends on the threshold voltages,
while the maximal SC current has a quadratic dependency on threshold voltage. Note that this model
assumes square law saturation, but the expressions developed here can also be extended to velocity
saturation models.

Here, we develop the formula in order to derive analytical metrics describing the
process-dependency of Psc/Pg, ratio, as well as the dependency of SC power on the threshold voltage
in a given process. The Formula (2) can be transformed by estimating the rise/fall time in terms of
effective resistance and capacitance of the inverter:
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where R, is the effective resistance of the driver, C; is the input capacitance of the cell on which

power is measured. The factor a describes the fact that the rise/fall time definition in (2) is from 0%
to 100% of voltage swing [11], and that there is generally a size ratio between the gate capacitance of
the driver and the driven cell.

We also define relationship between the supply voltage and the threshold voltage as follows:

Vi=xVy 4)

where x is the ratio between V7 and V4, in a given process.
Now, we can express the dependency of Psc on threshold voltage in a given process, by using the
expressions in (3) and (4):

ﬂ 3 T ﬁ 3 CXRUC()
p==(v -2r) —=L.((1-2x)-1,) —2 =
AT E (DA
5 ©)
=—'(1—2x)3 a-R -C V' f
12 0 0 dd
where fis the input signal frequency defined as 1/(27).
The dynamic power consumption is defined by:

Rlyn = C'O ) ‘Vddz ' f (6)

The ratio between the dynamic and short-circuit power in various processes is obtained by
substitution of (6) into (5), leading to the following expression:

P
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As can be seen, there is cubic dependency of the Pgsc/Pyy, ratio on the V7/Vyq ratio of the process.
The power ratio dependency on supply voltage is eliminated, when taking into account the voltage

dependency of S and R (supporting the results in [7,8]).
4. Short-Circuit Power Reduction by High-V1 Transistors

As was shown in (7), the SC power strongly depends on the threshold voltage and can change
significantly while moving to a new process. This characteristic can be utilized for SC power
optimization in modern multi-threshold processes. One of the main reasons for maintaining devices
with various threshold voltages in same process is the leakage reduction when using high-Vt (HVT)
devices in non-critical paths. Alternatively, the leakage reduction is achieved in many processes by
using long-length (LL) transistors. These devices usually operate with lower threshold voltage than
high-Vr transistors, but allow leakage reduction due to longer channels. Both transistor types can be
considered for low-power designs while maintaining a similar performance and leakage power.

The long-channel devices are popular choice for low-leakage design in modern processes. However,
due to lower threshold voltages, they are less effective in terms of short-circuit. This fact creates an
opportunity for SC power optimization in designs with LL transistors, by replacing the long-length
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transistors with high-threshold transistors in MTCMOS processes. Due to the aforementioned
properties of the devices, the leakage and the timing of the replaced cells can be maintained similar,
while reducing the SC power consumption.

This optimization is orthogonal to the existing techniques of power reduction. Thus, by replacing
the long-length transistors by high-Vr transistors, we expect to obtain a reduction in Pgc/Pygy, ratio.
Using (7), the Psc/Pygy, ratio can be written as:
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We can estimate the SC reduction by comparing the ratio for original vs. high-V devices:
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Figure 2 shows the potential Psc/Pg, ratio reduction by using various ratios of Vy/Vy; during

replacement of transistors by higher-Vr devices. Note that for ranges of 0.1 <x;<0.3 and
0.1 <xpvr < 0.3, up-to 80% reduction of SC power can be achieved (without changing the V).

Figure 2. The Pgc/Pgy, ratio reduction by using transistors with higher V7/V 4, ratio.

By substituting the corresponding process parameters into (9), we may expect a reduction of about
40% in SC power obtained by using HVT devices instead of LL. Note that the 7 change does not
influence the dynamic power, since the V,; and the overall capacitance remains unchanged. Thus, the
Pgc/Pgy, ratio reduction is translated directly into 40% SC power reduction.

Note that similar optimization may be performed by replacing nominal transistors by high-Vr.
However, in such case the timing degradation will be more substantial and the replacement has to be
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performed carefully to avoid impact on critical paths. In this work we perform only
LL-to-HVT replacement.

5. Simulation Results

A proprietary simulation-based power estimation tool was used in this work for power simulation
and separate estimation of SC power. The SC power is estimated by subtracting the dynamic power
portion from the simulated active power. The leakage power is also separately measured.

In order to validate the efficiency of the proposed technique, a sample data-path design was used. In
the selected design, 63 LL cells were eligible for replacement by HVT according to design
methodology constraints. The transistor models were replaced without changing the size of the
devices. Power simulation was performed on the design before and after the replacement to assess the
SC power reduction. The set of the optimized cells was comprised of inverters and combinatorial
CMOS cells (no sequentials were included in this experiment). The SC power reduction in each cell is

shown in Figure 3.

Figure 3. Cell-level SC power saving by replacing long-length (LL) cells by high-Vt
(HVT). The average saving of 36% is in good correlation with theoretical estimations.
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As can be seen, the SC power was reduced significantly in all the cells. The power reduction in
most of the cells varied from 30% to 45%, while the average SC power saving was 36%. These results
are in a good correlation with the theoretical prediction of 40% reduction in (9). The variations in the
power saving ratio can be related to the slopeiy/slopeq,: differences of each cell.

As was mentioned above, the main purpose of LL cells is leakage reduction. Thus, it is important to
check that the leakage power was not increased as the result of the SC optimization. Thus, the leakage
power consumption before and after optimization was separately estimated and was compared in
Figure 4. As can be seen, the leakage power was decreased while changing the models from LL to
HVT in all the cells. The average leakage power reduction in the optimized cells is 6.9%.

The substitution of LL transistors by HVT may have an impact on timing parameters. The exact
performance difference between the two types of transistor depends on the process technology
parameters, but usually there is some increase in delay while switching to HVT transistors. Thus, the
timing impact of the SC power reduction by HVT transistors was also validated. For this purpose a
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timing analysis was performed in the design before and after the optimization, using static timing
analyzer. The resulting margins of the design were then compared, as shown in Figure 5. The plot
presents the distribution of the logic paths in the design according to the time margin of each path. The
X axis is the original margin of the paths before optimization. The Y axis shows the margins of the
corresponding paths after HVT optimization. The paths with same margin value are grouped together,
so that each point represents a group of paths with same margin and the corresponding number
represents the number of paths in each margin group. The blue points on the diagonal line are paths in
which no margin change occurred. The red points, below the diagonal, represent path groups which
experienced margin degradation. As can be seen, relatively few paths have been influenced by the
optimization. Moreover, only in 15 paths out of thousands the margins were reduced below a critical
margin value Mcr. Note that in a practical case, the cells influencing these paths can be easily excluded
from the optimization flow. Thus, the timing impact of the technique is minor and controllable.

Figure 4. Average leakage power reduction of 6.9% was observed in HVT cells as

compared to LL.
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Figure 5. Timing analysis of the design after replacing LL transistors by HVT. The
performance degradation due to the optimization is minimal.
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An additional advantage of a good correlation with the theoretical estimation, coupled with the
minor timing impact, is the ability to estimate the power reduction potential of the design based only
on initial power metrics. This can be done by applying the SC reduction factor from (9) to each eligible
cell, without the need for actual model replacement and simulation. In this manner the overall power
reduction potential can be easily estimated, and optimization sensitivity of various design blocks can
be assessed.

6. Summary

The dependency of short-circuit power on threshold voltage was analyzed and utilized for SC power
reduction in MTCMOS processes. Analytical expressions were developed to allow handy estimation of
the Pgc/Pgyy ratio. The results show that the Psc/Py, ratio can increase significantly if the V7/Vy, ratio
in the new process decreases. An analytical expression was derived for estimation of potential SC
power reduction in MTCMOS processes. The replacement of low-Vr transistors by high-Vt devices in
same process allows significant reduction of SC power without the need for process shift. In addition,
there is no impact on dynamic power consumption, and some reduction of leakage is possible as
by-product. The simulation results of optimization in 63 cells showed good correlation with the
analytical estimation, while demonstrating an average SC power saving of 36%, compared to 40%
saving estimation by using analytical Formula (8). The performance impact was also validated,
showing that timing degradation is minor and controllable.

The proposed technique for SC power reduction by high-Vt transistors is applicable to any
multi-threshold process. As has been shown, higher difference in threshold voltage of the process
models, allows higher SC power saving. The advantages of the technique are that it does not have area
cost and does not increase other power components. Trading between the different models of
low-leakage transistors may have an impact on performance. However, timing analysis shows that the
change in time margins across the design is minor and can be controlled by selectively applying the
technique to non-critical paths.

The implementation effort of the technique is low. It can be easily integrated within existing
optimization tools. In its basic form, the identification of the candidate cells for optimization is based
only on margin data, which is available from static timing analysis. Thus, no significant computational
complexity or run time increase are expected. This should allow simple integration of the technique in
existing industrial design flows.
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