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Abstract— Evolving nanometer CMOS technologies provide low
power, high performance and higher levels of integration but
suffer from increased subthreshold leakage and excessive process
variation. The present work examines the 45nm bulk and high-k
technologies. We evaluate the performance of a 32-bit ripple-
carry adder circuit for the entire range of supply voltages over
which it displays correct function. Lowering voltage increases
delay, reducing the maximum clock cycle rate. We use the
maximum permissible clock rate and the energy per cycle at that
clock rate as two performance criteria. The minimum energy per
cycle operation occurs at a subthreshold voltage. For minimum
energy, the bulk technology has a very low performance (~7
MHz). However, high-k technology works at a much higher 250
MHz clock. Faster clock rate reduces the leakage energy making
high-k almost twice as energy efficient compared to bulk. The
energy per cycle versus supply voltage is a U-shaped curve whose
bottom, the minimum energy point, provides a stable equilibrium
against speed and energy deviations due to process related
parametric variations for different technologies. These deviations
can be expected to be lower for high k technology compared to
those circuits designed in bulk technology that are commonly in
use. These deviations are also lower compared to those at higher
supply voltages that are commonly in use. Although we expect the
clock rate to further improve and energy per cycle to reduce for
32 nm and finer technologies, some projections indicate that
energy per cycle could increase with a move towards finer
technologies. However, those studies were conducted on bulk
technologies and further investigation should ascertain the
performance of the high-k technology.

Keywords — Low-power circuits, subthreshold voltage operation,
nanometer CMOS devices, high-k CMOS technology, process
variation.

1. INTRODUCTION

There is a growing concern for increased power and energy
dissipation with the scaling down of transistors. The total
power (Py,) dissipated in a CMOS logic gate consists of static
power (Pstatic) and dynamic power (denamic)'

While the scaling down of transistors causes a reduction in
dynamic energy per cycle due to reduced capacitances in the
circuit, there is an increase in leakage current of the circuit due
to scaling down of the threshold voltage causing a significant
increase in the static power dissipation. The speed of digital
circuits is currently limited by the energy density. Shrinking
feature sizes will continue to have the advantage of higher
degree of integration, resulting in lower cost, provided energy
density can be kept in control. Another characteristic that will
assume increasing significance is tolerance to larger process
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variation of smaller features. Hence, there is high interest in
developing design techniques for power and energy efficient
circuits using high leakage nanometer technologies.

The supply voltage has the strongest influence on all
components of power and energy of a digital CMOS circuit. In
1971, Meindl and Swanson concluded that to obtain the
greatest power saving and the least power-speed product, the
circuit must be operated at the lowest supply voltage practically
possible by the design technology [1]. Their calculation
showed that CMOS transistors did not abruptly turn off below
the threshold voltage but acted as weak inversion devices. They
determined that the smallest theoretical supply voltages at
which circuits could function is approximately 8kT/q = 0.2V at
T = 300 Kelvin, where k is the Boltzmann constant, T is
absolute temperature and q is the electron charge. One
technique highlighted in their paper was ion implantation of
boron for adjusting the turn-on voltages for both p and n
transistors, achieving an operation close to their derived
theoretical limit [2]. However, because of very low
performance for technologies in use at that time such low
voltage operation was not adopted in practical systems.

Another approach has been to examine the energy
minimization for circuits operating in the sub-threshold region.
Studies have shown subthreshold operations have a number of
advantages, namely, improved gain, noise margin, and greater
energy efficiency at lower frequencies than the standard CMOS
[3]. The authors in [4] further examine solutions for optimum
supply voltage (V4q) and threshold voltage (V;) to minimize
energy in subthreshold operations of digital circuits. It is shown
that there is a maximum achievable frequency for a given
circuit operating in the subthreshold region. They conclude that
the current standard cell libraries also show reduced energy per
operation for a minimum sized device. Dual voltage design in
the subthreshold voltage range has recently been studied and
shown to have energy and speed advantages [5-6]. Similarly,
subthreshold voltage operation may have advantage in
extending the battery lifetime in portable and mobile
electronics [7].

Operation at 330mV supply voltage was shown
successfully for test chips fabricated in 90 nm technology while
obtaining energy savings on the order of 9X compared to other
reduced performance scenarios [8]. Similar work has shown
that optimum V44 need not occur at the lowest voltage at which
the circuit functions correctly [9]. This result was quite
significant as it disproved the conclusion drawn by Meindl and
Swanson [1]. The reason was the increased leakage of the sub-
micron devices.



In this work we simulate a 32 bit ripple carry adder
designed in 45 nm bulk and high-k metal gate technology. By
aggressive voltage scaling described in previous research [3-4,
8-10], we obtain the optimum Vg at which the minimum
energy per cycle occurs and compare the results for both
processes. We conclude that there is a significant improvement
in performance when the process is changed from bulk to high-
k technology. The circuit modeled in high-k showed an
operating frequency of 250 MHz which is a significant jump
from bulk CMOS technology while retaining the advantage of
low energy consumption. Further, from the nature of the energy
versus Vg4 graph, we hypothesize that the operation at
subthreshold V4 is more resilient to process variation than that
at the normal Vg for both high-k and bulk technologies.

This sets all sum outputs and the carryout to value 0. In the
second vector, all A inputs (A[0:31]) were set to 1. All sum
outputs thus became 1. A third vector then set a 1 at C;. This
activated the critical path as a carry was propagated through all
32 full adders while the sum outputs were brought back to 0.
The critical path determines the frequency of vector
application. This frequency changes for each voltage point.

After finding the frequency, 100 random vectors were
applied to the input of the 32 bit ripple carry adder at the
maximum operating frequency at that voltage point. On
conducting the SPICE simulations using HSPICE, the average
current consumed by the circuit was measured, and multiplied
by voltage. That gave us the average power consumed by the
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IL. CIRCUIT MODELING operating circuit. Energy per cycle was determined by

Simulations were performed on a 32 bit ripple carry adder.
The circuit was first designed using VHDL. The VHDL file
was then imported in Leonardo Spectrum tool [11], and
synthesized in TSMC 0.18 micron model. A verilog output was
generated using the same tool, and this file was then imported
into the Design Architect tool [12], which gave the schematic
of the 32 bit ripple carry adder using the standard TSMC cell
library.

The Design Architect tool internally generated a SPICE
netlist, which was further modified by changing the width of all
transistors from 0.18 pm to 45 nm while preserving the width
over length (W/L) ratio. Instead of using the TSMC libraries as
used by the Design Architect, we used the Predictive
Technology Model (PTM) for both 45 nm bulk and high-k
technologies [13].

Circuit level simulation was conducted using HSPICE [14]
and the timing and power data were obtained. For various
supply voltages, we assessed the functional correctness of the
circuit and determined the energy and delay characteristics.

I1I. SIMULATION RESULTS

A. Minimum Energy Point Estimation

A schematic of the ripple carry adder is shown in Figure 1.
To calculate the delay at each voltage, we ensured that the
critical path was activated. We, therefore, applied the following
vectors. First, all the inputs (A, B, and C;) were initialized to 0.
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multiplying the average power with the delay of the circuit. All
results of simulation and calculation described above have been
tabulated in Tables I and II and plotted in Figure 2.

From the tables and the graph, it is evident that the high-k
technology has the advantage of greater energy efficiency. In
high-k technology, the minimum energy is obtained at a lower
voltage than that for the bulk technology. Comparing the
minimum energy operations for the two technologies we find
that for high-k energy/cycle is 40% lower compared to that for
the bulk technology. The minimum energy point occurs at 0.3V
for both high-k and bulk technologies.

Notably, the circuit works faster in high-k technology than
in bulk technology. From Tables 1 and 2, we find the frequency
of operation at the optimum energy (minimum energy/cycle)
point is 250 MHz (critical path delay is 4 ns) for high-k
technology while for bulk technology the corresponding
frequency for minimum energy/cycle operation is just above 7
MHz (critical path delay is 137 ns).

B. Process Variation

On analyzing graphs of Figure 2, we infer that circuits
designed in 45 nm high-k technology should be more resilient
to process variations because the energy-delay curve is lower
when compared to circuits designed in 45 nm bulk technology
and that minor changes would not cause any drastic effect on
efficiency or performance. To get some preliminary evidence
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Fig. 2. Energy per cycle vs. Vyq for 32 bit ripple carry adder simulated in 45 nm bulk and high-k CMOS.

on this theory, we assigned a 5% relative variance to the
threshold parameter (vthO) in the PTM files [13]. First, we
investigated how a variance on the threshold parameter would
affect the critical path delays for 45 nm bulk and high-k
technologies. A Monte Carlo simulation of 30 samples of the
circuit was performed. Critical path delay was measured for
each sample through HSPICE [14] simulation using a vector
pair that activated the critical path. The means and standard
deviations (o) for the critical path delay for circuits operating
at 0.3V designed in 45 nm bulk and high-k technologies are
tabulated in Table III.

The corresponding sum of mean and 3o give us the worst
case delay for a circuit operating at 0.3V for each technology.
This worst case delay was used as clock period to feed 100
random vectors to 30 random Monte Carlo samples of the 32
bit adder circuit and the current drawn from Vg for each
sample was measured. The average current of a circuit sample
was multiplied by the operating voltage to obtain the power,
which when multiplied by the clock period (Table III) gave us
the energy/cycle for each random sample as tabulated in Tables
IV and V. Finally, the energy/cycle for each sample circuit was
normalized with respect to the ideal (without process variation
as in Tables I and II) energy/cycle of that voltage and plotted
on a graph as shown in Figure 3.

TABLE II. SIMULATED PERFORMANCE OF 32 BIT RIPPLE CARRY ADDER
IN 45 NM HIGH-K TECHNOLOGY.
Operating Total Total Critical Energy/cycle
Voltage Current Power path Delay x10™
W) x10% (A) x 10 (W) x 107 (s) )
1.0 34.9 349 0.45 15.6
0.9 25.7 231 0.47 10.9
0.8 20 152 0.51 8.10
0.7 15.5 109 0.57 6.16
0.6 10.5 62.9 0.67 4.19
0.5 6.38 31.9 0.87 2.78
0.4 3.20 12.8 1.42 1.82
0.35 1.84 6.42 2.12 1.36
0.3% 1.09 3.28 3.71 1.22
0.2 0.382 0.764 18.7 1.43

% Minimum energy operation highlighted in green.

TABLE III. CRITICAL PATH DELAYS OF 30 SAMPLES OF 32 BIT RIPPLE
CARRY ADDER CIRCUIT OPERATING AT 0.3V DESIGNED IN 45 NM BULK AND
HIGH-K TECHNOLOGIES.

Standard Clock period
Technology Mean ;ielay et (s ) ‘1 OE ©)
= I x10” (s) (Mean +3 o)
45 nm bulk 164.1809 58.026 338.26
45 nm high k 4.0471 0.7346 6.2501

TABLE L SIMULATED PERFORMANCE OF 32 BIT RIPPLE CARRY ADDER
IN 45 NM BULK TECHNOLOGY.
Operating Total Total Critical Energy/cycle
Voltage Current Power path Delay x10™"
) x10° (A) | x10°(W) x 107 (s) )
1.0 18.6 186 0.939 17.5
0.9 12.7 114 1.11 12.7
0.8 8.97 71.7 1.38 9.89
0.7 5.63 39.4 1.88 7.41
0.6 2.96 17.8 3.01 5.36
0.5 1.15 5.74 6.52 3.74
0.4 2.76 1.10 23.4 2.58
0.35 0.119 0416 54.3 2.26
0.3% 0.053 0.160 137 2.19
0.2 0.017 0.035 923 3.19

% Minimum energy operation highlighted in green.
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From the tables and graphs, it is evident that a circuit
designed in high-k technology is more resilient to process
variation, has smaller critical path delay and has lower
energy/cycle. The average energy/cycle deviation from the
ideal (no process variation) value for 45 nm bulk is 63.76%
with a peak of more than 200% while high-k has a normalized
energy/cycle deviation of 25.34% with a peak of 110%.

A deviation in the threshold parameter (vth0) causes a
change in the drive current and critical path delay. This change
usually causes the energy/cycle to increase as current and delay
are not exactly inversely proportional to each other. However,
there are rare instances (in high-k) where their relationship has
caused the energy/cycle to decrease from the nominal value
resulting in a circuit that runs faster.



TABLE IV. 30 SAMPLES OF OPERATION OF 32 BIT RIPPLE CARRY ADDER TABLE V. 30 SAMPLES OF OPERATION OF 32 BIT RIPPLE CARRY ADDER

IN 45 NM BULK TECHNOLOGY WITH PROCESS VARIATIONS IN VTHO. IN 45 NM HIGH-K TECHNOLOGY WITH PROCESS VARIATIONS IN VTHO.
Vdd =03V Vdd =03V
Normalized Normalized
Average Average PCel ;)if)l; Energy/cycle Ener(goz/)cycle Average Average lsel :-)if)l:] Energy/cycle Ener(%;r/)cycle
Current Power (P) x 10 ) “ Current Power (P) x 10 ) 4
x10°4) | x10°W) | OfP(s) E=(Pxt) (E*-E)x 100 x10° (A) | x10°(W) wa?(s) E=(Pxt) (E*-E)x 100
E* E*
53% 16 137 2.19 0 10.9% 3.28 3.71 1.22 0
0.349 0.105 338 3.54 61.63315 8.14 2.44 6.25 1.53 25.0768
0.468 0.14 338 4.75 116.7373 9.73 2.92 6.25 1.82 49.46602
0.28 0.0839 338 2.84 29.6142 6.25 1.87 6.25 1.17 -3.98463
0.277 0.0831 338 2.81 28.4187 7.41 2.22 6.25 1.39 13.93574
0.277 0.0830 338 2.81 28.18702 6.71 2.01 6.25 1.26 3.092838
0.359 0.108 338 3.65 66.53562 7.61 228 6.25 143 16.92349
0.488 0.146 338 495 126.1715 9.99 3.00 6.25 1.87 53.46506
0.302 0.0907 338 3.07 40.12346 7.89 2.37 6.25 1.48 21.32827
0.396 0.119 338 4.02 83.50428 8.84 2.65 6.25 1.66 35.82287
0.294 0.0883 338 2.99 36.45819 7.70 2.31 6.25 1.44 18.28827
0.244 0.0733 338 248 13.2711 6.84 2.05 6.25 1.28 5.109264
0.31 0.0931 338 3.15 43.84897 7.83 235 6.25 1.47 20.33543
0.374 0.112 338 3.79 73.08769 8.52 2.56 6.25 1.60 30.97238
0.68 0.204 338 6.90 214921 13.7 4.12 6.25 257 110.8487
0.363 0.109 338 3.68 68.15279 732 220 6.25 1.37 12.57096
0.23 0.069 338 2.34 6.649523 6.90 2.07 6.25 1.29 6.086738
0.264 0.0793 338 2.68 22.42731 6.96 2.09 6.25 1.30 6.924354
0.272 0.0817 338 2.76 26.17599 7.44 2.23 6.25 1.39 14.31689
0.263 0.0788 338 2.67 21.74616 7.11 2.13 6.25 1.33 9.331155
0.331 0.0993 338 336 53.32491 715 215 6.25 134 9.929013
0.367 0.11 338 3.72 69.88116 797 2.39 6.25 1.49 22.43946
0.389 0.117 338 3.95 80.40896 8.80 2.64 6.25 1.65 35.21118
0.306 0.0917 338 3.10 41.56455 7.86 2.36 6.25 1.47 20.8672
0.366 0.11 338 3.71 69.56607 7.69 2.31 6.25 1.44 18.15763
0.469 0.141 338 4.75 117.108 9.85 2.96 6.25 1.85 51.45171
0.32 0.0961 338 3.25 48.36684 7.62 2.29 6.25 1.43 17.15403
0.346 0.104 338 3.51 60.29864 7.87 236 6.25 1.48 20.93944
0.386 0.116 338 391 78.72692 7.71 231 6.25 1.44 18.42812
0.615 0.184 338 6.24 184.9687 13 3.89 6.25 243 99.10667
0.218 0.0655 338 2.21 1.098336 6.29 1.89 6.25 1.18 -3.39907
% Nominal operation assuming no process variation (Table I). % Nominal operation assuming no process variation (Table II).
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Fig. 3. Process variation effect on energy per cycle (%) for 30 samples of the circuit implemented in 45 nm
bulk and high-k technologies and operating with 0.3V supply (closer to x-axis is better).
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TABLE VL

IN 45 NM HIGH-K TECHNOLOGY WITH PROCESS VARIATIONS IN VTHO.

30 SAMPLES OF OPERATION OF 32 BIT RIPPLE CARRY ADDER Table VI gives the average energy/cycle and the normalized

energy/cycle for 30 Monte Carlo samples of the 32 bit adder

Vg =0.9V circuit designed in 45 nm high-k technology operating at 0.9 V.
Clock Normalized These energy/cycle values were compared with the absolute
Average | Average | o .o Eﬂerg_%/cycle Energy/cycle (%) energy/cycle values of the same sample circuits operating at
EOvGrTe | e (5] ® 10 [(E*- E)x 100 0.3V from Table V and plotted on the graph in Figure 4. It is
X107A) | x100W) | g | E=C®XD £+ clearly seen that even with process variations, circuits
operating at 0.3V are considerably more energy efficient than
2R gl 47 R g circuits operating at 0.9V.
2.43 2.19 5.16 1.13 0.0414
252 227 316 117 3560424 Table VII compares the average values of er}ergy/cycle .and
239 215 516 11 1.66056 the clock perlod with an.d without process variations for various
a4 219 516 13 0.103065 technologies and operating voltages. Although the clock period
541 217 516 12 105604 almost dqul?les due to process variations for subthreshold
243 518 516 13 030392 Voltages,. it is clearly seen thgt the circuit’s energy is close to
260 234 516 121 7030115 the nominal ene_rgy/cycle. Slnf:e we assumed all sampleg to
541 216 516 112 113024 have a clock period corresponding to the worst (30) delay, it is
5 48 203 516 115 1.809134 possible that some circuits may be able to run faster and, for
3 218 516 113 027515 those cases, their individual energy/cycle may come closer to
236 212 5.16 1.09 316108 the nominal values or even perform better than that.
237 2.14 >.16 1.10 -2.41698 We cannot compare the normalized energy/cycle for 0.9V
242 2.18 316 1.12 -0.4807 and 0.3V operations because due to the small values of the
2.65 2.38 >.16 123 8.810182 energy/cycle at 0.3V, even a small deviation would translate
243 2.19 516 1.13 -0.02438 into a large percentage and hence may give the false impression
2.26 2.03 516 1.05 -7.16931 that the circuit is less reliable at lower voltages.
246 2.21 5.16 1.14 1.015709
2.40 2.16 5.16 1.11 -1.48789
231 2.08 5.16 1.07 -5.19191
2.41 2.17 5.16 1.12 -0.9658 TABLE VII.  COMPARISION OF AVERAGE ENERGY/CYCLE AND CLOCK
237 213 516 110 2.4992 PERIOD FOR DIFFERENT\i)]?fgg{];—erSRgglg;é\giiéi\—lr[;(;\]iCHNOLOGIES WITH AND
2.03 1.82 5.16 9.42 -16.674
231 2.08 5.16 1.07 -4.91237 Average Energy/cycle Clock period
2.40 2.16 5.16 1.11 146734 Technology ‘S,quly Without With Without With
2.46 2.21 5.16 1.14 1036264 SHRLG | pEOsE | LmGwEe LSow
251 226 516 116 3079436 variation | variation Variation variation
236 212 316 109 311585 45 nm high-k 09V 109 fJ 113f) 047 ns 0.516 ns
2.60 2.34 5.16 1.21 6.808121 45nmhighk | 03V 122 1.53f] 3.71ns 625 ns
2.65 2.39 516 1.23 9122619 4sombulk | 03V | 2190 | 3590 137 ns 338 ns
242 2.18 5.16 1.13 -0.43548

% Nominal operation assuming no process variation (Table I).
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Fig. 4. Process variation effect on energy per cycle for 30 samples of the circuit designed in 45 nm high-k
technology for 0.9V and 0.3V operations.
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IV. CONCLUSION

We believe our results are accurate and portray a picture of
how a device will behave when fabricated in these technologies
as the PTM models have shown a trend of closely following the
actual fabrication trends. They have also shown better physical
scalability over a wide range of process and design conditions
[15].

Recent research has shown that process variation can
greatly affect the functionality of logic gates [16]. It can also
bring in uncertainties in the circuit logic. Shifts in the threshold
voltage V. can drastically affect the Ioy and Igpr in sub-
threshold regions causing an exponential shift in the minimum
energy point [9].

Our results indicate that high-k technology designs at the
minimum energy point will be more resilient to process
variations when compared to bulk technology because high-k
technologies provide a higher drive current in the sub-threshold
region along with a reduction in leakage for the same drive
current when compared to the bulk technology [17, 18]. We
have also shown that even with process variations, circuits
operating at 0.3V (sub-threshold voltages) remain more energy
efficient than at 0.9V (normal operating voltages).
Furthermore, to study process variations, we plan to vary the
important technological parameters like threshold voltage,
effective channel length, channel width, oxide thickness, etc.,
by means of Gaussian distributions, and then conduct
simulations to get an accurate feel for the effect of process
variation on the minimum energy point. The results of these
studies will be published in the future.

Studies have shown that the voltage at which the minimum
energy point occurs reduces with change in technology,
reached a minimum at 90nm and then starts increasing with
every technology advance [19]. Hence, for lower technologies,
the voltage at which the minimum energy point occurs should
increase. However, as these studies have been done only for
bulk technologies, it is hard to predict how high-k models will
behave. Simulations need to be done to check how the
minimum energy point moves from 45nm high-k technology to
finer high-k technologies.

The ultimate minimum energy any circuit can achieve is
bounded by the Landauer limit, which is given by kTIn2, where
k is the Bolzmann constant and T is the absolute temperature in
Kelvin. Current studies have shown that the lower bound on the
energy to process one bit is about 36,000 times higher than the
absolute Landauer limit [20, 21]. A shift towards high-k
technology is only a small step towards achieving energy
values close to that limit. However, more research and
supporting experiments need to be done on finding the limits of
high-k technology so that it can lead to actual implementations
of digital systems like microprocessors, graphics processors,
and digital signal processors.
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