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Abstract—A processor executes a computing job in a certain
number of clock cycles. The clock frequency determines the
time that the job will take. Another parameter, cycle efficiency
or cycles per joule, determines how much energy the job will
consume. The execution time measures performance and, in
combination with energy dissipation, influences power, thermal
behavior, power supply noise and battery life. We describe a
method for power management of a processor. An Intel processor
in 32nm bulk CMOS technology is used as an illustrative exam-
ple. First, we characterize the technology by H-spice simulation
of a ripple carry adder for critical path delay, dynamic energy
and static power at a wide range of supply voltages. The adder
data is then scaled based on the clock frequency, supply voltage,
thermal design power (TDP) and other specifications of the
processor. To optimize the time and energy performance, voltage
and clock frequency are determined showing 28% reduction both
in execution time and energy dissipation.

Keywords-performance, cycle efficiency, energy per cycle, low
power, thermal design power.

I. INTRODUCTION

Power consumption is proportional to the frequency of

execution and the square of the operating voltage, while energy

consumption also depends on the total execution time [17].

Energy consumption has become one of the primary concerns

in processor design due to the recent popularity of portable

devices and cost concerns for desktops and servers. Notably,

battery capacities have improved rather moderately (a factor

of 2 to 4 over the last 30 years), while the computational

demands have drastically increased over the same time frame.

With a number of performance oriented devices emerging

and a huge demand of power from a fixed capacity battery,

using the battery wisely has assumed high importance. In

energy-constrained systems, low power design is essential

for extending battery and system lifetime. Lowering voltage

supply (Vdd) quadratically decreases energy dissipation, but

also causes an increase in delay [3]. Optimizing performance

and power simultaneously requires a thorough study of the

available resources and possible trade-offs [8]. Hence, it be-

comes important to define and use new or existing metrics. In

this work, we have used a recently defined parameter, cycle

efficiency of processor (η) [11], [12], to investigate the cycles

that could be run using a given amount of energy.

II. TERMINOLOGY

A. Technology Benchmark

A technology benchmark is used to characterize the technol-

ogy of the target processor whose operation is to be managed.

The circuit and technology level details of the benchmark

circuit should be known such that it can be simulated to

accurately determine its delay and energy versus the operating

voltage. The circuit size may be reasonable for economy

of the simulation effort, yet it may have an understandably

meaningful function. The benchmark used in the present work

is a 16-bit ripple carry adder.

B. Energy per Cycle

A power-delay product, known as energy per cycle

(EPC) [16], measures the energy dissipated in a circuit per

switching operation. Since the dynamic energy per switching

event is fixed, the EPC describes a fundamental tradeoff

between speed and power. Energy per cycle of a circuit is

a key parameter for energy efficiency in ultra-low power

applications. Because computing workload is characterized

in terms of clock cycles, this measure directly relates to

the energy consumption of workload [5]–[7]. The total

energy per cycle (Etotal) of a single gate is composed of

dynamic energy (Edyn) and leakage or static energy (Estatic):

Edyn = α0→1 · CL · V 2
dd (1)

Estatic = Pstatic · td
= Ioff · Vdd · td
= K · CL · V 2

dd · 10−
Vdd
S (2)

Etotal = Edyn + Estatic

= (α0→1 +K · 10−Vdd
S ) · CL · V 2

dd (3)

where α0→1 is low to high transition activity for the gate

output node and Pstatic is static leakage power. Ioff is leakage

current, K is a constant, CL is load capacitance of the gate

and S is sub-threshold swing.
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C. Cycle Efficiency

Cycle efficiency is defined as performance per unit of

energy. To increase this efficiency it is required that the

fundamental energy of operations be reduced. Further, power

is defined as the rate of energy consumption (watts ≡
Joules/second) and is directly affected by the performance.

This distinction between power and energy is important

because what may seem like a trade-off may just be a

modulation in performance resulting in changes in power

consumption. The performance (inverse of time) can be called

time efficiency just as cycle efficiency (inverse of energy

per cycle) is energy efficiency. If we regard the clock cycle

as a unit of work that a processor performs, then it means

work done in a time period 1/f , where f is the frequency in

cycles per second or hertz (Hz). A clock cycle also means

certain amount of energy or energy per cycle (EPC). We

define cycle efficiency, η = 1/EPC, its unit being cycles per

joule [11], [12]. Thus, a clock cycle means 1/f second in

time and 1/η joule in energy. Consider a program being run

on a processor and suppose it takes c clock cycles to execute.

Then we have,

Execution time =
c

f
(4)

Energy consumed =
c

η
(5)

where, η is cycle efficiency of the processor in cycles per

joule. Equation 4 gives the time performance of the processor

as,

Performance in time =
1

Execution time
=

f

c
(6)

Similarly, Equation 5 gives the energy performance as,

Performance in energy =
1

Energy consumed
=

c

η
(7)

Clearly, cycle efficiency (η) characterizes the energy

performance in a similar way as frequency (f) characterizes

the time performance. These two performance parameters are

related to each other by the power being consumed, as follows:

Power =
f

η
(8)

D. Base Frequency, Turbo Boost, Overclocking and Thermal
Design Power

Thermal design power (TDP) is the average maximum

power in watts the processor dissipates when operating at

base frequency with all cores active under a manufacturer

defined, high complexity workload. TDP is not the maximum

power the CPU may consume - there may be periods of time

when the CPU dissipates more power than that allowed by its

thermal design. TDP is usually 20%-30% lower than the CPU

maximum power dissipation.

Peak power is the maximum power dissipated by the pro-

cessor under the worst case conditions - at the maximum core

Fig. 1. Benchmark circuit structure: an n-bit ripple carry adder.

voltage, maximum temperature and maximum signal loading

conditions.

Processor base frequency describes the rate at which the

processor’s transistors open and close. The processor base

frequency is the operating point where TDP is defined.

Turbo boost and overclocking are both essentially the same

thing although they may work a little differently. Turbo

boost is a feature of Intel processors created to dynamically

overclock a CPU, meaning the more you use your CPU, the

faster the CPU moves up to a certain point which is determined

by the manufacturer. Overclocking is a similar concept except

that it is not dynamic and is implemented manually, either

through software or through BIOS on newer motherboards.

III. TECHNOLOGY ASSESSMENT

A. Ripple Carry Adder Benchmark Circuit

The ripple carry adder circuit of Figure 1 is used to learn

the energy and delay characteristics of the technology of the

processor [9]. In this paper, we use a 16-bit ripple carry

adder that may a basic element in many digital computational

systems. The design methodology emphasizes the operation

of the adder in 32nm bulk PTM CMOS technology node. We

assume that the processor being characterized is large and a

full scale gate level or transistor level model may not be readily

available. Even if such a model was available, a detailed

simulation at various voltages would be impractical for high

reason of high complexity. However, operational data about

the processor, such as voltage, maximum clock frequency and

power consumption, is available. Also, the technology of the

device is specified. We, therefore, characterize the technology

using known and easily analyzable adder benchmark. Then,

we scale this characterization to the processor.

B. Predictive Technology Model

Two versions of Predictive Technology Models (PTM) avail-

able from an Arizona State University site that are widely

used to carry out research experiments are chosen to carry

out the characterization: Bulk MOSFET with conventional

SiON/Polysilicon gate and Secondly high-k dielectrics with

metal gate technology, a combination known as HKMG (High-

K, Metal Gate). Our experiments were carried out using 32nm

Bulk CMOS PTM model.

C. Simulation Tools Used

A 16 bit adder is designed using a VHDL code and its

compilation and simulation is carried out using Questa Sim

to ensure correct operation before it is synthesized. Leonardo
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TABLE I
H-SPICE SIMULATION OF 16 BIT RIPPLE CARRY ADDER FOR 32NM TECHNOLOGY NODE IN BULK CMOS PTM AT DIFFERENT VOLTAGES (Vdd).

Vdd Power from simulation Timing from simulation Energy per cycle
Pavg Pdyn Pstatic Ppeak Critical path fmax Edyn Estatic Etotal

volts μW μW μW μW delay, ps GHz fJ fJ fJ

1.20 124.03 91.37 32.66 397.71 320.85 3.12 29.31 10.48 39.80
1.i5 100.50 78.31 22.19 335.74 338.91 2.95 26.54 7.52 34.06
1.10 81.93 66.72 15.21 261.90 360.46 2.77 24.05 5.48 29.53
1.05 66.21 55.74 10.47 217.46 386.50 2.59 21.54 4.05 25.59
1.00 53.77 46.51 7.26 178.20 418.72 2.39 19.47 3.04 22.51
0.95 42.65 37.58 5.07 144.77 459.03 2.18 17.25 2.33 19.58
0.90 33.40 29.83 3.57 115.34 509.72 1.96 15.21 1.82 17.03
0.80 19.08 17.32 1.75 73.71 666.65 1.50 11.55 1.17 12.72
0.70 9.59 8.73 0.86 35.76 986.51 1.01 8.62 0.84 9.46
0.60 3.97 3.57 0.41 14.71 1792.1 0.56 6.39 0.73 7.12
0.50 1.14 0.96 0.18 4.01 4511.7 0.22 4.31 0.82 5.13
0.40 0.229 0.150 0.079 0.695 18928 0.053 2.84 1.49 4.33
0.35 0.099 0.048 0.051 0.233 44168 0.023 2.13 2.27 4.40
0.30 0.047 0.014 0.033 0.090 112760 0.009 1.60 3.75 5.35
0.25 0.025 0.004 0.021 0.036 279310 0.004 1.06 5.85 6.91
0.20 0.0136 0.0009 0.0127 0.0172 716150 0.0014 0.65 9.08 9.73
0.15 0.0074 0.0002 0.0072 0.0086 1851700 0.0005 0.35 13.27 13.62

Fig. 2. H-spice Simulation of 16-bit ripple carry adder with 50 input vector
pairs in 90nm bulk CMOS PTM at Vdd = 1.4 volts and 1.45 GHz clock
frequency.

Spectrum [1] is a logic synthesis tool used to translate our

RTL model into a technology-specific gate-level circuit and to

optimize for time as a design constraint. The Design Architect

tool that is used to capture the schematics using PMOS and

NMOS devices from a generic library. After the devices is

placed, they are wired together and ports and net names

are added to generate a spice netlist. This netlist is verified

and simulated with modified length and width keeping the

ratios constant to match the predictive technology model file

specifications. Ezwave tool is used to view the waveforms of

the probed signals after spice simulations.

D. Vector Selection

Input vector selection is an important step in determining

the average power and critical path delay. For our adder

circuit a selected set of vectors is applied as inputs at the

fastest clock possible. Initially, 1,000 random vectors were

generated using a MATLAB program which resulted in some

average power per vector when simulated using H-spice. Out

of those, 50 vector pairs were selected such that 16 consume

average power, 17 consume above average power including the

peak power vector pair and 17 consume below average power

including the minimum power vector pair. Figure 2 shows the

power profiles of 50 selected vector pairs when they were

embedded in the set of 1,000 vectors and then re-simulated as

100 standalone vectors.

We observe that out of 100 vectors 50 have the same power

consumption while power for other 50 changes because they

are now preceded by different vectors. The reason to select

vectors through such a rigorous procedure is that use of the

adder circuit and random vectors assumes an overall imitation

of processor characteristics.

E. Simulation Results for Adder Circuit

Table I shows power from simulation: average power,

dynamic power, static power and peak power; timing from

simulation: critical path delay and its inverse fmax; and

energy per cycle (dynamic, static and total) for the 16-bit

ripple carry adder circuit estimated by H-spice tool using

32nm bulk CMOS technology. We have several components

of power for the digital CMOS circuit:

Pavg = Pdyn + Pstat

= (Pshort + Pswitch) + Pstat (9)

= IscVdd + αCLV
2
ddf + IleakVdd (10)

The term Pshort is the power consumed during gate voltage

transient time, which in CMOS technology, is related to the

direct path short circuit current (Isc) that flows when both

the NMOS and PMOS transistors are simultaneously on (or

partially on), flowing directly from supply Vdd to ground or

Vss. The term, Pswitch refers to the dynamic component of

switching power due to charging and discharging of load

capacitance, CL, f is the clock frequency and α is the average

switching activity factor. Imperfect cutoff of transistors leads

to leakage (Ileak) and power dissipation (Pstatic) without
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Fig. 3. Average, peak, dynamic and static power for 16 bit adder in 32nm
bulk CMOS from H-spice simulation.

Fig. 4. Energy per cycle for 16 bit adder in 32nm Bulk CMOS from H-spice
simulation.

any switching activity. With increasing number of gates both

the total capacitance and the channel width are relevant to

increased power.

Figures 3 and 4 show the dynamic and leakage power and

energy per cycle as functions of Vdd, as explained in [4], [10].

It can be observed that for the lowest power, the optimal Vdd

is the lowest Vdd that the system can operate on and is limited

by performance and/or robustness requirements. On the other

hand, for minimum energy, optimal Vdd is in the near-threshold

region. This is a result of the dynamic energy decreasing with

Vdd and leakage power increasing as we get close to the

sub-threshold region. With down scaling of Vdd beyond the

threshold voltage, there is an exponential increase in circuit

delay that increases the time per operation (clock cycle) over

which the circuit leaks. Thus, depending on the minimum

power or minimum energy requirements of the system, the

choice of optimal Vdd may be different.

TABLE II
INTEL I5 SANDY BRIDGE 2500K PROCESSOR SPECIFICATIONS.

Technology node 32nm
Voltage range 1.2-1.5 volts
Nominal base frequency, fTDP 3.3 GHz
Overclock frequency, fmax 5.01 GHz
Peak power 125.6 W

TABLE III
SCALE FACTORS (ADDER TO PROCESSOR).

Scale factors Calculated values

EPC(fTDP ) 0.723
EPC(fmax) 0.630

Activity factor, α 1.01

Area factor, β 7.342× 105

fmax factor, γ 1.607

IV. PROCESSOR SPECIFICATION

We now apply the technology data to an Intel processor [2]

assuming its technology to be the same as that used for adder

simulation. For correlating adder data to processor we rely on

specifications of the latter. The specifications of the selected

processor are defined in Table II as per Intel datasheets.

A. Scale Factors

Characterization of a processor can be very complex and

expensive. Therefore, we simulated a reasonable size adder

circuit as a technology benchmark and now we determine

scale factors to scale that data to obtain processor power,

energy per cycle (cycle efficiency) and clock frequency.

Our scale factors as shown in Table III are obtained using

processors specifications given at rated voltage 1.2 volts

assuming that voltage was not raised for overclocking.

Energy per cycle for processor for the base frequency and

overclock frequency at the rated voltage 1.2 volts are given by:

EPCTDP =
PTDP

fTDP
=

95W

3.3× 109Hz
= 28.79nJ

EPCPeak =
Peakpower

fmax
=

125.6W

5.01× 109Hz
= 25.07nJ

Scale factors for processors EPC at rated voltage 1.2V for

the two frequencies are given as,

Scale factor at fTDP =
EPCTDP for processor

EPCavg for adder
(11)

Scale factor at fmax =
EPCpeak for processor

EPCpeak for adder
(12)

Equations 11 and 12 characterize the scale factors for energy

per cycle for a given processor at two different frequencies

called as power constrained frequency fTDP and structural

constrained frequency fmax. Figure 5 shows scaled energy per

cycle data for Intel i5 2500K processor. We know that cycle

efficiency, η = 1/EPC, and Figure 6 shows cycle efficiency

for the chosen processor and will be used as a parameter for

a given processor power management.
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Fig. 5. Energy per cycle (EPC) for Intel i5 2500K processor.

Fig. 6. Cycle efficiency for Intel i5 2500K processor.

Next, an area scale factor β is derived as,

β =
PTDP

Edyn × fTDP + Pstatic
(13)

Equation 13 provides the area scale factor β based on pro-

cessor thermal design power PTDP = 95 watts, adders

dynamic energy Edyn, adders static power Pstatic and the

power constrained frequency fTDP = 3.3GHz at the rated

voltage of 1.2 volts.

B. Power Constrained and Structure Constrained Frequencies

In a power constraint system [13]–[15], the frequency

fTDP is limited by the maximum allowable power of the

circuit. In general it can be represented as,

fTDP =
PTDP − αβPstatic

αβEdyn
(14)

where PTDP is thermal design power of processor at given

power constrained frequency fTDP and rated voltage, α is

the activity factor, β is the area scale factor (adder-benchmark

circuit to processor), Pstatic is the static power of the adder

circuit, and Edyn is the dynamic energy of the adder circuit.

TABLE IV
STRUCTURE CONSTRAINED AND POWER CONSTRAINED CLOCK

FREQUENCIES FOR PROCESSOR.

Vdd Structure constrained frequency Power constrained frequency
(volts) fmax (GHz) fTDP (GHz)

1.30 5.49 1.81
1.25 5.26 2.56
1.20 5.01 3.30
1.15 4.74 4.04
1.113 4.54 4.54
1.10 4.46 4.75
1.05 4.16 5.52
1.00 3.84 6.27
0.95 3.50 7.21
0.90 3.15 8.28

In a structure constrained system, the frequency fmax is

limited by the critical path delay of the circuit as follows:

fmax = γ × fmax(Adder) (15)

where γ is a scale factor for fmax and is given by,

γ =
fmax(Processor)

fmax(Adder)
(16)

To maximize the performance we find the highest frequency,

fopt that would exceed neither the power constraint 14 nor

the critical path constraint 15. At any given voltage the

optimum frequency is obtained as,

fopt = min{fTDP , fmax} (17)

From equation 14 and Table IV we observe that as

voltage is reduced fTDP increases, but at the same time

from equation 15 fmax reduces. This is also evident from

Table IV. Thus, if we plot equations 14 and 15, the two

functions will intersect at an optimum point (Vddopt, fopt). If

we fit polynomials of degree 3 to these two functions, we get

the expressions,

fTDP = −41.077V 3
dd + 142.84V 2

dd − 179.68Vdd + 84.22 (18)

and

fmax = 0.0673V 3
dd − 3.7114V 2

dd + 13.772Vdd − 6.2888 (19)

Solving equations 18 and 19 by a numerical solver in MAT-

LAB, we obtain two complex and one real roots. Discarding

complex roots, the real root gives Vdd = 1.113 volt. This is

the optimum voltage Vddopt at which the processor will run

fastest without exceeding the TDP. We can calculate fopt from

equation 18 or 19 by substituting Vdd = Vddopt, which gives

fopt = 4.54GHz. This is shown in Figure 7.

V. POWER MANAGEMENT

Consider a program that executes in two billion clock cycles

(c = 2× 109). Three scenarios are presented in Table V. First

scenario is a power constraint operation because we operate

the processor at the nominal operating voltage Vdd = 1.2V

and clock frequency f = 3.3GHz, which are the rated voltage

and frequency, we see from Figure 6 that cycle efficiency

η = 34.74megacycles/Joule, power consumption is 95W,
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Fig. 7. Processors calculated scaled curves of fmax and fTDP at various
voltages. The cross point exact value (Vddopt, fopt) is obtained by curve
fitting the data with polynomial equations of degree 3.

TABLE V
MANAGING THE PROCESSOR OPERATION FOR TIME AND ENERGY USED BY

A PROGRAM REQUIRING TWO BILLION CLOCK CYCLES (c = 2× 109).

Vdd Clock Cycle Average Execution Total
frequency efficiency η power time energy

volts f (GHz) 106cycles/J f
η

watts c
f

sec. c
η

(J)

1.2 3.3 34.74 95 0.61 57.57
1.2 3.3 (80%) 34.74 95 0.485 46.06

20% 5.01 (20%) 39.88 126 +0.0798 +10.03
overck = 0.57 = 56.09
1.113 4.54 47.99 95 0.44 41.68

(−28%) (−28%)

execution time is 0.61 seconds and total energy consumed

by program is 57.57 joules. The second scenario also uses

1.2 volts and 80% of program is executed at 3.3GHz clock,

but for higher performance the remaining 20% of program is

executed at an overclock frequency of 5.01GHz, which is the

highest frequency the critical path will allow at this voltage.

The power is allowed to exceed TDP for 20% of time. Note

that power increase from 95W to 126W is not proportional

to the frequency ratio, because only dynamic power increases

leaving static power unchanged. Cycle efficiency η at 3.3GHz

is 34.74megacycles/joule and at 5.01GHz is 39.88megacy-

cles/joule. The execution time is reduced to 0.57 second and

total energy consumption is also slightly lower at 56.09 joules.

We do not observe a significant reduction in execution time or

total energy with this kind of operation despite higher power

consumption. In our proposed method, the third scenario,

we find optimum voltage and frequency (Vddopt, fopt) from

Figure 7 and allow the program to run at Vdd = 1.113V and

clock frequency f = 4.54GHz. The power consumption is

no more than 95W (TDP) but the program execution time is

reduced to 0.44s and total energy consumed is 41.68 joules.

Thus, we observe improved performance with 28% reduction

in both energy consumption and execution time.

VI. CONCLUSION

This paper shows that performance (execution time and

energy consumption) of a processor is optimized when

operated at a voltage such that the highest clock frequency

allowed by the critical path will consume the thermal design

power (TDP). There are two other aspects, not discussed here,

that may be explored in the future. First, in the proposed

optimized operation overclocking (higher performance by

short bursts of power) is possible but will essentially require

voltage boost. This is because the optimum clock is fastest

that critical path would support at the selected voltage.

Second, there exists an operation with absolute minimum

energy when there is no minimum speed requirement. Useful

for remote sensing or monitoring applications, this may

require operation near or below threshold voltage.
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