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a b s t r a c t

The paper deals with the design and the metrologic characterization of a portable power
consumption measurement system capable to correlate the average power consumption
of a central processing unit to processor performance. A survey of power measurement sys-
tems designed for the evaluation of computer energy performance is provided. The design
steps for the proposed power measurement system and its comprehensive hardware and
software descriptions are reported. Furthermore, a calibration procedure of the power
measurement system is described. Five benchmark tests have been executed on an Intel
Pentium D processor and the measured power loads are reported and discussed.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, processor architectures are designed for
optimizing both performance and energy efficiency, espe-
cially for mobile applications, where the battery life is an
important issue. The processing requirements of battery-
powered systems are increasing faster than battery storage
capacity. Since large and heavy batteries are unacceptable
for handheld computers, low-power designs and smart
power management are crucial for these systems [1]. In
the case of consumer electronics equipment, and especially
for mobile phones, battery storage capacity is restricted,
due to constraints on size and weight of the devices. This
implies that energy efficiency has a relevant impact on
the portability of such equipment [2]. Furthermore, high
power consumption is undesirable for workstation com-
puters, being the cause of acoustic noise and computer
overheating. For these reasons, the processors design trend
is oriented to multiple core devices operating at relatively
low frequency, which can provide an increase of computa-
tional speed while reducing power consumption, as
compared to the previous generation of high-speed single

core processors. Moreover, modern processors also include
low-power consumption states. To take advantage of such
feature, the operating system has to put the processor in
this low-power state every time that it turns out to be idle.
In [3], several algorithms to allow the transition to the low-
power state are reported. The mentioned paper points out
that the Central Processing Unit (CPU) is one of the major
power consumers in a computer system, and that the
design of processor architecture and software manage-
ment have an essential role for the reduction of the power
consumption.

As for the architecture of every single core of modern
CPU, it can be observed that, over the years, the architec-
tures are becoming more and more complex. Also at this
level, the key is to increase processing performance while
at the same time taking into account power consumption.
All recent CPUs for high-performance workstation comput-
ers are based on superscalar design. These processors rely
on duplicated independent functional units that execute
instructions in parallel. Parallelism and pipeline processor
architectures have a direct impact on processor designs.
Highly parallel processors, in fact consume, more power
than non-parallel ones and deeply pipelined functional
units consume more power than non-pipelined ones. These
suggest several tradeoffs between power consumption and
processor architecture organization [4]. During the design
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of such processors, the designers use complex emulation
software in order to estimate the power consumption
and processing performance [5]. This emulation software
is based on behavioral models of the processor core, and
so it has an intrinsic made uncertainty. For this reason,
benchmarks for estimating both processor computational
capabilities and power consumption are necessary and
widely used during the design and test phases. In order
to compare the CPU models, it is necessary to correlate
the processing performance of microinstructions (e.g.,
cache misses, mispredicted branches, number of active
threads, page faults and use of floating point unit, and so
on) to the power consumption of the processor. However,
the power consumption can be measured only through
the use of external power measurement systems, because
a core processor does not include embedded ones.

In [1,6,7], several key power measurement systems de-
signed to evaluate the power performance of processors
are presented. The proposed power measurement systems
use oscilloscopes or multimeters, which measure the cur-
rent consumption using shunt resistors or Hall-effect
based sensors. These systems have several disadvantages:
(i) they are bulky (e.g., large size of the used instruments),
(ii) they are not portable, and (iii) the current measure-
ments cannot be traced back to the International System
of Quantities because calibration procedures are not avail-
able and so the system is not referable to a reference mea-
surement instrument. Nowadays, it is possible to design
portable power measurement systems that can be inte-
grated directly on the computer case providing referable
measurements. By taking into account the stated reasons,
the long-term target of the research described in this paper
is to design a portable power measurement system, which
provides characterization of processor energy performance
by means of direct power measurements from the mother-
board connector of the processor under test (PUT). This
system should manage the benchmark execution on the
PUT, and at the same time measure its power consump-
tion. The output of the system should be the power
consumption for each processing performance result pro-
vided by the benchmark. To this aim, this paper presents
the design of a portable measurement system for measur-
ing CPU power consumption. Besides this, the first results
linked to the use of our measurement system are docu-
mented here, namely: (i) the study of the power in the
time and frequency domains, (ii) the definitions of the
measurement system requirements (for the voltage and
current transducers) and the measurement system archi-
tecture, (iii) the measurement system prototyping, and
(v) the measurement system characterization. The avail-
ability of the measurement system makes it possible to
correlate the measurements of power consumption to the
on-going CPU activities, running benchmark tools that also
provide the corresponding processor performance. As far
as our power/performance measurements are concerned,
the most popular benchmarks have the following disad-
vantages: (i) they do not allow to execute a task in every
available processor core, (ii) they provide processor perfor-
mance with metrics that are not standardized, and (iii) the
average performance is evaluated over unknown time
intervals. One of the effects of these disadvantages is a

reduced repeatability of the results provided by the
benchmarks.

This paper is focused on: (i) the design of a power
consumption measurement system, which is compact,
referable, and configurable, and (ii) its use for analyzing
the relationship between the obtained power consumption
measurements and the performance measured using
several different kinds of benchmarks, in order to discover
the codes that lead to higher power consumption, and
possibly avoiding them if low power consumption is an
issue. The paper is organized as follows. Section 2 includes
an overview of the power measurement systems existing
in literature. Section 3 deals with the general proprieties
of benchmark used for the performance analyses and with
a description of the used benchmark tool. The measure-
ment requirements of the proposed power measurement
system are presented in Section 4. The hardware and soft-
ware descriptions and the metrological characterization of
the proposed portable power measurement system are
presented in Section 5. In Section 6, the results of power
consumption measurements running five different bench-
mark tests on an Intel Pentium D processor are shown.
Finally, our conclusions are drawn.

2. Related work

Current literature provides several papers dealing with
the power consumption measurements during the execu-
tion of workloads. These workloads are usually produced
by running suitable benchmarks. These are specially
designed to provide information about processor perfor-
mance during the execution of assigned software tasks.
In this way, it would be possible to correlate the power
consumption to the computing performance of the PUT.

However, the only measurement directly available from
the majority of general-purpose processors is the temper-
ature of the CPU chip. This measurement cannot be used
for estimating power consumption, because it depends
by: (i) the positioning of the sensor on the chip, and (ii)
the cooling system used. Consequently, to obtain reliable
power consumption measurements it is necessary to use
an external power measurement system. This almost inev-
itably consists of current and voltage transducers placed
on the power supply rails of the PUT.

In [1], the authors measure the power consumption of
the Itsy pocket computer in order to compare several
low-power design optimizations and power management
strategies. The authors measure the total average power
consumption and the power dissipated by six sub-circuits
of the Itsy pocket computer during the execution of seven
benchmarks. The proposed power measurement system
consists of seven multimeters and seven shunt resistors.
The average power consumption and computing
performance of five processors during the execution of
61 benchmarks are instead presented in [6]. For each pro-
cessor, the average power consumption was evaluated in
several processing configurations (single and dual cores,
single and dual threads). The power measurement system
described in [6] consists of a Hall Effect Current Trans-
ducer (HECT) connected to the power supply rails
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