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A B S T R A C T

Since power is the key aspect in modern systems on chips, many power-reduction techniques are adopted in the
design process, mostly applied through power management. Its standard specification lacks the abstraction re-
quired by complex designs and therefore becomes difficult and error-prone. In this work, higher abstraction is
introduced into the power-management specification and it is integrated with the functional model of the
system. It simplifies the specification approximately 16.8 times and enables the automatic generation and
verification of the equivalent standard specification. The error-prone nature of the power-management speci-
fication is thus alleviated and the difficult verification process is relieved.

1. Introduction

The power consumption is a great concern for hardware systems
developers mainly due to increasing power density in systems on chips
(SoC). Therefore, power must be dealt-with during the whole design
process, usually by utilizing a so-called power management. However,
it complicates the already too complex design process even more, and
therefore abstraction and automation must be used to cope with the
complexity (also to increase the productivity). The electronic system
level (ESL) abstraction slowly becomes the design starting point in the
industry and several methods have been developed (e.g. Refs. [1,2]) to
also raise the abstraction level for adoption of power management into
the design. However, they are either too dependant on design reuse, use
too much lower level details for specification, or do not provide suffi-
cient automation.

This paper presents a new low power systems design methodology,
which eliminates weaknesses and builds up on the strengths of the
existing methods. It integrates the power-management specification
directly into the functional model of the system at the ESL (in SystemC)
and uses high-level synthesis to automatically obtain the standard
power-managed register-transfer level (RTL) model of the same system.
The simplified abstract specification makes the designer's input more
efficient (approximately 16.8 times) and the automatically synthesized
RTL model enables more accurate design analysis. This methodology is
enhanced by automated verification processes, which drive a designer
to the correct and complete specification.

This paper is organized as follows. The next section (Section 2)
provides a deeper background and motivation for our research. In

Section 3, the state-of-the-art in the area of ESL-based power manage-
ment is described. Section 4 provides an overview of the proposed low-
power SoC design methodology along with a description of the utilized
new methods of abstract power-management specification and power-
management high-level synthesis. Before the conclusion, the experi-
mental results (Section 5), illustrating the usefulness of the metho-
dology, and comparison to related works (Section 6) are presented.

2. Background

In order to reduce power consumption, one must understand what
factors influence the power. The total power in CMOS (Complementary
Metal-Oxide Semiconductor) technology is a function of switching ac-
tivity, capacitance, voltage, and transistor physical properties [3].
Formally, it is expressed by

= + +P P P PSW SC L (1)

where P is the total power, PSW is the switching power, PSC is the short-
circuit power, and PL is the leakage power. The leakage power is also
called the static power. The switching power together with the short-
circuit power are referred to as the dynamic power (PD). Components of
the dynamic power are defined in the following equations.

= +P P PD SW SC (2)

=P a f C V. . .SW eff dd
2 (3)

=P I V.SC SC dd (4)

In these equations, a represents the switching activity, f is the switching
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frequency, Ceff is the effective capacitance, Vdd is the supply voltage,
and ISC is the short-circuit current. Therefore, the dynamic power can
be lowered by reducing switching activity and clock frequency (af-
fecting performance), or by reducing capacitance and supply voltage.
Leakage power is a function of the supply voltage, the switching
threshold voltage, and the transistor size. It is dissipated continuously,
because of the leakage current, and thus design techniques (such as
enabling of powering-down the circuit when not used) must be used to
reduce it [3]. All of these factors are substantially used to reduce power
in modern SoCs. Based on which power-affecting factor is targeted,
various power-reduction techniques have been developed. The fol-
lowing subsection summarizes the most popular techniques and their
standard application in the design.

2.1. Power-reduction techniques application

The existing power-reduction techniques can be divided into three
categories:

• Circuit-optimization techniques – This category contains techniques
that change physical parameters of the designed circuit (e.g. struc-
ture and size), such as logic restructuring, transistor resizing, pin
swapping, or multiple supply voltages.

• Power-management techniques – These techniques utilize a dynamic
power management. It enables the device to temporarily switch the
operating mode in order to save the energy. Some portions of the
device can stop its operation, isolate the spreading of the signals,
adjust the voltage or frequency, or even can be powered down.
These techniques include clock gating, operand isolation, substrate
biasing, voltage and frequency scaling, and power gating.

• Architectural techniques – This category is a hybrid one containing
rather the architectural choices enabling other power-reduction
techniques to be applied. These techniques include, for example,
memory or bus segmentation and hardware acceleration.

Since the system power highly depends on the used implementation
technology, it is coupled with the physical level of the design. However,
hardware designs are too complex at such a low level, and therefore the
adoption of advanced power-reduction techniques (working with mul-
tiple voltages) would be very difficult and error-prone. It would require
full-chip functional verification, which would be unbearable (in terms
of time). In order to deal with design complexity and to reduce the
number of design re-spins the IEEE standard for design and verification
of low-power integrated circuits [4] has been developed (commonly
known as UPF – Unified Power Format). There is another widely used
standard, known as CPF (Common Power Format) [5], which has si-
milar capabilities to the UPF. However, since these standards are uni-
fying in new versions of UPF, we focus only on this one. The UPF has
offered a clear design flow utilizing the power-management techniques
and enabled RTL (Register-Transfer Level) power-aware verification. It
contains the constructs for specification of low-level power-related as-
pects during the design stage, when mostly the HDL (Hardware De-
scription Language) modelling is used. In such a way, the whole design
(the functional HDL model along with the UPF power management) can
be verified.

The key UPF concept is to provide the means for dividing the system
into power domains. The power domain is a collection of design blocks
that always operate at the same supply voltage level. UPF enables the
designer to specify which blocks are grouped into the power domain,
what voltage levels the power domain can operate at, what the power-
down condition for each power domain is, where the isolation cells and
level shifters should be used, and so on.

However, the use of this standard is still rather complicated (error-
prone and time-consuming) especially in modern SoC designs that are
becoming more and more complex. To reflect the current trend of
adopting more-abstract level above the RTL [6], the so-called electronic

system level (ESL), the UPF has been updated to the version 3.0 [7]. It
enables to specify power intent and verify it in context of IP blocks
(Intellectual Properties) in the ESL model. It standardizes the power
model, in which the designer can specify power consumption of an IP in
various power states. The IP power characterization way is, however,
outside the scope of this standard. For accurate power analysis, these
data can be obtained from the previous implementation of the IP block,
and therefore such a method is highly dependent on the design-reuse
concept. Although an algorithmic model can be synthesized into IP
block based model (with known power characterization) and UPF 3.0
then used for power management, it complicates the top-down design
process and limits flexibility to only pre-designed IP blocks. Moreover,
the specification of power management (e.g. power-supply networks,
power-management elements, or power switching) does not correspond
to this abstraction level (i.e. it uses too low-level details). The next
subsection introduces the ESL-based design and problems of integrating
UPF in such a design process.

2.2. System-level design

In the top-down design process utilizing the ESL, the order of ab-
straction levels is illustrated in Fig. 1. At the highest abstraction level,
the most widely used modelling approaches are based on C or C++
languages for system description (SystemC [8] is the most popular
along with its TLM extension – Transaction Level Modelling), because
they can be used for both algorithmic and architectural modelling. The
top-down transitions between the abstraction levels are achieved
through the synthesis processes – high-level synthesis, logic synthesis,
and place and route processes. The development process is nowadays
usually accelerated by the use of various EDA (Electronic Design Au-
tomation) tools for synthesis or verification. The RTL and lower levels,
along with the transitions between these levels, are well-supported by
such tools in all aspects. Regarding the ESL, several EDA tools enable
the system architecture definition in the SystemC/TLM form, or enable
capturing the functionality in the C/C++/SystemC algorithmic
manner. Some of them support even the high-level synthesis. The best-
known of these tools are summarized in Table 1. These tools promote
the easier use of the ESL in the design process. At first, the ESL was
adopted in the industry mainly for verification purpose (e.g. virtual
prototyping). Higher abstraction enables faster verification of the
functionality. The verified ESL model further serves as a golden model
for equivalence checking with the more complex RTL implementation
model. However, the advances in high-level synthesis in the modern
EDA tools enable the adoption of ESL as an implementation starting
point. It means that the RTL model is automatically generated from the
ESL model, according to some predefined constraints. It reduces the
number of human errors in the design and shortens the verification
time. Moreover, the automated high-level synthesis enables to get the
results of more accurate design analysis at the RTL sooner, and thus it
enables to find the right trade-off among multiple parameters (power,
performance, area) much faster.

Fig. 1. Design process abstraction levels.
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