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Abstract
With the increase in the design complexity of
MPSoC architectures, estimating power consumption
is very complex and time consuming at lower level of
abstraction. We propose a methodology using ArchC
named Power-ArchC for a fast high-level estimation of
processor power consumption. Power values are
obtained
by
an
instruction
level
power
characterization at gate level. The requirements for
power evaluation infrastructure are compatible
processor models written in ArchC and RTL, and the
Technology library. We show power results for a 32-bit
MIPS processor with different benchmarks, based on
45nm technology.

1. Introduction
The emergence of new embedded applications for
telecom, automotive, digital television and multimedia
applications has fueled demand for architectures with
higher performances, more chip area and high power
efficiency. These applications are usually computationintensive, which prevents them from being executed by
general-purpose processors. Thus, designers are
showing interest in a System-on-Chip (SoC) paradigm
composed of multiple processors and a network that is
highly efficient in terms of latency and bandwidth. The
resulting new trend in architectural design is the
MultiProcessor SoC (MPSoC) [1]. MPSoCs’
architectures can have homogeneous or heterogeneous
processors, depending on the application requirements.
Choosing the best processor among hundreds of
available architectures, or even designing a new
processor, requires the evaluation of many different
features (pipeline structure, ISA (Instruction Set
Architecture) description, register files, processor
size...), and the architect needs to explore different
solutions in order to find the best trade-off. The
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processor Instruction Set Simulator (ISS) has an
important role, and must have the following features: it
should be able to parameterize, fast and accurate, and
able to be easily integrated in the MPSoC simulation
environment.
The ISS emulates the behavior of a processor by
executing the instructions of the target processor while
running on a host computer. Depending on the
abstraction level, it can be modeled at the functional or
cycle-accurate level. On the one hand, the functional
ISS model abstracts the internal hardware architecture
of the processor (pipeline structure, register files...) and
simulates only the ISA. Therefore, it can be available
in the early phase of the MPSoC design for the
application software development, where the
simulation speed and the model development time are
important factors for a fast design space exploration.
On the other hand, the cycle-accurate ISS model
simulates the processor at an abstraction level between
the RTL and the functional model. It presents most of
the architectural details that are necessary for processor
sizing, in order to evaluate in advance its performance
capabilities in the MPSoC design. All these advantages
come at the expense of a slower simulation speed and
longer development time.
As a corollary to Moore’s law, power consumption
of computing nodes doubles every 18 months [14] and
needs to be evaluated as soon as possible in the design
stages. Due to this, there are many tools at present to
assess power at different levels of abstraction. Most
commercial tools start working at the design after
synthesis. Such tools are not candidates for MPSoC
power analysis. The different power analysis
methodologies and tools will be discussed in the
Literature review, in Section 2. In this paper, we
propose ‘Power-ArchC’ that is a powerful ISS enabling
the power analysis of processor cores at functional
abstraction level. Compared to previous works, it is the
first work that enables the generation of a power aware

ISS ready to be integrated in a complex SystemC
based SoC design with a short development time. The
technical contributions of this paper are:
• A semi-automatic design flow extended with
power exploration capabilities at High-Level.
• A Power aware ISS generated by an Architecture
description language.
• An experimental analysis of Energy and Power of
a 32-bit MIPS processor [30].
Section 2 will provide motivation behind our work
and present some already existing methodologies at
different levels of abstraction. Then we will present our
methodology to estimate power at functional level in
Section 3. We apply the proposed methodology to the
MIPS case study and provide results in Section 4.
Finally, a conclusion will be available in Section 5.

2. Related Work
Lot of research has been performed in power
estimation techniques and tools at transistor level, gate
level and register-transfer level [1, 2, 3, and 4]. Also in
recent days, more research is performed at cycleaccurate and behavioral levels [7]. Since they target
different levels of detail, they make different trade-offs
between simulation time and accuracy. Some recent
academic tools like ‘Wattch’ [7], ‘SoftExplorer’ [34]
and others enable the power analysis at front end
design. Most simulators are parameterized, so they can
be used to estimate the energy consumption of different
system configurations. In the rest of this section, we
will discuss about some already existing methodologies
and tools (commercial or academic).
At Transistor level, power estimation is typically
performed as a by-product of circuit simulation [4]. It
enables the most accurate estimation but in detriment
of a very slow speed because the simulation is
performed late in the design cycle. These simulators
characterize models of transistors and estimate voltage
and current behaviors over time. Power dissipation of
transistors comes from three sources: switching power,
short-circuit power, and leakage power. Such
simulation is time-consuming but useful in integrated
circuit design. Transistor-level simulators such as
HSPICE, HSIM, ELDO, SPECTRE, are not suitable in
evaluating power consumption of large programs on
complex systems, as they need large amount of
memory space for storing all the details.
Gate-level approaches simulate a gate-level design,
and calculate power by considering the switching
activity (average number of toggling per time unit), the
time, the equivalent capacitance and voltage of internal
nodes [5, 6]. Compared to the previous approach,

power values are less accurate but simulation speed
increases. Techniques for power estimation and
switching units of a circuit can be mapped to
predefined minimized activities. At gate and circuit
levels, it is usually classified as (1) statistical, or (2)
probabilistic. In statistical methods, circuit simulation
is performed using a set of randomly chosen input
vectors, while monitoring the switching activity on
each circuit node. The simulation runs until the
switching activity converges to the average switching
activity. Convergence is tested by a statistical mean
estimation technique, such as the Monte Carlo
procedure [2, 6]. In probabilistic methods, usersupplied input probabilities are propagated into the
circuit to produce signal probabilities at every node.
The switching activity may be determined once the
signal probabilities at each node are computed. An
example is ‘PrimeTime’ [31], which delivers a dynamic
and leakage power analysis for design geometries at
90-nm and below. Designers have a single, unified
analysis environment for timing, signal integrity and
power analysis that is anchored by the PrimeTime
static timing solution.
At Cycle-accurate level, power model considers the
equivalent capacitance of a macro logic block.
Compared to the previous approach, accuracy is lower
because the internal switching activity of the block is
not considered, only I/O toggling activity. Conversely,
simulation speed is faster. At Cycle-accurate-level
simulator simulates the execution at the level of
individual cycles, allowing keeping track of power
behavior changes across cycles. Examples of cyclelevel simulator are ‘Wattch’ [7], ‘SimplePower’ [32]
and ‘Sim-Panalyzer’ [9]. Wattch and others works at
cycle-accurate level. Wattch involves analytical
capacitance models which have to be developed for
each block of a processor by the microarchitecture
which is sometimes very difficult to perform. Indeed, at
the cycle-accurate level, the processor’s behavior is
simulated cycle by cycle. In these tools, it is not a
problem when only a small portion of the code (a few
instructions) is simulated, but this may be very time
consuming for large programs. Moreover, cycle-level
simulations necessitate a low-level description of the
architecture.
Instruction-level simulators provide coarser power
behavior than the cycle-accurate ones. It is possible to
analyze very quickly the power consumption of the
circuit but with a rather low accuracy than descriptions
made at lower abstraction level. The simulation is
based on the instruction-level energy profiling of the
instruction set of the target processors and the
assumption that the energy consumption of an

instruction is mostly independent of the addressing
mode or operands or previous instructions. Some
methodologies about Instruction level power analysis
are discussed in recent papers [10, 11]. One of the
instruction-level simulators is ‘Joule-Track’ [33].
Joule-Track is available as an online resource and has
various estimation levels. It acts as a predictor for a set
of benchmark programs evaluated on the StrongARM
SA-1100 and Hitachi SH-4 microprocessors.
At Application-level, to estimate whole-program
power-consumption, the methodologies generally work
as predictor of power consumption for a program [12].
An application-level simulator, SoftExplorer [34]
works at C-level and relies on the Functional-Level
Power Analysis, which results in a power model of the
processor. SoftExplorer is an interesting tool that works
at C-level and relies on the Functional-Level Power
Analysis, which results in a power model of the
processor.
F. Klein et al. propose PowerSC [35], a poweraware extension of SystemC classes. It allows power
estimation of circuits described in SystemC language.
PowerSC is based on a new multi-model power
estimation engine. It selects the macromodeling
technique leading to the least estimation error for a
given system component depending on the properties
of its input-vector stream. Design effort for power
insertion in SystemC design is relatively limited: add of
macros in user code and, technology and power
libraries that are automatically built by PowerSC flow.
We provide this new methodology and tool
proposed in this paper, called Power-ArchC because
the tools at transistor, gate and cycle-accurate levels are
not a practical solution to perform power explorations
for a complete processor, whereas Joule-Track is not
suitable for SystemC based processor designs written in
ArchC language. In addition we need to estimate power
of dynamic applications that will be executed on a
processor; this is not possible with SoftExplorer.
Although PowerSC is a very powerful framework that
would fit to our needs, its availability is currently
limited to gate-level description. Power-ArchC is based
on a power-reuse model approach. Power values of
instructions are obtained at gate level for better
accuracy while simulation time for characterization
remains acceptable. The instruction set architecture is
annotated with obtained power values in the simulator.

3. High-Level power analysis using ArchC
Power-ArchC is built on the top of the ArchC
methodology. ArchC provides an efficient framework
for describing a processor architecture and ISA at

behavioral or cycle accurate level. In addition, it
automatically generates an ISS with a short
development time, but it does not have any way to
estimate its power consumption. We have extended the
ArchC methodology with power capabilities. Using
power model from Instruction Level Power
Characterization (ILPC) into Power-ArchC, we can
provide total energy used and average power consumed
for a given benchmark, design implementation and
technology node. Power-ArchC is built into four steps:
ArchC based description, RTL design and synthesis,
ILPC and back-annotation. We first present some
preliminaries about ArchC and related ISS and then
Power-ArchC methodology.

3.1. ArchC based ISS
An Instruction Set Simulator (ISS) [36] is a
simulation model, usually coded in a high-level
programming language, which mimics the behavior of a
mainframe or microprocessor by "reading" instructions
and maintaining internal variables which represent the
processor's registers [36]. The ISSs enable fast design
space exploration and simulation of complex MpSoCs
while accuracy remains in acceptable level. They can
be obtained basically from three sources: stand alone
simulators, third party components and created by ADL
(Architecture Description Language) based tools.
ADLs’ modeling levels are classified into three
categories: structural, behavioral, and mixed. Structural
or cycle-accurate ADLs describe the processor at a low
abstraction level (RTL) with a detailed description of
the hardware blocks and their interconnection. These
tools, such as MIMOLA [16], are mainly targeted for
synthesis and not for design space exploration due to
their slow simulation speed and lack of flexibility.
On the contrary, behavioral or functional ADLs
abstract the microarchitectural details of the processor,
and provide a model at the instruction set level. Their
low accuracy is compensated by their fast simulation
speed. Many languages exist such as nML [17] and
ISDL [18].
Therefore, mixed ADLs provide a compromise
solution and combine the advantages of both the
structural (accuracy) and behavioral (simulation speed)
ADLs. It is the best abstraction layer for design space
exploration. EXPRESSION [19], MADL [20], LISA
[21], and ArchC [22] are examples of mixed ADLs. A
recent type of processor description language called
ArchC [23] is gaining special attention from the
research communities [24], [25], [26]. ArchC 2.0 is an
open-source ADL, developed by the University of
Campinas in Brazil. It generates from processor and

ISA description files, a functional or cycle-accurate ISS
in SystemC. The ISS is ready to be integrated with no
effort in a complete SoC design based on SystemC
[27]. In addition, the ISS can be easily deployed in a
multiprocessor environment thanks to the interruption
mechanism based on TLM, which allows the
preemption and migration of tasks between the cores.
The main distinction of ArchC is its ability to generate
a cycle-accurate ISS with little development time. Only
the behavior description of the ISA requires accurate
description. As for the microarchitectural details, they
are generated automatically according to the
architecture resource description file. Since ArchC is
an open-source language, we can modify the simulator
generator to produce a processor with customized
microarchitectural enhancements, which makes it a
great tool for computer architecture research [29]. To
our knowledge, the processor model cannot be
synthesized because it is not yet supported by ArchC.

3.2 Power-ArchC Methodology
A Processor designed at Instruction level or RTL
has much less details about the design. Hence, to
characterize power, the design with same functionality
at least at gate-level is required to provide sufficient
details. Consequently, the RTL description of the
processor is performed manually relatively to the
architecture description made in ArchC. From that,
commercial tools like PrimeTime generate a gate level
generation, based on a chosen technology library. This
explains why the design flow is currently semiautomatic.
Power simulation tools at gate level can provide
accurate power consumption of each block, at each
clock cycle. Since tools only provide power
consumptions of hardware blocks, we designed a parser
tool that outputs the average power consumption of
each instruction from power and program traces
provided by the simulation tool. The parser tracks the
power value in the different pipeline stages flowed by
the instruction. Based on the data path in each stage of
the pipeline, it gathers the power value caused by the
execution of one instruction and stores it in a model.
Each instruction with same name will only have one
entry in the previously defined model, and their
different power values are averaged for each stage. For
example, let's consider a set of three instructions (2
stores (sw) and 1 load (lw)) walking in the pipeline as
shown in Figure 1 with the power values P1 to P9
generated by the gate level tool (other values are not
shown for better clarity).

From this example, we show how we build our
power model based on sample of instructions that is by
computing an average value of gate level power values
for same instructions.

Figure 1. An example of generating Power-model
A characterization campaign has to evaluate all of
the instructions for different operands and instructions
interrelations. Since it is not possible to cover all the
possible cases in a reasonable time, only a subset of
possibilities is usually considered. In our case, ILPC
outputs a power model that provides an average total
power value (static and dynamic) for each instruction.
The flow is illustrated in Figure 2. Chain of tools is
shown in black boxes. Input and output files are
represented by grey boxes. Section 4 will detail the
flow used for MIPS case study.
The power model is next used to back-annotate the
ISS generated by ArchC with power values for each
instruction. The behavior description of the instruction
contains now a variable that points to the
corresponding instruction in the power model. The ISS
is now able to output both instruction and power traces
and total consumed power of the executed program.

Figure 2. ILPC flow

Basic and modified architecture of ISS is illustrated
in Figure 3. From two input description files (ac, isa),
the tool acsim generates a systemC based ISS that can
be easily integrated in a complex MPSoC model. Given
that an input power model, the compiler for host
machine generates the modified ISS with power
capabilities. A new ISS output provides power traces at
the end of simulation of a benchmark.

Figure 3. ArchC framework
From that, it is possible to explore the power
consumption at high level in a quick fashion. As we
experience with performance accuracy at instructionlevel, the resulting power accuracy will be obviously
lower than the one obtained after synthesis. This is
mainly due to the interrelations between the
instructions during execution and the value of the
operands that both affect the bit toggling activity of the
processor micro-architecture and hence, the dynamic
power consumption.
One should note that the ILPC can be performed
automatically whenever hardware implementation of
microarchitecture or technology library changes.

4. Results
We implemented the applied methodology
discussed in Section 3 on a MIPS 32-bit processor. We
use ArchC 2.0 to generate the MIPS ISS that supports
the full R3000 ISA. We gathered an open source RTL
description of MIPS that is HMC-MIPS [37, 42]. It is a
project handled by HMC’s and Adelaide's Universities
to create a MIPS in Verilog language. It includes a 5stage pipelined processor that mostly supports MIPS
ISA. It includes thirty-two general-purpose 32-bit
registers and fifty-eight instructions, each 32 bits long.
It does not include support for an FPU. It also includes

data and program cache memories and a RAM. We
applied some modifications in HMC-MIPS to obtain
same functionality as from processor described from
ArchC. We especially deactivated cache memories that
are not modeled in MIPS ArchC. With TSMC 45nm
standard cell libraries and Synopsys Design Compiler
v2009.06 [38], we synthesized at gate-level the
processor description from HMC-MIPS. After that, we
simulated some MiBench benchmark [8] execution
with Mentor Graphics Modelsim v6.5b [39] to generate
the execution trace of the entire processor. Binary
codes are generated with a MIPS cross compiler
provided in ArchC framework. A specific link script is
made for HMC-MIPS target. Then, Synopsys
PrimeTime PX v2008.12 [31] computes a time-based
power analysis and reports power traces. Three power
models are built from three different ILPC campaigns.
In a first ILPC campaign, we use ‘Motion’ benchmark
[40]. Second ILPC campaign is performed with
modified version of ‘Qsort’ benchmark, which is one
of the benchmarks from MiBench and last ILPC
campaign is performed with combination of both
previous benchmarks. Motion and Qsort are chosen
with small input files due to their simplicity. As an
example, the three power models for a subset of MIPS
ISA is shown in Table 1.
Table 1. ILPC campaigns of MIPS (power models)
Instr Name
addiu
li
jal
sw
move
lw
nop
mult
mflo
j
bgez
sll
addu
slt
bnez
jr
slti
subu
beqz
negu

ILPC 1
(in µW)
865.9
866.6
783.1
872.2
867.6
849
856.3
828.6
831.2
854.8
899.8
866.1
871.7
868.5
869.7
695
870.3
871.9
866.8
908.1

ILPC 2
(in µW)
953.5
923.2
932.5
913.3
903.6
939.5
925.4
915.5
845
913.8
936.6
882.9
936.3
687.3
903.9
918.8
989.3
915.3
909.9
899.9

ILPC 3
(in µW)
909.7
894.9
857.8
892.7
885.6
894.3
890.9
872.1
838.1
884.3
918.2
874.5
904.0
777.9
886.8
806.9
929.8
893.6
888.4
904.0

ILPC 2 v/s ILPC 1 has an average relative deviation
percentage of 6.7%, ILPC 3 v/s ILPC 1 with 3.3%, and
ILPC3 v/s ILPC2 with –2.7%. The extremities are with
instruction ‘jr’ which has maximum relative deviation
percentage for ILPC 2 v/s ILPC 1 of 32.2% and
instruction ‘negu’ has minimum for ILPC 2 v/s ILPC 1
of -0.9%.
From the three ILPC campaigns, Table 2 shows the
energy consumption of 8 MiBench benchmarks
whereas Table 3 shows the average power
consumption. MiBench benchmarks with six suites,
each suite targeting a specific area of the embedded
market.
The six categories are Automotive and Industrial
Control, Consumer Devices, Office Automation,
Networking, Telecommunications. The difference in
average power for different benchmarks is due to
instruction distribution, memory behavior, and
available parallelism. The difference in total energy is
mainly due to the complexity and the number of
instructions (hence the execution time of a benchmark)
and also due to interactions between instructions.
Table 2. Total energy in µJ of benchmarks vs. ILPC
campaigns
Benchmarks
Bitcount
Qsort
Susan
Jpeg
Gsm
Stringsearch
Rijndael
Patricia

ILPC 1 (in
µJ)
251.8
80.6
19.4
216.9
223.6
1.8
172.1
1672.3

ILPC 2 (in
µJ)
349.2
127.6
30.0
250.7
235.6
2.5
264.0
2549.5

ILPC 3
(in µJ)
339.7
124.0
29.3
244.3
228.9
2.4
257.3
2487.1

This information is useful to designers to consider
the effect of these design constraints on power
consumption and eventually may result in reducing
discharge rate of batteries in portable computing
devices.
For all benchmarks ‘Qsort’ has the maximum
relative deviation percentage for ILPC 2 v/s ILPC 1 of
58.2%, whereas ‘gsm’ has the minimum of 5.3%.
Table 2 and Table 3 show the difference between
different campaigns. The difference is quite visible, it
is because of the use of two small campaigns that
explain the need of more intensive simulations for more
campaigns and for various operand data to achieve
better accuracy.
Table 4 shows the energy consumption of both
Motion and Qsort benchmarks at instruction-level and

gate-level. For each ILPC campaign, we compute the
relative energy error. For Motion benchmark, the
energy value in ILPC1 column is equal to gate level
value. Actually, ILPC1 at gate level is performed by
the execution of this benchmark (with same input data).
Table 3. Average Power in µW of benchmarks vs.
ILPC campaigns
Benchmarks
Bitcount
Qsort
Susan
Jpeg
Gsm
Stringsearch
Rijndael
Patricia

ILPC 1 (in
µW)
552.4
559.6
561
736
684.7
666.2
510.4
578.2

ILPC 2
(in µW)
765.9
885.3
867.8
850.6
721.3
905.4
783.1
881.5

ILPC 3 (in
µW)
745.2
860.6
848.6
829
700.8
878.9
763.2
859.9

However, a relative deviation of 2.31% appears
instead of 0. This difference is due to two reasons: one
is the difference in linker scripts and second is due to
the HMC-MIPS difference with the MIPS-ISA for the
‘move’ instruction. For ILPC2 and ILPC3, a relative
deviation of resp. 1.3% and 6.1% appear. In a similar
way, Qsort benchmark may display an identical value
in gate-level and ILPC2 columns. As explained above,
a difference appears for the same reasons. With ILPC1
and ILPC3 based power models, we measure a relative
deviation of resp. 21% and 0.5%. Additional
simulations at instruction-level with different operand
values will be performed for a better validation.
Table 4. Total energy in µJ of MIPS at instruction level
vs. gate-level for three ILPC campaigns

BenchMark

Energy
at gate
level
(in µJ)

ILPC 1
(in µJ)

ILPC 2
(in µJ)

ILPC 3
(in µJ)

Motion

0.2664

0.2726

0.2628

0.2827

Qsort

0.0438

0.0426

0.0344

0.0441

Energy at instruction-level

As an additional feature, Power model also includes
the power values of each instruction per pipeline stage.
Figure 4 shows the total energy of each MIPS pipeline
for each benchmark. It is specific to the architecture,
but it can be easily seen which block is consuming
more energy and which ones consume less. This
information is very important to design more efficient

architecture and to study the impact of applications on
the energy consumption.

Figure 4. Power-ArchC feature: Energy consumption of
MIPS pipeline at instruction level

5. Conclusion
In this paper, we have shown a methodology to
explore power and energy consumption for an ISS
generated by ArchC. The originality of our work is that
it is the first work that incorporates power capabilities
in the ArchC framework and so it can provide
immediate power estimation in MPSoC with the
execution of a benchmark. The limitations of this
methodology are:
• To reduce the time of obtaining power model,
we take into account only a subset of all the
possible
operands
and
instructions
interrelations
to
characterize
power
consumption, and
• There is no tool at present, able to translate an
ArchC description to RTL. Hence, for different
processor architecture than MIPS, we need ISA
description in ArchC and in RTL with same
functionalities.
Although, there seems to be an update for ArchC in
future that may remove the second limitation [41]. For
first limitation, it can be overcome by performing
intensive simulations for benchmarks that use different
operands and instruction order. These results can help
improving the design performance and implementing
specific algorithms for optimizing power consumption,
controlling temperature and improving reliability at
early design stage.
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