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ABSTRACT

Simulating performance and energy consumption of em-
bedded systems using a system level description is a chal-
lenging task in VLSI CAD. However such simulations are
needed to select the best hardware architecture and soft-
ware organization for a particular application. In this
paper, we present an approach for cycle-accurate hard-
ware/software co-simulations of energy consumption in
embedded systems. The aim of our work is to provide a
simulation framework enabling power estimations for high
level descriptions (behavioral C models) of embedded sys-
tems that include new hardware components. A System-
level Cycle-Accurate Simulator and a processor Instruc-
tion Set Simulator are extended with energy models that
take into account the transitions in the state of the com-
ponent per cycle.

1. INTRODUCTION

The portable segment of digital consumer market is grow-
ing very fast. The products become far more complex
with the introduction of new multimedia functionalities,
e.g. audio or video. They make use of highly integrated
components, like embedded systems or System-On-a-Chip
that have to be optimized in performance, size, power con-
sumption and cost. These embedded systems are a mix
of specialized hardware (for performance and power) and
general purpose processors or DSP (for flexibility). Auton-
omy is an important feature but improvements on batter-
ies are smaller than the increase of processing complexity.
For this reason energy consumption is a critical factor in
embedded system design.

Multimedia applications typically require very large
data storage and transfer capacities, which are the main
sources of power consumption. To reduce this consump-
tion, exploration techniques and optimizations for mem-
ory management must be performed at system level [1].
One has to note that most of the power can be saved
at highest levels: architectural, system or algorithmic.
Various architectures can be explored giving several per-
formances, sizes and power consumption, so performing
trades-off early in the design process is very interesting
and their application is still rather easy. This early ex-
ploration can also help to anticipate necessary structural
changes in the system in case that it is not able to comply
with the specifications.

There exists a lot of CAD tools able to estimate power
consumption in circuits at lower levels of design descrip-
tion, e.g. SPICE, but fewer at higher levels. Typical
Systems-On-a-Chip composed of processors, memories and
custom hardware are firstly modeled at high level in sys-
tem functional simulators. The aim of our work is to pro-
vide a simulation framework able to get power estimation

for high level descriptions of embedded systems includ-
ing new hardware blocks. The simulator we use is TSS
(Tool for System Simulation) [2], a cycle-accurate simula-
tor for system level descriptions in C language, developed
by Philips, working with the Armulator [3], an Instruc-
tion Set Simulator developed by ARM Ltd.. Armulator is
linked to TSS simulator. In order to obtain the power esti-
mation, we create energy models for every hardware block
and we introduce these in the TSS simulator functional
models. Then we simulate the system with a set of repre-
sentative input data and we obtain the power estimation.
We propose an approach to create the energy models for
new hardware blocks for which we do not have any gate
structural information. It consists in estimating the en-
ergy consumption per cycle depending of the transitions
in the internal states of the component.

A brief discussion of the existing power estimation ap-
proaches of embedded systems is given in the section 2.
Section 3 explains the approach we propose and introduces
the simulation tools we use. In section 4 we describe the
system model detailing how we model the energy for each
category of component. The last section concludes, makes
some suggestions for the validation of the approach and
presents the future work.

2. RELATED RESEARCH

A common approach to obtain fairly accurate power esti-
mations of large circuits with a conventional RTL sim-
ulator, consists in first modeling the basic cells power
consumption with parameters extracted from circuit level
simulations (SPICE, PowerMill) or from the characteris-
tics of the standard cell library [5, 6, 7, 8]. This informa-
tion is then embedded in the VHDL description of every
basic cell so that the logic simulation allows to obtain the
power consumption of the circuit. DIESEL, the power es-
timation tool developed in Philips, uses this approach [5].
This method has some drawbacks: it takes place in an ad-
vanced phase in the design process and the simulation time
for large circuits becomes very important making rather
impracticable power estimations using hardware/software
co-simulation.

A higher level embedded hardware/software system
co-simulation is proposed by Li [9]. It consists of a frame-
work that simultaneously evaluates the tradeoffs of energy
consumption of software and hardware. The goal is to op-
timize the software in a way to reduce energy consumption
in memory accesses under performance constraints. A pro-
cessor simulator running together with a memory tracer
model gives the number of memory accesses for a particu-
lar application program. At the end of the simulation this
number is combined with processor and memory power
models giving the total power consumption of the system.



The drawback of this method is that the power models do
not depend on the internal states of the components and
therefore lack accuracy.

A more accurate approach is developed by Simunic [4].
It consists of a methodology for power estimations at higher
level using an instruction-level cycle-accurate simulator.
It is extended with energy models for processor, bus and
memories. The goal is to find an optimal memory size
and hierarchy, for minimal energy consumption. Power
models compute the energy consumed at every cycle for
every hardware element of the system. They have been
completely inferred from data-sheet information. This is
possible in systems based on components that have been
already built, e.g. memories and processors, like in Simu-
nic’s example. Unfortunately the methodology does not
cover the case of systems containing new hardware blocks.
In this case, a simulator of the global system has to be
used and it should be extended with power models for all
blocks.

Power consumption estimations of new designs at higher
levels, i.e. behavioral C models, are very difficult. Model-
ing physical parameters into C functions needs knowledge
on how these functions will be implemented in hardware.
Nevertheless at this level of the design the gate structure
of the design is not yet defined. A solution could be to
analyze all the operations (additions, multiplications, etc)
in the new block, and to estimate an energy consumption
for each type. During the functional simulation, the cor-
responding energy could be accumulated every time we
use an operation. The problem is too that we still do not
know how operations will be implemented in hardware so
we can not associate it to an energy estimation. The so-
lution we propose is to analyze the basic functional states
of the block, estimating an energy consumption for the
transitions in each one and accumulate this state energy
every cycle during the simulation. Next paragraphs will
present this approach and the simulation tools we use to
implement it.

3. PROPOSED APPROACH

Embedded system design starts with the partitioning of
the application. Some parts will be implemented in hard-
ware and others in software. Building highly complex
single chip systems requires models of the used hardware
building blocks which are more abstract than RTL or gate-
level. These models are used to develop the system archi-
tecture and to support the software development of low
level drivers, because billions of simulation cycles are re-
quired.

TSS is a cycle-accurate C-based simulation framework
developed to simulate complex hardware/software archi-
tectures. T'SS also enables simulations with other tools, al-
lowing to integrate Instruction Set Simulators (ISS), VHDL,
Verilog and TSS models.

We take an example system including a processor,
memories and custom hardware. In the current set-up
we use:

- An Instruction Set Simulator (Armulator), giving infor-
mation about the processor behavior.

- A simulation of TSS hardware blocks descriptions and
the interconnect.

The TSS simulator is normally used for cycle-accurate
functional simulation. In this paper we present how the
TSS simulation models can be enriched with energy mod-
els allowing to get power estimations by simulation. The
simulation provides the energy consumption of each ele-

ment and the total. This is not a completely accurate
estimation but it is sufficient to find the best HW archi-
tecture scenario in terms of power consumption. The en-
ergy per cycle of each element is calculated from an energy
model, according to the current state of the element. The
memory and processor energy models are built using an
approach similar to Simunic’s work [4], based on data-
sheet information. For the new target hardware we define
energy models that take into account the estimated num-
ber of gates in RTL implementation, the gate’s activity
and the implementation technology. For the interconnect,
the model needs an estimation of the wire length and the
capacitance per unit length.

4. SYSTEM AND COMPONENTS MODELS

The power, i.e. energy consumption, for executing a task,
can be observed at several levels. We will analyze these
from higher to lower level. At the first level we can con-
sider the total energy consumption in one second or for
the whole task. If n is the number of total processing cy-
cles per second (frequency), or by task, the total energy
consumption is obtained by accumulating energies of all
processing cycles, according to (1).

ETotal = Z Ecyclei (1)
i=1

At a second level we can consider the total energy con-
sumption per cycle. This is the energy consumed during a
specific processing cycle, obtained by adding the energies
consumed during this cycle by the m hardware compo-
nents of the system, represented by (2).

m
Ecycle = Z Ecomponenti (2)

i=1

Since a hardware component has several states or ways
of working, the energy consumption per cycle is different
depending on the state of the component: active, idle,
refresh, sleep, etc. At this third level, we distinguish be-
tween the energy for each internal state in every hardware
component of the system. The TSS functional model of
each element must be accurate enough to associate a state
to each cycle. The model is described like a state ma-
chine, separating states with significantly different power
consumption. During the simulation, the current state is
known every cycle and therefore the corresponding energy
can be added to the total energy according to the Equa-
tion (2). The set of energies per cycle for a component
with j various states is called the energy model of the
component and is given in (3).

3 Ecomp,statej) (3)

The energy associated to each state of a component
Ecomp,state, corresponds to the lowest level of our model.

The approach is tested on a typical example of embed-
ded system for portable application: an MPEG-4 video
decoder [10], implementing the simple profile. A prelim-
inary HW/SW partitioning has been already made. The
system consist of a processor with I+D caches, memories,
hardware accelerators and interconnect.

In a first step we will consider only a part of the sys-
tem including the processor, memory and a VLD ( Variable
Length Decoder) [11] hardware accelerator (see Fig. 1).
The architecture is used to validate the methodology pro-
posed for power estimation, before including the other

Ecomp = (Ecomp,statel, Ecomp,stateZ,
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Fig. 1. Architecture of the system.

hardware blocks. In this case the E.yce can be written
as in (4).

Ec;ycle = EVLD + Emem + Eproc + Einte'rc (4)

Next subsections explain in detail those energy models
and the energy value per state of each element.

4.1. VLD energy model

The energy consumption in a digital CMOS circuit can be
expressed as in (5).

E = oo* Ngates * Egate (5)

where p is the circuit activity (the percentage of the num-
ber of switching gates over the total number of gates),
Nyqtes the total number of gates in the VLD and Egqte
the energy consumption per switching gate for a particu-
lar technology. These are the parameters introduced into
the VLD TSS energy model. Obviously, the number of
gates and their activity are not known a priors if an RTL
description of the circuit is not available. But estimations
of these values can be sufficient to build an energy model
for architecture exploration.

In the case of the VLD, we know that the architecture
will consist of three parts: interface, barrel-shifter and
Look-Up-Table (LUT). The complete VLD will be around
4000 gates: 1000 for the interface, 1300 for the barrel-
shifter and 1700 for the 6 tables of the LUT.

The interface and the barrel-shifter will always be used
in active cycles, and one table of the LUT. During ac-
tive cycles, the VLD analyzes a bitstream and extracts
coefficients. The number of switching gates is roughly:
1000 + 1300 + (1700 + 6) ~ 2600 gates, which corresponds
to 65 % of the gates. At worst, all these gates will switch
every cycle. Since only half of the transitions (0-0, 0-1,
1-0, 1-1) correspond to a switch activity, we suppose that
the estimate switching activity is 65% + 2 = 33%. In non
active cycles (idle or fifo write/read waiting cycles), we
estimate roughly an activity of 1 %, corresponding to the
wake-up logic.

The VLD state machine has six states: de, ac (ac-
tives states) and idle, de_w, ac_w and end_vld (non actives
states) (see Fig. 2). The typical energy consumption per
gate on a 0.18 micron technology is Fgqte = 0.240 pJ.
Taking into account the estimated activity values and the
expression (5), we obtain the value of the energy consump-
tion per cycle, showed in the next table. The values ac-
cording to the current state are accumulated in a variable
associated to the instance of the model.

Fig. 2. VLD state machine.

VLD state | E.ycic(pJ)
idle 9.6
de 317
dew 9.6
ac 317
ac-w 9.6
end_w 9.6

4.2. Memory energy model

The memory we use is a NEC SDRAM device with sev-
eral power states: operating, idle, power down, pre-charge
and refresh [12]. Besides the modes that are entered by
the intrinsic behavior of the state machine, a power down
mode exists, that is entered using an external signal and
can be thus controlled by a power management unit. A
TSS model that implements all these states is not yet
available. For the moment the memory model implements
only the following states: idle, read, read_pend, write and
write_pend (see Fig. 3). The model has an adittional pa-
rameter to introduce wait states (write_pend and read_pend).
The size of the used memory is 64 Mbits. The memory

Fig. 3. Memory state machine.

is divided into four banks of 2'? rows with 256 words of
16 bits. Two memories in parallel will be used to obtain
32-bit accesses. When a word is not in the output memory
buffer a new row has to be fetched from the correspond-
ing bank (page miss). A page miss adds a latency of 3
cycles. Since this latency is not represented in our model,
we introduce a scaling factor 7 that takes into account
the average page hit/miss ratio according to the equation:
T = (%page-miss * 3 + %page_hit * 1)cycles.

For a system consisting of N memories, simultaneously
running at the operating current I, voltage V and fre-
quency f (these three last values are specified in the data-
sheet), the energy consumption per cycle is given in (6).

IxV

E=r1x * Npem (6)

The page hit/miss ratio in MPEG-2 decoding was about
3/4 (25% pages miss). We consider a similar value for



MPEG-4. So the active states have 7 = 1.5. The idle state
does not need this parameter in the equation (7 = 1) and
pending states are not used at this time.

The operating current of the memory at 3.3 V and
100 MHz is 100 mA, and the idle current is 20 mA. Intro-
ducing these values in expression (6) leads to the energy
consumption per cycle listed in the following table.

Memory state | Ecycie(pJ)
idle 1320
read 9900
write 9900

4.3. Processor energy model

The processor energy model corresponds to the energy
consumption per cycle during the execution of a program
in the processor. Sinha [13] demonstrated that the energy
consumption in ARM processors varies only about 8% be-
tween the various instructions of a program. Therefore we
can consider an average energy consumption for all the
instructions of our application program, depicted in ARM
data-sheet. When there is a cache miss or when the pro-
cessor is waiting for the result from the VLD, the processor
stalls and executes NOP cycles that consume less energy.
So we distingue two types of cycles: active cycles, when
the processor is normally running and NOP cycles, when
the processor is waiting for data or instructions.

Our processor is an ARM920T (ARM9 with caches)
whose energy consumption in active cycles is 900 pJ and in
NOP cycles 400 pJ [3, 4]. The type of cycle can be detected
during the simulation by analyzing the bus transfers. The
energy consumption for each type of cycle is shown in:

CPU state Ecycla(pJ)
Active 900
NOP 400

4.4. Interconnect energy model

The system performs two types of transfers, one between
the processor and the VLD, and the other one between the
processor and the memory. Therefore there are two kinds
of energy consumption for the interconnect, both using
the same energy model. If we have Ngystcr, switching lines
during a cycle, with a capacitance Cjine per interconnect
line and a voltage swing of V4, the energy used in the
model is represented in (7).

2
Einteroonnect = Nswitch * Cline * Vdd (7)

A 1.1 pF on-chip line capacitance is derived for CPU-
VLD transfers. The voltage is 1.8 V for 0.18 micron tech-
nology. The memory transfers consume more power than
the VLD ones, because the memory is off-chip and the ca-
pacitances involved are bigger (PCB track, pin and driver
capacitances). The total capacitance estimated is 10 pF
and the PCB voltage is 3.3 V. Nswitcn are obtained dur-
ing the simulation by monitoring the wires activity with
spy modules, that detects for every cycle the number of
switching lines in data and address buses. The resulting
energies per switched line are shown in the following table.

Transfer Ecycie (»J)
CPU-VLD 3.5
CPU-Mem 108.9

The total and the instantaneous energies of the system are
available through simulation variables.

5. CONCLUSIONS AND FUTURE WORK

‘We have presented a simulation framework to estimate the
energy consumption in system level descriptions of embed-
ded systems containing new hardware blocks. We apply
this methodology to a System-level Cycle-Accurate Sim-
ulator and a Instruction-Set Simulator, that have been
extended with energy models. The energy model provides
the typical energy per cycle for each state of the compo-
nent. Lower level simulations will help to validate and
calibrate the energy models for different architectures of
the blocks. The system will be completed with the other
hardware blocks of the MPEG-4 video decoder. Different
low power techniques will be applied and evaluated. This
approach allows dynamic modifications during the simu-
lation, on parameters like frequency or voltage. This is a
very interesting characteristic because it permits to model
and optimize the power consumption in highly fluctuating
systems, composed of blocks with a very irregular behav-
ior. This method is intended to help designers to develop
complex systems. It allows the exploration of the energy
consumption and the impact of low power techniques at
earlier stages of the architecture definition.
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