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a specific target, they have certain limitations. The major drawback of Itsy is that
it is incapable of performing cycle-accurate analysis because it averages energy
consumption over the entire execution
time. Other studies adopt a software
energy estimation methodology—an
important aspect of embedded-systems
design since Tiwari, Malik, and Wolfe first
introduced this methodology.2 Their work focused on
the possibility of software optimization, but recently proposed tools extend the methodology to support highlevel hardware optimization. For example, JouleTrack
is a publicly available Web-based software energy-profiling tool for processor cores.3 SimplePower and Wattch
estimate the power consumption of processors, including the on-chip cache, on-chip bus, and on-chip SRAM,
but still excluding the off-chip subsystems.4,5 JouleTrack,
SimplePower, and Wattch are suitable for architecturelevel analysis because they consider only processors.
On the other hand, Simunic, Benini, and De Micheli present a system-level energy estimation framework that
includes a processor, an L1/L2 cache, off-chip memory,
and a DC-DC converter.6 Nevertheless, energy models
for off-chip memory devices are too simple to support
a cycle-level analysis. Their framework takes a basic
power-per-mode approach and assumes that devices
have only two modes: active and idle.
The increasing trend toward low-power design
requires a higher-fidelity, system-level energy estimation
environment. Here, we propose a Web-based energy
exploration tool, the SNU (Seoul National University)
Energy Explorer (SEE) Web—the publicly promoted ver-

Editor’s note:
This article describes a Web-based energy estimation tool for embedded
systems. An interesting feature of this tool is that it performs real-time cycleaccurate energy measurements on a hardware prototype of the processor.
The authors describe the various steps involved in using the tool and present
case studies to illustrate its utility.
—Anand Raghunathan, NEC Laboratories

ALONG WITH SPEED AND COST, energy consump-

tion is now a primary performance metric for battery-operated embedded systems. A well-designed embedded
system should be globally optimized to the target application, from the user interface to the device technology.
This type of global optimization over many layers of software and hardware is challenging because most designs
require extensive interdisciplinary collaboration. Energy
estimation is routine in low-level hardware design.
Unfortunately, at this stage, the specific application of
most hardware components is unknown, and designers
can’t perform an application-specific optimization.
Another opportunity for optimization is during software
and systems design, but these designers are often unfamiliar with hardware-related energy issues. This problem
is compounded because traditional energy estimation
tools such as Spice and PowerMill target low-level-hardware engineers, which might discourage designers working at higher levels from attempting global optimization.
A simple approach is to analyze actual measurements from a hardware platform. Tools such as Itsy use
computer-controlled multimeters or A/D converters to
measure energy consumption.1 However, although
these measurement-based systems are not restricted to
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sion of SEE, our accurate in-house energy estimation tool.
SEE Web offers high-fidelity energy estimation based on
cycle-accurate energy characterization, overcoming many
of the limitations of existing tools. We also developed a
finite-state machine (FSM) model that isolates dynamic
and leakage energy consumption with the help of a cycleaccurate measurement technique.7,8 Additionally, we built
the instruction set simulator (ISS) in hardware to increase
simulation speed. To achieve a wider design space, SEE
Web leaves many things available for users to configure
themselves. Configurable parameters include various system design parameters such as the processor clock frequency, cache organization, the SDRAM clock frequency,
and the SDRAM control policy.

SEE Web
SEE executes real application software on a testbench based on the SNU Energy Scanner.8 SES focuses
on the energy consumption of a microprocessor for software optimization, giving software programmers a perspective on their code’s energy consumption. SEE
targets an energy-optimal system configuration, given a
set of components, such as hardware IP cores and software codes. SEE extends SES by adding a configurable
memory hierarchy and an off-chip environment.7,10
Both SES and SEE are based on the same hardware
support, which provides direct cycle-accurate measurement of the microprocessor’s energy consumption. This
hardware plays the role of an ISS and comes with a real
microprocessor. An innovative technique using
switched capacitors captures the hardware’s cycle-bycycle energy consumption.8 This lets us run after two
hares—speed and accuracy—and catch both of them.
Engineers can measure energy consumption using a real
component, or they can estimate it using an energy FSM.
Unlike other FSM models, an energy state machine handles dynamic energy and static power separately.7
Although SEE is a useful tool, it has serious limitations for open use because it includes custom hardware. SEE Web overcomes these limitations through
Web technology, providing a high-fidelity energy estimation environment to any Internet user. SEE Web currently includes basic components for program
execution, but we designed it for easy expansion and
customization, and plan to progressively add more features. However, being a Web-based tool, SEE Web
encounters many obstacles, such as restricted profile
size, limited simulation time for interactive use, and
delays in downloads. These obstacles could discourage
users from intensive use with large programs. Therefore,
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Figure 1. Configuration of SEE Web’s target system.

we’ve set some restrictions for normal users, and we currently accommodate “power users” through batch processing and FTP support.
The Web page at http://see.snu.ac.kr gives immediate access to a high-fidelity energy estimation environment. Users can estimate the energy consumption of an
application program running on a desired hardware
specification in three steps:
■
■
■

configure the target architecture,
upload a binary image, and
retrieve the energy profile.

The SEE Web page also includes a trace formatter,
manuals, related articles, and a bulletin board.
Designed for compatibility, SEE Web requires only a
standard Web browser that can run Java applets.

Configuring the target system
Figure 1 shows SEE Web’s home page. The main
menus are on the left; the authentication menus are
between the title and the system configuration. SEE
Web guides users to the energy-optimal configuration
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of an embedded system or a SoC, and has sufficient
degrees of freedom to support energy exploration of
embedded applications. Clicking on the Simulation
menu opens the configuration screen. The user then
sees a typical kernel of a modern embedded system
equipped with a 32-bit reduced-instruction-set computing (RISC) processor, a cache memory, and an SDRAM
main memory. The configuration affects performance,
energy consumption, and thus cost, for the target system with a given application program and user data.

uploading, the energy estimation process starts, and the
log window reports progress. Finally, SEE Web completes the estimation process by notifying the time
elapsed on the target system, the elapsed ticks of the
processor, and the program counter’s last value.
Because SEE Web has a limited capacity for the profile,
the estimation process could stop earlier than the position specified by the control function However, we are
accommodating power users for intensive energy simulation using SEE Web. We will provide more capacity
to registered users.

Preparing a binary file
Because we based SEE Web on an ARM7 RISC
processor, it requires a cross-development environment.
We verified two development environments: the standard GNU Compiler Connection (GCC) environment for
Linux users and the ARM Software Development Toolkit
(SDT). We provide simulation support files such as linker scripts for both environments. We recommend GCC
version 2.95.3 because it’s the latest stable version and is
easy to obtain.
As an embedded-system program running without an
operating system, SEE Web is a pure cross-development
target. Thus, every target program must include a startup code, and has limited access to runtime libraries; we
recommend newlib-1.9.0. SEE Web supports start-up
codes for the SDT and the GCC. Target programs must
include only supported function calls and should be
linked with the start-up code. This code, init.s, sets up
the interrupt vector table and the stack pointer’s initial
value. Upon initialization, it calls c_entry(), which in turn
calls the user’s main() function. Users who want to estimate only specific portions of the code can do so by
placing only that code in the main() function. For convenience, we also provide special functions,
EstimationStart() and EstimationEnd(), to enable and
disable the energy estimation process during simulation,
thereby considerably reducing the amount of trace data.
SEE Web’s memory map is simple. A 16-Mbyte RAM
area starts at 0x00000000. SEE Web also supports a linker script, so users need not worry about section divisions. SEE accepts the Motorola S3 S-record format for
image uploads. (SEE Web’s home page, http://see.
snu.ac.kr, contains detailed documentation on supported functions and on building the cross-development environment.)
Users can upload a binary file through a typical Webstyle dialog box. Clicking on the Submit button sends
the image file to the Web server and eventually downloads it to the SES hardware vector memory. After
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Verifying the results
SEE Web presents simulation results in various forms.
It generates a text file as a simple simulation report, and
it provides Java applets for viewing the energy trace and
memory map on a Web browser. We could have used
ActiveX control, which provides many useful functions
(load and save, screen hard copy, and so on), but that
would limit users to Microsoft Windows. Using a Java
applet provides wider operating-system compatibility.
For power users, bulk energy trace files are also available. SEE Web stores each component’s cycle-accurate
energy consumption and each cycle’s program counter
in binary format, making it possible to correlate energy
estimation with each input line in the source code.
However, this is quite complicated, so we recommend
they use EstimationStart() and EstimationEnd() for
function-level energy analysis.
Simulation report. After completion, SEE Web prints
basic information about the simulation to a text file. This
file includes the target system configuration, total
elapsed time, cache and memory transactions, and total
energy consumption. Users can access this file by clicking on the view link in the Simulation report column.
This file can serve as data for basic analysis and as a reference for later use.
Trace formatter. The result of energy estimation is a
large binary file that remains in the Web server’s file system. All users can download the file by clicking on the
Down link in the Profile data column. However,
because of the potentially long download times and
unfriendly data formats, we don’t recommend this.
SEE Web provides a trace formatter that visualizes
the energy values like a storage oscilloscope. Users can
selectively activate the energy waveforms for the processor core, cache memory, SDRAM controller, off-chip
bus and drivers, or SDRAM. The trace formatter supports
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pan and zoom. When the zoom scale is
1×, each time instant corresponds to a
tick of the processor clock. As the zoom
scale increases, the energy values for
each time instant become the accumulation of the cycle-by-cycle energy values.

Combinational logic
Energy consumption

SDRAM viewer. For users wishing to verify their program’s result, we also provide
a memory map viewer. SEE Web saves the
entire main memory after program execution so that users can dump the memory contents later. The SDRAM viewer
shows the memory contents in both ASCII
and hexadecimal formats. It’s also possible to download the entire memory
image, which is 16 Mbytes.

Clock

Flip-flops Sn −1

Stable
Sn +1

Sn

IDD
Dynamic and static

Static only

Figure 2. Energy consumption for a single state transition.

Multiuser issues
Users may not interrupt the hardware ISS during a
simulation request. Currently, the Web server has one
hardware ISS card, and a simple job queue schedules
multiple requests. If a user submits a new binary file
while another user is occupying the system, the new
request goes into the queue, and that user receives a
message about this file’s rank in the queue. The queue
rank number is decremented internally as the preceding jobs finish; users can check progress by occasionally refreshing their Web browser. The hardware ISS’s
processing speed is relatively fast—one request usually
takes less than a minute—so users shouldn’t have to
wait long to use the tool. Moreover, we can easily
improve SEE Web’s availability by installing multiple
hardware ISS cards. We will do this when the number
of accesses justifies it. Once SEE Web has begun to service a simulation request, it stores the simulation results
in files, where users can access their results at any time.

High-fidelity energy estimation
Here, we discuss the energy consumption of a synchronous finite-state machine (FSM). For cycle-accurate energy annotation of an FSM, we use a special
measurement technique with two switched capacitors
instead of conventional measurement equipment such
as an ammeter.

Energy consumption of a synchronous FSM
High-fidelity energy estimation begins with an accurate energy consumption model. The energy consump-
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Simultaneous
transitions

tion of most logic gates consists of dynamic energy and
leakage power. Dynamic energy consumption stems
from switching capacitance and short-circuit currents
during signal transitions. Leakage (or static) power consumption is due to the logic structure, the physical
design, or both. The amount of dynamic energy in a synchronous FSM is independent of the operating clock frequency and depends solely on the number of state
transitions. Leakage power is generally constant for a
single gate, but appears variable in a system-wide view
because of the internal circuits’ selective activation.
Execution time is a function of the number of clock
ticks required to finish a job, and the leakage energy
within a clock cycle is inversely proportional to the
clock frequency.
Figure 2 shows the energy consumption for a single
state transition. When a clock transition occurs, the flipflops use the new input values to update their output
after a certain propagation delay. As new output values
appear at the flip-flops, combinational logic connected
to the flip-flops can change its output. Logic forming the
next state then starts to recalculate its outputs, thus
propagating simultaneous transitions. As the combinational logic finishes its calculation, the FSM becomes
stable again, introducing no further transitions until the
next clock tick. From the initial clock transition until it
becomes stable, the FSM consumes dynamic energy.
The time that the combinational logic needs for recalculation doesn’t vary with the clock frequency. Hence,
dynamic energy consumption is constant regardless of
the clock period. But the static current flow is steady, so
leakage power consumption is proportional to the

5

Energy Consumption in Embedded Systems

tinguishes a device’s power consumption by its operating modes (active, idle, doze, power-down, and so on).
However, it ignores the dynamic energy required for
Si
Sj
mode changes. More precisely, this analysis averages
Static power at Si
Static power at Sj
out the dynamic energy portion for the clock period
and includes it in the static energy; that is, E = (Ps +
Figure 3. Energy consumption of a synchronous
Ed/τ)t. Thus, by relying on characterization, the FSM
might underestimate the dynamic energy at a faster
FSM.
clock speed and overestimate it at a slower speed.
Moreover, power-per-mode characterization cannot
length of the clock period. Again, taking a system-wide describe the energy variation caused by controlview, some active logic gates could differ from this state- sequence changes such as S1 → S2 → S3 and S1 → S3 →
by-state analysis due to current-mode circuits, bipolar S2, even if each state’s tenure time is the same.
totem-pole outputs, open-drain outputs, selective
The characterization scheme for energy consumppower-down, and so on.
tion per access can’t represent the energy variation that
Figure 3 denotes the power consumption of a syn- a clock frequency change causes, because a portion of
chronous FSM.7 Logic circuit designers generally char- the static energy for a clock period is added to the
acterize combinational logic by its input and output dynamic energy; that is, E = (Ed + Psτ)n. This analysis is
data. In contrast, the energy consumption of most suitable for asynchronous devices, although the FSM
sequential logic depends primarily on the FSM’s inter- might overestimate the static energy at faster clock
nal state. We can assume that the static power is con- speeds and underestimate it at slower clock speeds.
stant at a given state. Therefore, the static energy However, the synchronous-energy FSM denotes the staconsumption is proportional to the tenure time (the tic and dynamic energy separately. It can thus can charlength of time that the static power spends at that state). acterize exact energy consumption while reflecting
But dynamic energy is not dependent on the tenure energy variations caused by control-sequence and
time. Thus, we denote the total energy consumption for clock-frequency changes; thus, E = Pst + Edn.
a state transition from to Si to Sj as
Now, assume we want to find the energy variation of a
synchronous memory system by changing the memory
E(Si, Sj) = Ed(Si, Sj) + [Ps(Sj) × τ]
(1) clock frequency while fixing the processor clock frequency, as Figure 4 shows. Although the example in
where Ed is the dynamic energy in joules, Ps is the static Figure 4b uses a slower clock than in Figure 4a, the numpower in watts, and τ is the clock period of the FSM in ber of accesses within a given period is the same; hence,
there is no performance change. However, in Figure 4c,
seconds.
Table 1 compares the synchronous energy FSM with the faster memory clock lets one more memory transactwo popular energy characterization schemes, where n tion take place during that period. This example demonis the number of accesses, and t is the time the FSM strates the modeling superiority of the energy FSM over
spends in active mode. A power-per-mode analysis dis- conventional energy characterization methods, such as
the power-per-mode and
energy-per-access models
Table 1. Energy characterization schemes for a synchronous finite-state machine (FSM), where E is total
widely used in system-level
energy consumption in joules, Ps is the static power in watts, Ed is the dynamic energy in joules, τ is the
energy simulators.
clock period in seconds, t is the time the FSM spends in active mode in seconds, and n is the number of
As an example, assume
accesses.
that the idle-to-idle dynamState
Transition
ic energy is 1 nJ, the idle-toEnergy
Energy
Energy
active dynamic energy is
characterization
Annotation
equation
Annotation
equation
10 nJ, the active-to-idle
energy is 5 nJ (usually
Power per mode
Energy
E = (Ps + Ed/τ)t
Probability
NA
precharge, which conEnergy per access
NA
NA
Energy
E = (Ed + Psτ)n
sumes significant energy,
FSM energy
Static power
E = Pst
Dynamic energy
E = Edn
occurs at this point), the
Dynamic energy from
Si to Sj
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Figure 4. Energy consumption of different access styles between times t1 and t2: standard access (a), slow clock
(b), and fast clock and one more transaction (c).

idle-mode leakage is 0.01 nJ/ns, and the active-mode
leakage is 0.2 nJ/ns. We can directly apply these values
to our FSM model, but we must convert them to fit them
into the other two energy characterization schemes.
Assuming a 100-MHz operation, the power-per-mode
model describes the memory system energy as 0.11 nJ/ns
for idle mode and 1.6 nJ/ns for active mode. The energyper-access model describes the memory system energy
as 1.1 nJ for an idle cycle and 16 nJ for an active cycle.
Consequently, the exact energy consumptions that the
energy FSM reports are 36.4, 36.3, and 47.9 nJ for 100, 66,
and 133 MHz. The power-per-mode model reports 36.4,
51.3, and 40.1 nJ. The energy-per-access model reports
36.4, 34.2, and 53.5 nJ. These results indicate that the two
traditional techniques do not guarantee correct results
when operating at different frequencies.
Once we can manage a devices’ functional FSM
model, the associated energy FSM also becomes feasible. Unfortunately, state explosion often limits an FSM’s
utility, but many valuable techniques such as macromodeling and hierarchical FSMs can extend its potential applications. Consequently, we use energy FSMs
only for buses, peripheral devices, and memory devices,
which have relatively few states.

Cycle-accurate energy annotation
Although a synchronous-energy FSM is ideal for highfidelity characterizations of energy consumption for synchronous digital systems, we need a special technique
to annotate energy values for transitions and states. As
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(CMOS gates)

Figure 5. Cycle-accurate energy measurement using
switched capacitors C1 and C2, where VC1 and VC2 are the
voltages across those capacitors, SW1 and SW2 are switches,

CB is the on-chip bypass capacitance, IS is the leakage
current, RS is the static resistance corresponding to this
leakage current, and CL is the device’s load capacitance.

Figure 2 shows, dynamic energy consumption, represented by power-supply current IDD, occurs only during
the propagation time, which is usually a matter of
nanoseconds. The physical design, not the operating
frequency, determines the propagation delay, so the
power spectrum of IDD reaches well beyond several hundred megahertz, regardless of the operating frequency.
This seriously discouraged us from trying to distinguish
IDD from the cycle-by-cycle dynamic energy using conventional equipment such as an ammeter.8
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age drop that appears on the switched capacitors in
Figure 6. The continuous voltage drop’s slope corresponds to the leakage power consumption. VC1(i⋅)
denotes the voltage across capacitor C1 for the ith clock
cycle, where argument (⋅) denotes the four different
states of the capacitor supplying power to the target circuit:

Clock
SW1
SW2
VC1(i − −)

VC1(i − )
VC1(i + )

■

VC1(i ++ )

■
■

∆t Voltage drop Voltage drop Voltage drop
due to CL + RS due to RS due to CB+RS

■

(– –), meaning fully charged;
(–), meaning connected to on-chip bypass capacitor
CB;
(+), meaning discharged by leakage energy consumption; and
(+ +), meaning discharged by dynamic energy consumption.

Figure 6. Voltage across switched capacitor C1 in Figure 5.

Because cycle-accurate energy measurement is
essential for annotating a synchronous-energy FSM, we
developed a special technique to handle the cycle-bycycle energy measurement of high-speed digital systems.8 Figure 5 shows the measurement setup. We
transfer charges to the capacitor and operate the target
device using these charges. By simply measuring the
capacitor’s initial and final voltage, we can derive the
exact energy that the target device consumed.
Most modern devices mitigate power-supply fluctuation using on-chip bypass capacitors, but this complicates energy calculations. We denote the on-chip
bypass capacitance as CB and determine its value using
the charge-sharing rule.11 In addition, modern high-performance devices are not generally free from leakage
current. Therefore, we add static resistance RS into the
device model to represent the leakage current.
Although most system-level energy simulators are primarily concerned about load capacitance CL, we use
fairly realistic energy models for both measurement and
characterization.
Figure 6 shows a waveform we captured with a digital storage oscilloscope (DSO) using high-speed,
pipelined A/D converters. The voltage drop varies,
depending on the target device. We minimize the A/D
converters’ quantization error by adjusting the capacitance of switched capacitors C1 and C2 to correspond to
the A/D converters’ full-scale voltage swing. This demonstrates why it’s necessary to customize the measurement
tool to a target device, one of the motivations for our
Web-based tool.
Dynamic energy consumption causes the major volt-

8

At the same time, C2 is discharged during (– –) and
remains in a fully charged state during (–), (+), and (+ +).11
The waveform’s slope is the static or leakage energy
consumption.11 We denote the ith clock cycle’s static
power as

Ps(i) = 1/2(C1 + CB)[VC1(i–)2 – VC1(i+)2]/∆t (2)
We eliminate ∆t by converting the static power to static energy consumption over clock period τ. We denote
the ith clock cycle’s dynamic energy as

Ed(i) = 1/2(C1 + CB)[VC1(i+)2 – VC1(i+ +)2] (3)
Finally, the total energy consumption is
n

E=

∑
i =0

n

⎡⎣E d ( i ) + τ Ps ( i )⎤⎦ =

∑E (i ) + nτ P
d

s

(4)

i =0

It’s not easy to determine the exact time that delimits
the period for the dynamic energy through delimiter
VC1(i+ +). Improper division into dynamic and static
energy can cause severe errors if the clock frequency
changes significantly. To avoid this, we measure the
cycle-accurate energy at various clock frequencies. We
cross-check the dynamic energy values measured at different clock frequencies and thus confirm the dynamic energy values.11

SEE Web architecture
SEE Web is expandable, and we can add a new IP
core in the form of a behavioral-level C code function.
Such a function would include an energy consumption
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Figure 7. Architecture of SEE Web.

model at the clock-cycle level in the form of the energy
FSM. This model would enable design-space exploration with complete freedom.
Figure 7 shows SEE Web’s architecture. The simulation manager connects a typical embedded system containing a CPU, cache, off-chip bus, SDRAM controller,
and SDRAM to a Web server. Users can configure the
system architecture, upload a program to simulate, and
see the simulation results through the Web interface.

Instruction set simulator
A 32-bit RISC processor, the ARM7TDMI, serves as the
ISS for SEE Web. Users can freely vary the ISS’s clock frequency between 33 MHz and 1 GHz, because the energy measurement circuit measures energy per clock
cycle rather than the average power over a clock period. (The ARM7TDMI actually operates with a fixed
clock frequency). The ISS captures the ARM7TDMI’s
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cycle-by-cycle energy consumption and bus transactions. The ARM7TDMI test chip does not include a memory management unit or cache.
A hardware ISS has many advantages. One of its
most beneficial features is execution speed acceleration. A software ISS generally has a speed bottleneck
due to complex parsing. But only the energy measurement circuits limit the ARM7TDMI’s speed. Simple
board-level analog-circuit techniques permit clock
speeds of several megahertz. Moreover, we saved manpower in designing and implementing the ISS. It wasn’t
much different from making an ordinary PC card with
a microprocessor; it took only a few person-months to
finish the first version of the hardware. The short design
and implementation time encourages us to upgrade the
microprocessor, if necessary. Most importantly, we dramatically reduced verification time because we didn’t
have to pursue bugs in the ISS. This is a critical issue in
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modern systems design. We can also reduce the time
required to port a program under test.
One of the most serious drawbacks of using a hardware ISS is the difficulty of duplicating or distributing
the tool. This was the motivation for SEE Web, and Web
technology has now overcome this problem. Another
drawback is the processor core’s reduced flexibility, but
this also occurs when using a software ISS. In fact,
despite the fixed ARM7TDMI core, SEE Web is suitable
for several diverse systems, including the following
examples:
■

■

■

Embedded-systems designers are often interested in
the entire system, not just the microprocessor. For
example, the proportion of energy that the processor core consumes is generally less than 10% of the
total system energy.
Most RISC processors have a similar number of registers, similar code densities, and the same word
length, so you can expect similar memory transactions between the processor core and the first-level
cache.
Sometimes the average power estimation, as reported on data sheets, is sufficient. Pipelined operations
maximize each component’s use, so power fluctuations are often minor.
We implemented the rest of the hierarchy in software.

Cache
The cache module has a 32-bit data word, a 32-bit
address space, and separate cache memories for
instructions and data. The cache simulator differs from
well-known simulators, which often ignore data behavior. The instruction cache and the data cache are independently configurable with considerable flexibility.
Their capacity is selectable between 1 and 32 Kbytes.
Set associativity is configurable between direct-mapped
and 32-way. Line size is selectable between four and
eight words. The replacement policy is currently least
recently used (LRU), but we will soon provide other
policies, such as pseudorandom and round-robin. The
cache module and the processor core use the same
clock frequency for synchronization.
We set up the cache energy model based on
XCacti,12 which provides an analytical model for a
cache’s energy. First, we composed an FSM model of a
cache in terms of the microprocessor’s view, as Figure 8
shows, but including synchronization with an SDRAM
controller whose clock frequency was different from
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that of the cache. Second, we decomposed XCacti’s
energy-per-access model into dynamic energy and leakage power in terms of the cache’s FSM. XCacti provides
not only the total energy for each cache operation—
such as read hit, write hit, write back, and line fill—but
also the energy for each cache component. Among the
cache components, we assigned sense amp tag and
sense amp data energy to leakage power, and the others to dynamic energy. Finally, we had to resolve idleto-idle leakage and dynamic-energy values because
XCacti doesn’t distinguish them. We interpolated these
values using the power consumption figures given on
the data sheets corresponding to different types of synchronous SRAM.
The dynamic energy and leakage power depend on
the cache’s size and configuration. Table 2 shows the
energy values corresponding to Figure 8, for a typical
cache configuration. The FSM includes energy values
for all the configurations that the simulator supports.

Off-chip bus
The off-chip bus driver specification is a low-voltage
technology (LVT) for either a 3.3-V transistor-transistor
logic (TTL) or 3.3-V BiCMOS bus with a 2.7-pf transmission line capacitance. Soon, we will provide other bus
drivers such as low-voltage CMOS (LVCMOS), gunning
transceiver logic plus (GTL+) and stub-series termination
logic (SSTL).10 To prevent the data bus from floating during a high-impedance state, we made bus-hold logic
selectable. Because of excessive static current, passive
pull-up is not suitable for quality systems, but we plan to
include it anyway. Users can also select bus-invert coding using the transition activities or the logical-low state.10
The energy state machines shown in Figure 9 denote
the energy consumption of synchronous off-chip buses.
In Figure 9a, states S0 and S1 represent driven-low and
driven-high states. Figure 9b includes S2 and S3 to represent bus-hold states. Researchers have already studied the power consumption of the LVT and GTL+ bus
and bus drivers.10 We compose an energy state machine
for an LVT bus (a commonly used high-performance
memory bus for embedded systems) by converting the
power values to cycle-accurate energy values. The bushold logic acts like a small capacitance (typically 0.5
pf) and consumes negligible DC current, and we allow
no state change, such as S0 → S3 → S1. This guarantees
that E4 = E5 = E6 = E7 = 0, and P2 = P3 = 0.
In Figure 9a, we used a Fairchild 74LVT245 transceiver to compose a 2-inch bidirectional bus with E0 =
E1 = 0.55, E2 = E3 = 0, P0 = 0.0053, and P1 = 0. The units of
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Figure 8. Synchronous energy FSM of the cache, where Ei is the idle-state dynamic energy; Pi is the idle-state
leakage power; Erh is the read-hit dynamic energy, Prh is the read-hit leakage power, Ewh is the write-hit dynamic
energy, Pwh is the write-hit leakage power, Erm is the read-miss dynamic energy, Prm is the read-miss leakage power,

Ewm is the write-miss dynamic energy, Pwm is the write-miss leakage power, Elf is the line-fill dynamic energy, Plf is
the line-fill leakage power, Ewb is the write-back dynamic energy, and Pwb is the write-back leakage power.

Table 2. Baseline energy values for the 0.18-µm, 8-Kbyte, four-way, four-word-block cache module in Figure 8.
Energy type

Idle state

Read hit

Write hit

Read miss

Pi

Prh

Pwh

Prm

Pwm

Pwb

Plf

0.0004

0.0106

0.0106

0.0106

0.0106

0.0106

0.0004

Leakage power (nJ/ns)

Write miss

Line fill

Ei

Erh

Ewh

Erm

Ewm

Ewb

Elf

0.06

0.18

0.23

0.18

0.18

0.21

0.31

Dynamic energy (nJ)
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E2
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Figure 9. Energy state machine of synchronous off-chip bus driver without (a) and with (b) bus-hold logic.

November–December 2004

11

Energy Consumption in Embedded Systems

0.15
Refresh

Idle

0.34

1.52
0.31

Bank
idle

0.31

0.15

1.99

Precharge

Active
idle

Row
miss

1.00
Row
hit

0.15

Figure 10. Synchronous-energy FSM of the
SDRAM controller implemented with 0.18-micron
technology. (All energy values are in nJ.)

E and P values are nJ/bit and nJ/(ns⋅bit), respectively.
We apply these energy values to the address and data
buses by using the bus models described earlier.7

from two major vendors: Samsung Electronics’ 128-Mbit
K4S280832B and Micron Technology’s 128-Mbit
MT48LC16M8A2.7 Currently, SEE Web allows only 16
Mbytes of memory space for target application programs out of a possible 64 Mbytes.
An SDRAM’s energy consumption also varies with
the data and address for read and write transactions,
but these contribute a very small percentage of the total
energy, which mainly depends on the device’s internal
state. The SDRAM changes its state at each clock transition, according to the command input. Figure 11 illustrates a simplified FSM of an SDRAM. We merged some
states together to simplify the figure; in the simulator,
we use the exact FSM models for accuracy.7 For each
state, we annotate the leakage energy per clock cycle
consumed in the state, and we annotate each transition
with the dynamic energy consumed during the transition. We also acquired these values using our cycleaccurate measurement technique and Equations 2 and
3. As Figure 11 shows, the Samsung and Micron devices
have different energy consumption behaviors. Data
sheets for the two devices tell us only that the Micron
device consumes a little more power than the Samsung
one, but the FSM model lets us discover more details
about their behavior.

On-chip SDRAM controller
We based SEE Web’s SDRAM controller on a typical
SDRAM controller but with special embedded functions
for power management. These include active-page,
auto-precharge, and delayed-precharge policies, as well
as automatic idle-mode power-down and wake-up features.7 The SDRAM’s clock frequency is adjustable from
33 to 133 MHz.
We acquired the SDRAM controller’s energy model
using an FPGA implementation. We use the cycle-accurate measurement technique exhaustively to find the energy consumption of each SDRAM controller operation.
Then we extract the leakage and dynamic energy using
Equations 2 and 3. Our FPGA implementation consumes
241.4 mW during continuous auto-precharge, burst-mode
accesses,7 whereas a similar SDRAM controller implemented with 0.18-micron CMOS technology consumes
26.6 mW. So we normalize the energy value in the energy
FSM using the 0.18-micron CMOS controller’s average
power consumption. The leakage energy of all the states
is the same, 1.33 pJ/ns, which is 5% of the total power.

Other components
Currently, SEE Web supports only the core components necessary to run application programs: a CPU, a
cache, an SDRAM, an SDRAM controller, and an offchip memory bus. We will continually add other components to allow more system-wide energy exploration.
For example, we will soon add
■

■

■
■

an asynchronous system interface comprising a programmable address decoder and an off-chip bus
interface with a configurable wait cycle;
a NOR flash memory for both asynchronous and synchronous interfaces, such as Intel StrataFlash, that
allows burst-mode transactions;
on-chip peripherals such as timers and DMA controllers; and
off-chip peripherals such as an LCD controller (we’ll
also include a frame-buffer memory and associated
buses, a backlight system, and an LCD panel).

Verification of the energy estimation
SDRAM
SEE Web comes with a 32-bit (8 bit × 4 bit), off-chip
SDRAM array. Currently, SEE Web supports two devices
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To verify SEE Web’s energy estimation, we compared its simulation results with measured energy values from a real hardware board. The board is a typical
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Figure 11. Simplified FSM of SDRAM operations for the Samsung Electronics K4S280832B and the Micron
Technology MT48LC16M8A2: burst-read Micron (a); burst-write Micron (b); burst-read Samsung (c); burst-write
Samsung (d). Dynamic energy values (numbers annotated at each transition) are in nJ. Leakage power values
(numbers annotated in each state) are in nJ/ns.

embedded system equipped with an Intel XScale 80200
processor, a Micron 128-Mbyte SDRAM, an Intel flash
memory, Ethernet controllers, and so on. The board has
separate power planes for different components, and
it’s possible to measure each component’s energy consumption separately using a data acquisition system. In
this experiment, we considered the energy consumption of the CPU and the SDRAM power planes. This
includes the energy consumption of the CPU core, onchip instruction and data caches, address and data
buses, and SDRAM devices, comprising an architecture
quite similar to that of our simulator. To improve this
verification’s plausibility, we configured SEE Web as
similarly as possible to the board. Table 3 summarizes
the configuration of these two environments.
We ran four embedded applications on both environments: an MPEG-4 decoder and three MiBench

November–December 2004

Table 3. SEE Web’s configuration compared with a real embeddedsystem hardware board.
Parameter

SEE Web

Board

CPU family

ARM7

Xscale

Data bus width

32 bits

64 bits

SDRAM capacity

64 Mbytes

128 Mbytes

SDRAM control

100 MHz, active-page policy

Instruction and data caches

32 Kbytes, 32-way set associative

CPU frequency

333 MHz to 733 MHz

benchmark suite applications. MiBench is a well-known
benchmark suite that provides a set of representative
embedded programs. Because the board is not designed
for this verification, we didn’t expect the energy consumption behavior of the two systems to be identical. The
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Figure 12. Energy consumptions of SEE Web and a real embedded-system hardware board for an
MPEG-4 decoder (a), and for string-search (b), basic-math (c), and CRC32 cyclic-redundancy-check
(d) benchmarks.

two systems’ energy densities differ, so the simulation
results will be somewhat different from the measured
data. However, this experiment shows that SEE Web gives
reasonable results for an entire embedded system.
Figure 12 shows the energy consumption of SEE Web
and the board at different CPU core clock frequencies.
In both environments, the CPU’s energy consumption
tends to remain in a narrow range because we scaled
only the clock frequency, not the supply voltage. On the
other hand, because the SDRAM’s power consumption
was almost independent of the CPU core’s clock frequency, a higher frequency leads to shorter execution
time and thus lower energy consumption by the
SDRAM. Therefore, the curves show a decline in energy consumption as the CPU core clock frequency
increases. This tendency appears more clearly in the
board because it has a larger memory and a wider bus.
The difference between the two curves is the consequence of different silicon technologies, different components, and so on. In summary, SEE Web gives
reasonable results, and we hope this encourages users
to employ it for a wider range of embedded systems.
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Example application
Figure 13 gives an idea of how the tool displays the
simulation result for an example application—a JPEG
compressor. This application has the following configuration:
■
■
■
■
■

a 266-MHz microprocessor;
four 66-MHz SDRAMs;
an 8-Kbyte instruction cache and data cache with
two-way set associativity and four-word blocks;
an SDRAM controller with an auto-precharge policy;
and
the Samsung K4S280832B as the SDRAM device.

The simulation report can provide a short summary,
if that’s all a user needs. The trace formatter shows each
system component’s cycle-accurate energy consumption, using graphs that plot time against power. SEE Web
also supports the SDRAM viewer, which lets users
access the system’s main memory. Users can employ
the SDRAM viewer for verification or debugging purposes.
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SEE WEB is an active project, and we

will regularly maintain and upgrade it.
The current version includes the essential components to execute a program
that doesn’t require a specific peripheral. For applications that need a peripheral device, we will progressively add new
components. Adding new peripherals to
SEE Web requires the following straightforward steps:
■
■

■
■
■

Derive a control-oriented, clock-cycleaccurate FSM.
Measure the energy consumption
using SNU Energy Characterizer (SEC)
and SEC for FPGAs (SECF).
Compose an energy FSM.
Write a cycle-driven simulation code.
Add the new device code.

The SEC and SECF cooperative tools
are cycle-accurate energy measurement
platforms based on the measurement
technique explained in the “Cyclic-accurate energy annotation” section.7,11 SEC Figure 13. Snapshot of detailed energy consumption of a microprocessor,
handles memory and other peripheral an instruction cache, and SDRAM devices.
devices. SECF is for Xilinx FPGA devices.
Through cycle-by-cycle measurements,
these tools derive dynamic energy and leakage power
Design Automation Conf. (DAC 01), ACM Press, 2001,
to annotate the energy FSMs.
pp. 220-225.
SEE Web (http://see.snu.ac.kr) is now available for
4. W. Ye et al., “The Design and Use of SimplePower: A
public use.
■
Cycle-Accurate Energy Estimation Tool,” Proc. 37th
Design Automation Conf. (DAC 00), ACM Press, 2000,
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