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Abstract - The concept of energy aware software is intro-
duced. A simple energy model for software is presented that

separates the switching and leakage components and predicts /Downloaded software

its total energy consumption with less than 5% error for a set of function( parameters ... ) (with energy model)
benchmark programs. The experiments have been performed a : _ ]
on the StrongARM SA-1100 microprocessor. A mathematical [

model for the total leakage current has also been proposed and
it has been shown that they can account for about 10% of the
energy dissipation for low threshold voltage microprocessors -

and, assuming continuous operation, the leakage energy frac- ariable supply

tion gets significantly higher for lower duty cycle Variable frequency

energy( function, vdd, f, ...

|. INTRODUCTION Fig. 1. Energy aware software

As wireless communications goes into the realm of net-

work-based services such as wireless internet access and Alf“’”?er do;neuﬂ of interest WO.U|d :e distributed sen_sord
video phones, to name a few, the constraints on energy effi-2Pplications [3] where, once again, the energy constraine

ciency of portable, battery-operated, hand-held Syste‘mssensors should be able to configure themselves based on their

would significantly increase. Personal communication prod- current energy status and energy models for the task resident

ucts based on Java-enabled digital signal processing havé" transmitted to them. Clustering sch_er_nes and transmission
already been proposed. Such systems would not have al[nechamsms would rely on such predictive models.

applications resident in them but would derive functionality  \yjith increasing trends towards low power design, supply
from the wireless network or the internet. Applications voltages are constantly being lowered as an effective way to
would have to be downloaded from the network upon reqyce power consumption. However, to satisfy the ever
request. _ ) demanding performance requirements, the threshold voltage
The energy constrained hand-held devices should be ablgs 150 scaled proportionately to provide sufficient current
to estimate the energy requirement of an application that hasyrive and reduce the propagation delay. As the threshold
to be executed and make subsequent decisions about its pry|tage is lowered, the subthreshold leakage current becomes

cessing ability based on user-input and sustainable batteryncreasingly dominant. Multiple thresholds have been used
life. Therefore, the concept of ‘energy aware’ software is 4 geal with the leakage problem [4][5].

integral to such systems. For example, based on the energy

model for the application, the system should be able to In this paper we propose a simple energy model for soft-
decide whether the particular application can run at the ware based on frequency and supply voltage as parameters.
desired throughput. If not, it might be able to reduce its volt- The model incorporates explicit characterization of leakage
age using an embedded DC/DC converter and run the appli-€nergy as opposed to switching energy. A technique to iso-
cation at reduced throughput [1]. On the other hand, if the late the two components has been demonstrated. The relative
user desires he could have the application running at thesignificance of these energy components under different duty
same throughput but reduced accuracy [2]. These energy<ycle tasks has also been explored.

accuracy-throughput tradeoffs necessitate robust energy

models for software based on parameters such as operating II. EXPERIMENTAL SETUP
frequency, voltage and target processor. This idea is summa- ) )
rized in Fig. 1. The ‘function’ or application that is down-  The experimental setup consisted of the Brutus SA-1100

system can use to configure itself based on user specificatio§ARM SA-1100 microprocessor connected to a PC using a
and energy availability. serial link. The SA-1100 consists of a 32-bit RISC processor



core, with a 16 KB instruction cache and an 8 KB write-bacland measure the energy consumption we should observe a lin-
data cache, a minicache, a write buffer, and a Memory Mawar increase with the execution time with the slope being pro-
agement Unit (MMU) combined in a single chip. It can operportional to the amount of leakage.

ate from 59 MHz to 206 MHz, with a corresponding core

supply voltage of 0.8 Vto 1.5 V. B. Observations

The power supply to the StrongARM core was provided The subroutine chosen for execution was the decimation-
externally through a variable voltage sourcemeter. The I/@-time Fast Fourier Transform (FFT) algorithm [9] because it
pads run at a fixed supply voltage. The ARM Project Managés a very standard, computationally intensive, Digital Signal
(APM) was used to debug, compile and execute software ®rocessing (DSP) operation. The microprocessor, therefore,
the StrongARM. Current measurements were performedins at maximum ‘horsepower’. The execution time forNan
using the sourcemeter built into the variable power supply: 1024 point FFT on the StrongARM is a few tenths of a sec-
The instruction and data caches were enabled before the pgtd and scales a®(NlogN) . To obtain accurate execution
grams were executed. To measure the current that is drawntiiye and stable current readings, the FFT routine was run a
a subroutine, the subroutine was placed inside a loop wifew hundred times for each observation. A total of eighty dif-
multiple iterations till a stable value of current was measurederent data points corresponding to different supply voltages
Software power estimation techniques, have been exploreddatween 0.8 V and 1.5 V and operating frequencies between
literature [8]. As will be shown subsequently, the leakagg9 MHz and 206 MHz were compiled.
measurement technique relies on measuring the charge con-
sumption by a subroutine. To measure the charge we need to
know the current drawn while the subroutine is executing and
the exact execution time. The execution time for multiple iter-
ations was obtained accurately using the time utility in C and
the execution time per iteration and charge consumption were
subsequently computed.

x107°
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for given frequency
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The core supply voltage was altered directly from the
external supply while the internal clock frequency of the pro-
cessor was changed via software control. Details of the Stron-
gARM setup can be found in [11][12].
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A. Principle

The power consumption of a subroutine executing on a
microprocessor can be macroscopically represented as

Fig. 2. FFT energy consumption

Fig. 2 illustrates the implications of Equation 2. When the
= chdzd f+Vydlleak (1) operating frequency is fixed and the supply voltage is scaled,
the energy scales almost quadratically. On the other hand,
wherePy is the total power which is the sum of the static andvhen the supply voltage is fixed and the frequency is varied
dynamic component<;, is the total average capacitancethe energy consumption decreases linearly with frequency
being switched by the executing program, per clock cycle, ande. increases linearly with the execution time) as predicted
fis the operating frequency (assuming that there are no stajg Equation 2. Not all frequency, voltage combinations are
bias currents in the microprocessor core) [7]. Let us assum@ssible. For example the maximum frequency of the Stron-
that a subroutine take&t time to execute. This implies that gARM is 206 MHz and it requires a minimum operating volt-
the energy consumed by a single execution of the subroutigge of 1.4 V. The line across the surface plot demarcates the

I:)tot = den+ I:)stat

IS possible operating regions from the extrapolated ones (i.e. the
_ — 2 minimum operating voltage for a given frequency).
Eiot = Prol®t = CiotVad * Vadlealdt 2 P g g g d )
whereC, is the total capacitance switched by executing sub- IV. L EAKAGE ENERGY MODEL

routine. Clearly, if the execution time of the subroutine is

changed (by changing the clock frequency), the total switched We can measure the leakage current from the slope of the
capacitanceC,y,, remains the same. Essentially, the integrate@neray characteristics, for constant vplta_ge operation. One
circuit goes through the same set of transitions except th4@Y to 100k at the energy consumption is to measure the
they occur at a slower rate. Therefore, if we execute the sarigount of charge that flows across a given potential. The

subroutine at different frequencies, but at the same voltag‘"é]arge attributed to the switched capacitance should be inde-
pendent of the execution time, for a given operating voltage,



while the leakage charge should increase linearly with the The leakage current at different operating voltages was
execution time. Fig. 3 shows the measured charge flow asv@easured as described earlier, and is plotted in Fig. 4. The
function of the execution time for a 1024 point FFT. Theoverall microprocessor leakage current scales exponentially
amount of charge flow is simply the product of the executiomwith the supply voltage. Based on these measurements the fol-
time and current drawn. As expected, the total charge colowing model for the overall leakage current is proposed for
sumption increases almost linearly with execution time antthe microprocessor core,

the slope of the curve, at a given voltage, directly gives the Vg

leakage current at that voltage.

(5)

- wherelg = 1.196 mA anch = 21.26 for the StrongARM SA-
BEv 1100.
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The dotted lines are the linear fits to the experimental data 9 g

in the minimum mean-square error sense. At this point it is

worthwhile.to mention t.hat the term “leakage cqrrent" hai. Explanation of exponential behavior

been used in an approximate sense. Truly speaking, what we

are measuring is the total static current in the processor, which The exponential dependence of the leakage current on the

is the sum of leakage and bias currents. However, in the SAupply voltage can be attributed to the DIBL effect. Consider

1100 core, the bias currents are small and most of the statlie stack of NMOS devices shown in Fig. 5. Equation 3 sug-

currents can be attributed to leakage. This assertion is furtr@@sts that for a single transistor, the leakage current should

supported by the fact that the static current we measure hassrale exponentially witVpg=Vpp because of the DIBL

exponential behavior as shown in the next section. effect. However since the ratMps/ Vr is larger than 2, the

term inside the brackets of Equation 3 is almost 1. It has been

From the BSIM2 MOS transistor model [6], the sub-ghown in [10] that this approximation is also true for a stack

threshold current in a MOSFET s given by of two transistors. With three or more transistors, the réjg
(Vo=Vs=Viuo=Y'Vs+nVod g Vosn |/ V1 for at least the lowest transistor becqmgs comparable to
| - Ae n'vy %l—e Ve[ 3) or even less than 1. Therefore, the term inside the bracket of
sub O Equation 3 cannot be neglected for such cases. The leakage
O O current progressively decreases as the number of transistors in
where the stack increases and for a stack of more than three transis-
Wi 2 18 tors the leakage current is small and can be neglected. It has

A= uOCOXL—VT e’ (4) further been shown in [10] that the ratio of the leakage cur-
eff rents for the three cases shown in Fig. 5 can be written as
andVy is the thermal voltage/tg is the zero bias threshold NVoo
voltage,y' is the linearized body effect coefficient, is the lp:l,: 13 = 1.8 ”VT; 18:1 (6)

Drain Induced Barrier Lowering (DIBL) coefficient ands,

VgandVpg are the usual gate, source and drain-source volt- Therefore, the leakage current of a MOS network can be

ages respectively. The important point to observe is that tlexpressed as a function a single MOS transistor (by account-

subthreshold leakage current scales exponentially with theg for the signal probabilities at various nodes and using the

drain-source voltage. result of Equation 6). If the number of stacked devices is
more than three, the leakage current contribution from that



portion of the circuit is negligible. If there are three transistors
stacked such that two of them are ‘OFF’ and one is ‘ON’ then  zso—x—
the leakage analysis is the same as the stack of two ‘OFF’ i
transistors. For parallel transistors, the leakage current is sim-
ply the sum of individual transistor leakages. A similar argu-
ment holds for PMOS devices. Since, the leakage current of a
single MOS transistor scales exponentially witgp, using

the above arguments, we can conclude that the total micropro-
cessor leakage current also scales exponentially with the sup- ™7
ply voltage.
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M1 Fig. 6. Static, dynamic and total current
M2 For low threshold microprocessors like the StrongARM, it
can seen that the leakage current is quite substantial (about
M3¢,I3 10% in this case). The leakage current, as a fraction of the
1 1Y _L j 1 7 total current can be expressed as
Vbs1>Vps>Vpss Vg
Fig. 5. Effect of transistor stacking |OenVT
Bleak = M (7)
nVy a
B. Separation of current components lo  +kVyq

Table | compares the measured leakage current with théherekVyy models the switching current, has a very inter-
values predicted by Equation 5. The maximum percentagssting profile. The leakage component, as a fraction of the
error measured was less than 6% over the entire operatit@tal current, can be shown to have a minima at
voltage range of the StrongARM which suggests a fairlyVyy = naV, if we use Equation 7. For the StrongARM,
robust model. this is about 1.2 V as shown in Fig. 7.

TABLE | : LEAKAGE CURRENT MEASUREMENTS

| mA

Voo leak (MA) Error

V) Measured Model (%) =
1.50 20.41 20.10 1.50 :
1.40 16.35 16.65 -1.84 %
1.30 13.26 13.80 -4.04 %
1.20 12.07 11.43 5.27 :g:
1.10 9.39 9.47 -0.87

1.00 7.96 7.85 1.40

0.90 6.39 6.53 -1.70

. . . . . .
0.8 0.9 1 1.1 1.2 1.3 1.4 15
Supply Voltage (V)

Based on the leakage model described by Equation 5, the
static and dynamic components of the microprocessor current
consumption were separated. These currents have been plot-
ted in Fig. 6. The operating frequency at each voltage was V. ESTIMATION OF SWITCHING ENERGY
chosen to be the maximum possible for that voltage. The
standby current of the StrongARM in the “idle” mode at 1.5V  Once the leakage current is known, we can estimate the
is about 40 mA. This is not just the leakage current but als€akage energy from the knowledge of the supply voltage and
has the switching current due to the circuits that are still beingxecution time. The switching component can subsequently
clocked. On the other hand, this technique neatly separates ffeobtained simply by subtracting the leakage energy from the
pure leakage component (assuming negligible static currentgfal energy as suggested by Equation 2. The total switched
from all other switching currents. capacitance and be obtained by dividing out the supply volt-

Fig. 7. Leakage current fraction



age from the switching energy. Fig. 8 plots the total switchedead (in terms of cycles and energy) or may not be supported
capacitance and the total number of execution cycles (for & the target processor.

FFT executions at different voltage frequency combinations)

as a function of supply voltage.
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Fig. 10 illustrates the effect of duty cycle on the energy
consumption of a system. Suppose the system has to do an

The total number of cycles, as measured from the exechF T everyT seconds such that the execution time for the FFT

tion time and operating frequency, is fixed (since we are exfﬁ T} <T. After co_mpgting t_h? F.FT' the processor entlers
cuting the same program). However, the total switcheddle mode and switching activity is reduced by clock gating

capacitance also turns out to be independent of the supgffhniaues. Leakage on the other hand is unaffected. Fig. 10
voltage within the limits of experimental accuracy. The total?) Plots the ratio of total energy consumption to the switching
average switched capacitance for the 1024 point FFT w&§€rgy: as a function of duty cycle. For a low duty cycle of
0.0292 F. The total switched capacitance is obviously prO1_0% the ratio is abput 2 for our FFT data i.e. almost twice the
gram dependent. However, the total switched capacitance jEpOUNt of energy is used up for the same task compared to the
cycle, on the StrongARM has variation of about 20% depend-00% duty cycle case.

ing on the type of instruction, cache misses etc.

Fig. 8. Switched capacitance and total cycles

Duty cycle (D) =T,/ T
| |

Idle mode |

VI. ENERGY TRADEOFFS

Switching energy

As the supply voltages and thresholds are reduced, system
designers have to pay increasing attention to leakage currents.
For the StrongARM, at maximum duty cycle and minimum
voltage (for a given frequency), the leakage energy is about
10%. However, the leakage energy rises exponentially with > e > |

. . Task completes
supply voltage and decreases linearly with frequency as
shown in Fig. 9. Therefore, operating at a voltage, above the
minimum possible, for a given frequency, is not advisable.
This might be an issue in fixed supply, variable frequency sys-
tems. For low duty-cycle systems, the overall energy con-
sumption becomes increasingly dominated by leakage effects.
The fixed task consumes a certain amount of switching energy
per execution while the system leaks during the idle mode
between tasks. Extensive clock gating techniques, such as
those present in the StrongARM, reduce the unnecessary ==
switching energy in the “idle” mode. The StrongARM does
also have a “sleep” mode where the supply voltage is reduced
to zero for most circuits, and the processor state is stored. This |

Total energy

Leakage Energy

-~V

—A— 1.5V, 206MHz
—— 1.0V, 103MHz

nergy / Switching energy

significantly reduces the leakage problem. However, reverting Py exete (09
to sleep mode between duty cycles may incur a lot of over- (®)

Fig. 10. Low duty cycle effects



VII. RESULTS error from experimental data. Based on our experiments we

conclude that as supply voltages and thresholds scale, leakage

The following parameterized model for software has bee&tatic) components will become increasingly dominant. For

proposed and verified on the StrongARM SA-1100 microprcme StrongARM, at 100% duty cycle, the leakage energy is
cessor, about 10% and increases exponentially with supply voltage

_ 2 nV-TINQ
Eiot(Vaa f) = CiotVaa +VddBOe kSin 8
O

whereC, is the total capacitance switched by the program,
andN is the number of cycles the program takes to execut
Both these parameters can be obtained from the energy ¢
sumption data for a particular supply voltagg,y, and fre-
guency/f, combination. The model can then be used to predi%h
energy consumption for different supply-throughput configu-
rations in energy constrained environments. The leakage cur-
rent model is processor dependent. Using the technique
described in Section IV, one can determine the paramégersy)
andn. For the StrongARM SA-1100 microprocessor these
parameters were 1.196 mA and 21.26 respectively.

n-

2
Table Il shows the performance of our model compared t[o]

actual energy data for six standard programs. The maximum
error for the programs we tested was less than 5%. For tig
StrongARM the current consumption of different instructions
ranges from 170 mA to 230 mA. This implies that the
switched capacitance per cycle can vary as much as 25%4l
However, for sufficiently long programs (witk > 10° cycles
say), which require both integer and floating point operations,
typically these instruction level variations tend to get average[d
out. For instance, the switched capacitance per cycle ?1]
Table Il is close to 0.67 nF for all the programs.

(6]

TABLE Il : M ODEL PERFORMANCE

Energy | Ciot N Cio: | Error [7]
Program | (mJ) | (mF) | (x109) ~ (%)
it 53.80 | 28.46| 43.67| 065 1.24 (8l
dct 0.10 0.05| 008| 066 4.22
idct 0.13 0.06| 010| 066/ 259 -
fir 1.23 067 | 097 | o0.70] 3.28
log 454 246 | 3.71| 067 3.94 [10]
tdims 21.29 | 12.13 1710 0.71  1.01

VIIl. C ONCLUSIONS (11]
The concept of energy aware software has been introducg]
which incorporates an energy model with the corresponding
application. Based on experiments conducted on the Stron-
gARM SA-1100 microprocessor, a software energy model has
been proposed which separates the leakage and switching
energy components. The model showed less than 5% predic-
tion error for the programs that were tested. A macro leakage
current model, to estimate the overall microprocessor leakage
current has also been proposed. This model has less than 6%

and decreases linearly with operating frequency.
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