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Abstract

Distributed microsensor networks promise a versatile and

robust platform for remote environment monitoring. Cru-

cial to long system lifetimes for these microsensors are/ o S

algorithms and protocols that provide the option of trading

quality for energy savings. Dynamic voltage scaling on the \ o

sensor node’s processor enables energy savings from thes / bedmformed data
huster b >

e

dynamically
formed
clusters

scalable algorithms. We demonstrate dynamic voltage
scaling on the beginnings of a sensor node prototype,

Base

which currently consists of a commercial processor, a digi- Station
tally adjustable DC-DC regulator, and a power-aware
operating system. Figure 1. Operation of the JAMPS distributed

microsensor network.

1. Introduction _ _ _
nodes. Cluster heads receive data from the nodes in their

cluster, aggregate the data locally through beamforming,

Distributed microsensor networks are emerging as a 7 : . ;
. ; and transmit the result to a base station. Figure 1 illustrates
compelling new hardware platform for remote environment . o
s L this organization and data flow. The use of a two-hop rout-
monitoring [1]. Researchers are considering a range of. .
L : ; . oS ing protocol and data fusion at the cluster head substan-
applications including remote climate monitoring, battle- . o .
. : . : o . tially reduce total transmission energy in the network,
field surveillance, and intra-machine monitoring [2]. A dis- . e
. . : prolonging system lifetime [4].
tributed microsensor network consists of many small, : . .
) The p)AMPS sensor node will be designed as a highly
expendable, battery-powered wireless nodes. Once the : .
. integrated solution. However, to demonstrate our enabling
nodes are deployed throughout an area of interest, they COl_technoIo ies immediatelv. earlv prototvoes will be inte
lect data from the environment and automatically establish 9 Y, yp yp

ad hocnetworks to transmit their data to a base station. The grrsa: e(:o\f[v;h Ceo?;rgﬁirftzligﬁf:ﬂﬁfgﬁzrfo,:ng I?/Inggt_sl' 1(83r
nodes collaborate to gather data and extend the operatin P yp 9

lifetime of the entire system. Compared to larger mac_gnlcroprocessor. In the following sections, we overview

. energy scalability in our microsensor architecture and dem-
rosensor-based systems, microsensor networks offer a lon-

gevity, robustness, and ease of deployment that are ideaPnStrate hovy this scalability can be leveraged by dynamic
. ) voltage scaling on the SA-1100.

for environments where maintenance or battery replace-
ment may be inconvenient or impossible [3]. o .

The MIT JAMPS (u-Adaptive Multi-Domain Power- 2. Energy Scalability in Microsensor Networks
Aware Sensors) project is developing the enabling technol-
ogies for distributed microsensor networks. We envision  Attaining months or years of useful life from a distrib-
microsensor networks composed of hundreds to thousandsited microsensor network requires system design for
of small, inexpensive, and homogeneous nodes. Oncepower awarenessin essential component of power aware
deployed, the nodes periodically organize themselves intosystems is the capability to make intelligent trade-offs
clusters, based on the selection and locatiocludter head between energy and quality.



In algorithms where additional computation incremen- 3. Dynamic Voltage Scaling Implementation
tally refines a result, the energy of computation can be

traded off for quality. There are many examples in  \ye have demonstrated dynamic voltage scaling capabil-
microsensor networks. For instance, transmitted data canjies on the SA-1100. the processor chosen fortAMPS
be encrypted with a key of varying length, allowing trade- irejess microsensor prototype. A DC-DC converter cir-
offs between computational energy and the security of the ¢ it with a digitally adjustable voltage delivers power to
transmission [5]. A beamforming algorithm can fuse data the SA-1100 core and is controlled by a multithreaded,
from a varying number of sensors, with the mea”'squarepower-aware operating system.
error of the result decreasing as data from more sensors are e SA-1100 operates at a nominal core supply voltage
combine_:d. The number of taps_in a FIR filter can be varied; ot 1 5 \plts and is capable of on-the-fly clock frequency
longer |mpulse_ responses yield a more powerful (and changes in the range of 59 MHz to 206 MHz. Each fre-
power-hungry) filter. ) ) guency change incurs a latency of up to i8@vhile the

So far, we have tacitly assumed that energy can indeedsa_1100's on-board PLL locks to the new frequency. The
scale grapefully with the_se variations. We now consider ga_1100 is a completely static component [8] and thus
how a variable voltage microprocessor can actually requcefacilitates energy savings with DVS as discussed above.
the energy consumed when during low workload periods A PCB containing a custom DC-DC converter circuit

through dynamic voltage scaling. _ _ provides a dynamically adjustable voltage to the SA-
The energy required for a computation on a static 11405 core. Figures 2 and 3 illustrate the operation of this
CMOS device is [6]: circuit. A buck regulator composed of discrete components
~ 2 oNO is driven by a commercial step-down switching regulator
E = CotVop *lieakVpD 0O controller. This controller is programmed with a 5-bit digi-
] ) tal value to regulate one of 32 voltages between 0.9 and 2.0
with the parameters defined as follows: \olts. Our operating system running on the SA-1100 com-

mands the core voltage as a 5-bit digital value that is

Cior the total switched capacitance for the computation
N, the number of clock cycles taken by the computation ~ Passed to the regulator controller. External programmable
Vpp. the supply voltage logic between the SA-1100 and the regulator controller
f, the clock frequency prevents the regulator from delivering a voltage beyond the
lleake the leakage current SA-1100 core’s rated maximum.
Variations in the quality of an algorithm appear to a pro- integrated onto PCB

cessor as variations in processor utilization, which affiect

and G, When a processor is idle due to a light workload,

clock cycles—and hence, energy—are wasted. Gating the Prog. | ol controller |  Buck L} Sa-1100
clock during idle cycles reduces the switched capacitance Logic Regulator [wos |
of idle cycles. Reducin§during periods of low workload digital MOSFET  variable \hg

eliminates most idle cycles altogether. Neither approach, value gate drive supply
however, affect<C,,Vpp? for the actual computation or
substantially reduces the energy lost to leakage. Reducing
Vpp in conjunction withf achieves energy savings for the ~ Figure 2. Overview of the adjustable DC-DC converter.
actual computation. Scaling the frequency and supply volt-
age together results in a nearly quadratic savings in energy
and reduces leakage current.

Dynamic voltage scalin¢DVS) is the active adjustment
of Vpp andf in response to fluctuations in a processor’s uti-
lization. A voltage scheduler, running in tandem with an
operating system’s task scheduler, can adjust voltage and
frequency in response topriori knowledge or predictions Sense
of the system’s workload. DVS has been successfully
applied to custom chip sets [5][7]. In the next two sections,
we demonstrate an implementation of DVS on an unmodi-
fied, off-the-shelf processor.

digital value
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Figure 3. Simplified schematic for the buck regulator.



Our power-aware operating system is based on the Cyg-
nus eCOS kernel [9]. ThisfOS” supports preemptive

multitasking, allowing threads such as data fusion, data N NN
packetization, network protocol handling, and voltage < NN
scheduling to operate simultaneously within a microsensor g 1 ‘\?ﬂ:ﬁlri‘qiﬁ:ﬁ‘rl\‘e:r
node. ThauOS resides within a bootable instruction ROM. € o ‘?xglﬁ?lﬁ’e?%l(%‘rﬁﬁlﬁ.’
In our initial implementation, theOS monitors load on & o aﬁlﬁﬁlﬁt;%%i?¢£ﬁlﬁ?:?it?i?’
the processor and adjusts the clock frequency and supply & o, o\’rx’roq?’d?;dﬁ?lﬁ?l?’{“‘f‘
voltage together to meet throughput requirements imposed g 02 ‘r‘}(‘{‘r‘\:ﬁ 2 ST
by the tasks. Though we expect the majority of throughput oo lll]ﬁl]ﬁ ﬂ
requirements and real-time deadlines on a microsensor net- 590" NI 16
L . 5 <S> =
work to be knowna priori, we plan to incorporate more T80 S <><<>><> e
sophisticated load prediction algorithms [10][11] for more g S '
optimal voltage scheduling. Frequency (MHz) '206.4 " Core Voltage (V)
. Figure 5. Measured energy per operation vs.
4. Experimental Results frequency and supply voltage.

Figure 4 below demonstrates dynamic voltage adjust- _AS stated in section 2, reducing the clock frequency
ments commanded by theDS. The oscilloscope trace without altering the voltage does not decrease the energy

measures the voltage supplied to the SA-1100 core over d°€" OPeration. Supply voltage scaling, on the other hand,
thirty second interval. OwtOS coordinates these changes can reduce the.energy cost of an operation dramatically. An
to the core voltage with simultaneous changes to the clock/d€@! System with DVS would operate at the lowest voltage
frequency. The system continues to run when the processoP©SSible for each supported frequency. In terms of the
is moved from 59 MHz, 0.9 V to 206 MHz, 1.5 V, the larg- above figure, the system would operate along the “cliff

est changes supported by our hardware. along the diagonal of the graph, with an additional safety
margin in voltage.
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Figure 4. Scope trace of dynamic voltage g variable voltage
adjustments. The uOS also adjusts the clock @ 06y
frequency for each voltage change. 2 04l
£
We now demonstrate DVS on our system by presenting S 02
two example scenarios, each with and without voltage scal- 0 ‘ ‘ ‘ ‘
ing. The first scenario trades energy for computational > 50 Frlelc?uency (lnj;zs) e e
latency on a fully loaded processor, and the second trades
energy for output quality on a constant-throughput FIR fil-  Figure 6. Energy savings realized by voltage scaling.

ter. All energy measurements below are based on measured .
current into the regulator circuit and therefore include  Figure 6 compares the energy consumption of the sys-
losses in the variable-voltage regulator. tem with and without voltage scaling. The upper curve,
Figure 5 characterizes the energy consumption of therepresenting a fixed vpltage, is the cross-section along
SA-1100 processing core versus the latency of computa-Vda= 1.5 from the previous graph. The energy per opera-
tion (inverse of clock frequency) and the supply voltage. tion is actuallygreaterfor lower frequencies since the
The SA-1100 is running theOS with multiple threads and ~ €nergy lost to leakage is distributed over fewer computa-
no idle time. The absence of a bar indicates that the SA-tions. The lower curve, representing a voltage that scales
1100 did not function at a particular frequency-voltage aPpropriately with frequency, takes a diagonal cross-sec-
combination, meaning that our results can also be inter-fion of frequency-voltage pairs. Our initial system demon-

preted as a three-dimensional shmoo plot. stration of voltage scaling exhibits up to 60% in energy
savings over fixed-voltage approaches. A regulator control-



ler optimized for low loads would provide immediate
improvements; all of the commercial options at the time

were designed for a higher voltage and much higher aver-

age currents than those typically used by the SA-1100.

To evaluate the energy consumption of energy-scalable

algorithms on our system, we run a FIR filter under our
pOS, adjusting the number of filter taps to alter the quality
of the filter. Figure 7 shows the effect of impulse response
length on the stopband rejection of a bandpass filter.
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5. Conclusion

We have demonstrated the energy savings offered by
dynamic voltage scaling on an unmodified commercial
microprocessor using an adjustable DC-DC regulator and a
power-awargiOS. Energy-scalable algorithms running
under our initial implementation consume up to 60% less
energy with DVS than with a fixed supply voltage. Refine-
ments to the regulator circuit and the addition of voltage
scheduling algorithms to thgOS will further increase
energy savings. Our DVS-enabled system, when incorpo-
rated into a complete prototype sensor nodeyfaMPS,
will enable the energy-quality tradeoffs inherent to power-
aware algorithms for distributed microsensor networks.
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Figure 7. Effects of impulse response length on the
quality of a FIR filter response.

The FIR filter is run at a constant throughput, and the
impulse response length is varied. Ti®S dynamically  [1]
adjusts the core voltage and frequency to meet the through-
put requirement with the lowest possible energy. Figure 8 [2]
demonstrates how DVS enables this enevgyquality
tradeoff, providing a comparable energy savings to the 3]
prior example in figure 6. The distinct series of steps in
both plots are due to the eleven discrete frequencies Supyy
ported by the SA-1100.
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Figure 8. Energy vs. quality comparison for FIR filtering.
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