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Abstract. Wireless sensor nodes are increasingly being tasked with computation
and communication intensive functions while still subject to constraints tkelate
to energy availability. On these embedded platforms, once all low poveigrie
techniques have been explored, duty-cycling the various subsystemagns the
primary option to meet the energy and power constraints. This requeedbtlity

to provide spurts of high MIPS and high bandwidth connections. Howduerto

the large overheads associated with duty-cycling the computation andwamm
cation subsystems, existing high performance sensor platformsteici@nt in
supporting such an option. In this paper, we present the design andzgitons
taken in a wireless gateway node (WGN) that bridges data from wirelassrse
networks to Wi-Fi networks in an on-demand basis. We discuss ourgitrate
reduce duty-cycling related costs by partitioning the system and by regitien
amount of time required to activate or deactivate the high-powered moamps.
We compare the design choices and performance parameters withmhdsen
the IntelStargateplatform to show the effectiveness of duty-cycling on our plat-
form. We have built a working prototype, and the experimental resultstwith
different power management schemes show significant reductidaeircy and
average power consumption compared toStergate

1 Introduction

A wireless sensor network (WSN) consists of a collection afeleiss sensor nodes
which are small embedded devices with on-board sensors maltss radios. Without
wires, sensor nodes either rely on limited energy supplynflatteries or harvested
energy from intermittent sources like solar or wind. To eadang lifetimes demanded
by the application and deployment scenarios, the sensasnoalve to be very energy
efficient. Popular sensor nodes such as the Berkeley Motaddiess this issue using
low power hardware as well as aggressive power managen@miigeies. However,
their design choices also make these nodes useful only twafpns requiring limited
processing power, short communication range and low néthandwidth.

A common WSN architectural solution to these constrainte ideploy within the
sensor network a small number of high performance nodeppgdiwith high pow-
ered components like fast processors or high bandwidtlosadis high performance
sensor nodes are usually placed in the same environmengw@arsensor nodes, they
also rely on limited energy sources. Therefore, energgieffty is critical for the high
performance nodes to last as long as the rest of the senses.nod



There are two observations that we can explore to improvertkeegy-efficiency of
high performance nodes. Firstly, as a general fact, usimgponents with high peak
power consumption doesn’t necessarily imply high energysamption. Studies have
shown that when a sufficient amount of data need to be pratesseansmitted, high
performance processors or radios that consume more poasrthieir sensor node
counterparts may complete the same amount of work fastethemdfore end up us-
ing less energy [2,3]. Secondly, in the specific case of semstworks, those high
powered components are not required to be active all thedsrsensor networks usu-
ally do not generate large amounts of data until certaimgétiogng events are detected.
In other words, the node or its components needs to be acatlyadraction of the time
to achieve application goals. Therefore, duty-cyclingeldagower management tech-
niques such as selectively enabling or disabling compaereat important in reducing
energy consumption for high performance nodes.

A platform needs to meet two requirements to support efficierty-cycling. One
is that it needs to consume very little (or no) power whendlae no ongoing activi-
ties. While general purpose high performance nodes sucte&tdigate]4] provide a
good balance of performance and power consumption, thaysimdesigned to support
efficient power management via duty-cycling. For examjle Jowest power consump-
tion of a Stargateis 16.2mW in its inactive suspended state [5]. In contrasypécal
sensor node such as the Telos Mote uses only abuw 10 a similar state [6]. This
high standby power consumption significantly limits theeefiveness of duty cycling,
making theStargateless energy efficient for very low duty cycle sensor netwgrk a
plications such as environmental monitoring. The otheuiregnent is that a platform
needs to be able to activate or deactivate various subsystéimvery little overheads
according to runtime demands. Existing high performanadeaduilt around 32-bit
embedded processors and embedded versions of traditiesktig Operating Systems
(OS), both old [4] and new [7, 3], generally take a long timérémsit in and out of the
suspend or power off states, bringing significant energypmrtbrmance overheads to
duty-cycling [5, 7, 3].

In this paper, we describe the design, implementation aatliation of a wireless
gateway node (WGN) that enables efficient power managemenigh duty-cycling.
Gateway nodes are often intrinsic parts of sensor netwarlisage required to bridge
data between sensor networks and servers/devices in atveonks. Without gateway
nodes, data collected by a sensor network are only localabstnsor network and
therefore no remote monitoring or interactions can be &ekieThe low and bursty
traffic load of sensor networks makes the WGN an ideal appdicatf our low power
design.

Specifically, we focus on using Wi-Fi (802.11b) radios teenface sensor nodes
with devices in other networks because Wi-Fi radios offghkr bandwidth and con-
sume less energy per bit than most existing sensor nodesr@liomaking them a
useful air interface for many sensor network applicatidithough our focus is on the
gateway nodes, the basic design and techniques can als@ledap any other high
performance nodes or used in the context of wakeup radias @y other multiple ra-
dio hierarchies [10] to reduce switching overheads witpeesto energy and latencies.



2 Redated Work

To energy efficient design, the importance of separatinigtim@& monitoring functions
that have to be optimized for low power from functions invdkeith light duty-cycles
is first unveiled in the development of the WINS nodes [11]. Wi&S node enables
continuous sensing over an extend period of time by pantiigpthe system into a low
powered event-detection subsystem and a high poweredgsiagesubsystem which
can be enabled or disabled on demand.

Our work is directly comparable to the emerging Micro-sesuvat are being ex-
plored to solve a large body of sensor network research @nubl[12, 7]. Triage [7]
extends the lifetimes of their Micro-servers by tradingiaty for power reduction. Its
tiered architecture consists of a slightly modifergatecomputer and a MicaZ mote,
which is used to power on th&targateonly when sufficient amount of data are be-
ing batched for processing. Due to the large latency in pmgesn/off theStargate
their platform is not usable for our gateway applicationenms of delay and power
consumption. The LEAP platform [3] faces similar issuestatesl in their future work
section. The PASTA platform [13] also uses an Intel PXA258cpssor. Since their
demonstrated mode of operation is to keep the processorleiodsleep state (7.3mW)
during periods of inactivity to save power, no experimems Etency numbers are re-
ported for activating this module from power-off state.

3 Design Approach

Fig. 1 shows a high-level block diagram of our design. To mime standby energy
consumption, we exploit the low power operation of a sensalerprocessor and use
it for subsystem scheduling and power management. A seooore, powerful applica-
tion processor is used to provide on demand processing ititipatio subcomponents
such as the Wi-Fi radio, which are physically connected &application processor.
Power to each individual subcomponent is either contralieectly by the sensor node
processor or indirectly by the application processor tgtotine sensor node processor.
We use a serial interface for inter-processor communicdigcause it is supported in
various forms by most of the existing sensor node processors
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Fig. 1. WGN Block Diagram Fig. 2. WGN Architecture



Unlike the PASTA platform [13] where multiple microcontieis are used to reg-
ulate power to the modules, we have the sensor node procassng as the “master”
device for power management. Our approach simplifies thguneghile also taking
advantage of the fact that the sensor node processor istadifia@s/s on for sensing or
networking purposes. This enhances the efficiency of rgnttie power management
itself. Besides supporting the low-power sleep mode asritestin the PASTA paper,
we also want to be able put the application processor in anefopower-off mode
without introducing significant energy and latency ovedwea

In contrast to the low-power sleep mode where a certain atmafypower is still
consumed by the application processor running in powemgariodes, a processor
uses no power at all while in power-off mode. However, it gafig takes less time
to resume a program from low-power mode when the prograntheresuspended or
running at a slower speed than to reload the entire prograpolering the application
processor back on from power-off mode. While it is clear thating minimal standby
power consumption would extend the operation time, sonldirea applications also
have time constraints, as they need to complete certais taiskin a fixed amount of
time. Instead of making the power and latency trade off aipthetime, the sensor node
processor needs to be able to put the application processcgither low-power mode
or power-off mode at runtime based on application requirdme

To reduce the energy and latency overheads in activatingphkcation processor
from power-off mode, we found it is critical to minimize boflardware and software
startup time. On the hardware side, commercial microctiatsofor embedded devices
are usually designed to support fast startup. On the sadtwigle, it is important to
minimize the amount of the code that needs to be loaded amdtexkevery time during
boot up. This include both OS and application specific code.

For our specific WGN application, we use the power saving mddeen802.11b
protocol [14] to lower the latencies in switching the Wi-&dio in and out of low-power
mode. We develop techniques to take advantage of certaumréseof the power saving
mode of the 802.11b protocol [14] to further reduce commativn and synchroniza-
tion overheads in terms of energy and latency.

4 Platform Implementation

The hardware architecture of our WGN is illustrated in Figh explained in the intro-
duction, our main contributions are on the level of the dettiural design approach (see
also section 3). To illustrate these ideas and perform @xgerts, we have to make spe-
cific design choices for our test bed platform. Our approaokever, is not restricted
to these specific choices alone.

We use the Ubicom 1P2022 processor [15] as our applicatiocgzsor. With a
maximum clock speed of 120MHz (approximately 120MIPS)s Bibit processor is
less powerful than the 400MHz (480MIPS, Dhrystone 2.1) PE&\2n theStargate
However, it is significantly faster than the microcontradleen most existing sensor
nodes and provides sufficient processing capability to atevgay application. With
its integrated flash memory and RAM, this processor doesedncomplex external
hardware support and thus doesn'’t incur extra energy aeddgtoverheads. We also



find the IP2022 a convenient choice as it is used in the DPACuedd6] with a Wi-Fi
radio.

Because of a clear separation of the master (sensor nodespw and the rest
of the system on our platform, we can select any existinga@ensdes such as the
Berkeley Mote [1] for our power management purposes. Ougdemly requires that
the sensor node processor and the application processaooamunicate and wake
each other up as necessary. This is easier to implementhibae that require external
logics or chip-set supports as in PC platforms. Commonly gegial interfaces such as
the UART, 12C or SPI are sufficient to meet these requiremékitsselect the SPI as it
supports duplex data transfers at a rate of more than 11Mhbffsient to sustain the
throughput of the Wi-Fi radios.

For evaluation purposes, we use for power management a hamwa gensor node
equipped with a PIC18F452 microcontroller that consumesia8mW (3.3V) in full
power mode (1LOMIPS). The hardware SPI on the PIC is stilllalike. The power to
the DPAC module is managed by the PIC through a MOSFET swAtitbrnatively, we
can use an 12C power switch to control additional componéfitsuse Ubicom IPOS,
a lightweight OS for the IP2022. The IPOS provides the versid®S functions and
gets compiled with the target application. Our entire gateapplication is about 60
Kbytes in uncompressed form.

5 Power Management Schemes

We experiment with two different power management scheroesidr gateway ap-
plication to evaluate the platform as well as to understénedptower versus latency
tradeoffs. We refer to these two schemes broadlp@ser-gatingand power-saving

modes. In the former, the emphasis is on subsystem shutdmwboth communica-

tion and processing, while the latter seeks to exploit warislowdown modes. In the
following subsections, we describe the design choicesothie two schemes.

5.1 Power-Gating Scheme

Our power-gatingscheme saves power by putting the system pawer-gatingmode
according to online demands. While in thbewer-gatingmode, the Wi-Fi radio and
the application processor are powered off and no packetbeasent or received. A
successful use of theower-gatingscheme requires participating gateway nodes and
devices in other networks to coordinate their active periotiile minimizing the total
amount of energy required for such synchronizations [14.iMéasure the overheads
of such protocols when used with our WGN. The overheads amgifjed either as time

in seconds or energy in Joules calculated by integratingepower time.

5.2 Power-Saving Scheme

Ourpower-savingcheme reduces power consumption by putting the radio 8GRd 1b
power saving mode [14] while keeping the application preoe@ various low power
modes. Since most Wi-Fi radios natively support the 802ddker saving mode, it is



significantly faster to put the radio in and out of the powetirsgmode than to suspend
and resume the entire radio in each duty cycle. Although pleedup is hardware de-
pendent, itis reported in one case that it is almost 86 tirastef to resume from power
saving mode than from suspended mode [10].

One challenge in supporting such a scheme is to synchrooizerpsaving states
across the processors, the radio and the access point.8a82tELb power saving mode,
a radio wakes up periodically to check for any incoming p&skeffered at the AP (Ac-
cess Point) and the sleep duration is determined by tha listerval. A listen interval
is established during the association process and is fix@lchew association attempts
are made. Since the re-association process involves teybiizket exchanges between
the station and the AP, it is expensive to change the listexmal frequently. However,
a fixed listen interval is not ideal for most sensor networkli@ations as events oc-
cur randomly. Long listen intervals introduce large comination delays while short
listen intervals waste energy if there are no events or desend or receive. Thus, the
choice of the listen interval is a matter of design tradeeffl®en energy savings and la-
tency incurred. Instead of listening at a fixed interval, \8e an event-driven approach
to transition in and out of the power saving mode as explaingts implementation
below.

Our strategy is based on the 802.11b standard [14] thatafttation exits power
saving mode, the AP should send all buffered packets to tatbs as if they just ar-
rived. Therefore, if the listen interval is set to an arbigrerge value (up to ¥ beacon
intervals), one can eliminate its effects and dynamicatigtml the packet receiving
time by forcing the station out of the 802.11b power savinglen@dlthough a success-
ful packet exchange is required between the station and h®A&nable or disable the
802.11b power saving mode, this can by done by simply charthie power manage-
ment bit in the frame control field of any outgoing packets.dantial benefit of this
strategy is that with some buffering, sending and receieangbe performed within the
same active periods and therefore reduces the total ambtimteothe radio and the ap-
plication processor need to be awake. We experiment withapproach on our WGN
by sending and receiving 1024 bytes of data in an UDP paclay s seconds for a
period of 30 minutes and observe no packet loss. We alsoywhig technique on a
Linux laptop with a Netgear WG511 Wireless PC card (V1.0) atedt hostAP driver
(V0.5.1) and observe similar results. Note that to avoidrawening the buffer of the
AP, a small packet should be sent to instruct the receivimcdeunning our scheme
to wakeup more frequently before transmitting a large arhofidata.

5.3 Measurements

Power consumption is measured as the product of voltage ament. Our WGN is
directly powered by a DC power supply of 3.3V. To measureanttra resistor of 10hm
is connected in series with the DC power supply. The voltage dcross the resistor
is sampled using a National Instrument DAQPad-6020E (12BI0OKS/S) and stored
in Lab-View spreadsheet format. For simplicity, sensoadat randomly generated by
the PIC processor rather than from real sensors or otheoiserodes.



Table 1. Latencies and Power consumption

Stargate Our WGN
Suspend|Suspend |Always|Power |Power
Wi-Fi system |on gating |saving
scheme [scheme |schem@schemgscheme
Enable Latency |0.485s (3.329s |- 0.28s |0.03s
Enable Power 0.751w |0.155w |- 0.545w|0.693w

Active Power 2.009w |2.009w [1.419w|1.419w|1.419w
Disable Latency |0.313s |0.757s Os 0.003s
Disable Power 1.62w |1.11lw |- 1.419w|1.32w

Sleep Power 0.751w |0.054w 5.13mw0.495w

6 Experimental Resultsand Analysis

Average system power consumption is calculteased on the amount of energy con-
sumed in one working-period, which is defined as the periothfthe beginning of one
active period to the beginning of the next active period. Avpomanaged working-
period can be further divided into four sub-periods: a pktio enable the system, a
period of doing the real work, a period to disable the systewh a sleep period. A
duty-cycle is calculated as the percentage of the time thgstem does real work over
an entire working-period. It does not include time spentnatding or disabling the
system. Note that we can maintain a fixed duty cycle by proguatly changing the
working time and the duration of the working-period.

Table 1 lists the durations of these periods as well as thegponding power con-
sumptions in these periods for both tB&rgateand our system running different power
management schemes. We choose to compare our platformhgigtdrgatebecause
it is one of a few gateway nodes commonly used in sensor nkswv@ther gateway
nodes, such as those based on the Soekris board [18], shrligr sirchitecture as the
Stargate

For our WGN, the enable-power of tphewer-gatingscheme is less than that of the
power-savingcheme because not all components are powered up at theis@méhe
high sleep-power of oysower-savingscheme is caused by the limitations of the Intersil
chip as reported in [19]. Th8targatehas very high sleep-power because its PXA255
processor is in charge of power management and can not begrbak completely.

In the remainder of this section, we compare the performahoar power manage-
ment schemes using the WGN with the performance of the faligwivo commonly
used schemes on ti8targate

1. Suspend-Wi-Fi Scheme: Suspend the Wi-Fi radio only.
2. Suspend-System Scheme: Suspend both the Wi-Fi radithhaBtetrgatecomputer.

The Stargatedata are based on measurements from [5]. We combine theilegen
that are reported separately for the Wi-Fi radio and the P56A@nd compute the av-
erage power consumption. Similar to our approach, the asitimo[5] measure data

Total energy consumed in one workingeriod

4
Average SyStem Power Duration of the working-period




without sensors attached. Accordingly, we use the “PrageSsre Idle” data for the
Suspend-Wi-Fi scheme and the “Proc./Radio Core Sleep’fdathe Suspend-System
scheme. The active power consumption in the active peritsed on 50% TX and
50% RX. For our own schemes, the power consumed by the entirtl W@ ported.
The load on the 10hm resistor is included to simulate a readae Our always-on
scheme simply keeps the system in maximum power all the tirdésaused to serve as

a baseline. The sleep-power of guower-gatingscheme is the same as the sleep-power
of the attached sensor node.

Fig. 3 shows the average system power consumption of the divenses running
under various working-periods and at a fixed 1% duty cycléclvfs very common for
sensor networks. With a fixed duty cycle, the time spent do#ad work increases in
proportion to the duration of the working-period, and tliere the average amount of
real work per unit time remains constant. Large duty-cyatericies mean less sleep
time. The WGN running oupower-gatingscheme performs about 6 times better than
the Stargaterunning the suspend-system scheme for large working-genidhere the
active power dominates. For short working-periods whegdrgmsition (enable/disable)
power becomes dominant, we perform up to 7 times better.i$hgartially due to the
small transition latencies that result from applying th&.8ab based power saving
techniques described in section 5.2.

Fig. 4 shows the lifetimes of our WGN and tB¢argaterunning the five schemes
under various working-periods and at a fixed 1% duty cycleyTére computed based
on a power supply of 2200 mAh at 3 volts from a pair of AA batteriThe WGN could
last longer with smaller duty cycles because of the extrgnogl sleep-power.

Although it is possible with some hardware modifications limmate the sleep
power of theStargateprocessor by powering it off and to reduce the active-povier o
the Stargateprocessor by dynamic voltage scaling (DVS) [7, 3], our WGN ldatill
perform better because of lower duty-cycle latencies. Ehisdirect result of the new
architecture we propose.

While it seems that the enable/disable latencies are notrianuton terms of average
system power consumption for applications that are doracheither by active or sleep
power, they are critical in determining the responsivermésssystem. A large latency
in activating a subsystem from low-power or power-off modmid be prohibitive for
many sensor network applications to employ duty-cyclingf, to mention the energy
overhead associated with the delay. Smaller latenciespatsdde additional space for
applications to trade latencies for energy savings. Figos the system response time
under different power management schemes. When runningrggatieg scheme, our
WGN is about 12 times better than tB¢argaterunning the suspend-system scheme.
The WGN running the power-saving scheme is about 16 timesrtibtin theStargate
running the suspend-Wi-Fi scheme.

7 Conclusionsand Future Work

In this paper, we present the design and optimizations ofvgtover wireless gateway
node. By introducing a dual-processor hardware architecnd a choice of appropri-
ate duty-cycling of the processing and radio subsystemssugeessfully reduce the
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standby power consumption while also providing supporsfaurts of high MIPS and
high bandwidth connections. We are also able to improve gréopmance of duty-
cycling with respect to energy and latencies by reducingysoe and networking pro-
tocol related overheads and through careful system irtiegral he result is a platform
that supports efficient power management through dutyiraycWWe believe our archi-
tecture can be useful for building other types of high penfance nodes or the emerging
Micro-servers.

In our ongoing work, we are exploring ways to optimize thefgenance of our
WGN in sensor networks running various low power MAC protsam wakeup proto-
cols. We are also planning to replace our PIC based sensesmath Telos motes [6]
in these experiments for compatibility with existing semesetwork applications and
for evaluation purposes.
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