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Abstract.  This paper preserts a new power managemert technique
aimed at increasing the energy e ciency of client-server multimedia ap-
plications running on wireless portable devices. We focus on reducing
the energy consumption of the wireless network interface of the client
by allowing the remote server to control the power con guration of
the network card depending on the workload. In particular, we exploit
server knowledge of the workload to perform an energy-e cient trac
reshaping, without compromising on the quality of service. We tested
our methodology on the SmartBadge IV wearable device running an
MPEG4 streaming video application. Using our technique we measured
energy savings of more than 67% compared to no power managemert
being usedon the WLAN interface. In addition, we save as much as 50%
of energy with respect to the standard 802.11b power managemer. All
of the energy savings are obtained with no performance losson the video
playback.

1 Intro duction

Portable devicesspend a considerable amount of energy in order to support
power hungry peripherals e.g. wirelesslocal area network (WLAN) interfaces,
and liquid crystal displays (LCD). A good exampleof such a deviceis the Smart-
Badge IV [21] wearable computer. It consistsof a StrongARM-1110 processor
and SA-1111coprocessormemory, WLAN interface, audio codecand 2.2" LCD.
Depending on the network trac, the WLAN accourts for as much as 63% of
the overall system power consumption.

One way to reducethe energy consumption is to usethe power managemer
included in the 802.11bstandard (802.11b PM) [4]. In the standard, an access
point (AP) transmits a beaconevery 100ms, followed by atra c indication map
(TIM). Each client cheds the TIM for its turn to sendor receive data. When
not communicating, the WLAN goesinto the dozemode until the next beacon.
Unfortunately, the protocol power managemetn is not very e ectiv e. First, the



energy e ciency of the 802.11bPM decreasesand receiver wait times increase
with more mobile hosts, since multiple concurrert attempts at synchronization
with the beacon causemedia accesscontention. Second,the responsetime of
the wirelesslink with 802.11bPM grows becauseof the delay imposedby sleep
periods [22]. These two issuescan be resolved by careful scheduling of commu-
nication betweenthe server and the client WLAN. Lastly, in a typical wireless
network, broadcasttrac can signi cantly reducethe chancesto ernter the doze
mode. Figure 1 shows the power consumption of a WLAN card with 802.11b
PM enabledunder light and heavy network broadcasttra c conditions. Clearly,
asthe amount of broadcasttrac increasesthe WLAN spendsa large amount
of energy listening to it, even if no other application is running on the device.
As aresult, very little or no energy savings are obtained. One way to solve this
problem is to turn o the card. It is important to schedule data transmission
carefully, sincethe overheadof waking up the WLAN from the o state is large.

a) light trac b) heavy trac

Fig. 1. 802.11PM under dierent broadcast trac conditions

Many current wirelesslocal area networks are organized in a client-server
fashion. Multiple WLAN clients connectto wired senersvia APs. Serwers are
great candidatesfor e cien t scheduling of data transmissionto clients as they
are not power constrained,and know both wired and wirelessnetwork conditions.

In this work, we presert a serner cortrolled power managemen strategy. Our
technique exploits server knowledgeof the workload, tra c conditions and feed-
badk information from the client in order to minimize WLAN power consump-
tion. Our methodology is applicable to a wide variety of applications, ranging
from video and audio streaming, to web browsing and e-mail. We de ne two new
ertities: a server power manager(server PM) and a client power manager(client
PM). Sener PM usesthe information obtained from the client and the network
to cortrol the parametersof 802.11bPM and to perform energye cien t trac
reshapingso that WLAN can be turned o. Client PM communicates through
a dedicated low-bandwidth link with the server PM and implements power con-



trols by interfacing with devicedrivers.It alsoprovidesa set of APIs that client
programs can useto provide extra information to the sener.

In order to illustrate the e ectiv enessf our approad, we tested our method-
ology with a streaming video application. By using our approac with this appli-
cation, we can exploit the server knowledge of stream characteristics. We show
that when our methodology is implemented on both the server end, and on the
client end, we measuresavings of morethan 67%in power with respect to leaving
the card always on, and more than 50% relative to using default 802.11bPM.
Even larger savings are possiblefor applications that inherently have longeridle
periods, such as e-mail or web browsing. Our methodology can also be easily
extendedto manageother system componerts (e.g. CPU).

The rest of the paper is organizedasfollows. Section 2 presens somerelated
work. Section 3 gives an overview of the proposed methodology and describes
sener and client power managers.Section 4 presens experimental results and
Section 5 concludesthe paper.

2 Related Work

The wirelessnetwork power optimization problem has beenaddressedat di er-
ent abstraction layers, starting from physical, to system and application level.
Energy e cien t channel coding and trac shapingto exploit battery lifetime of
portable deviceswere proposedin [3]. A physical layer aware scheduling algo-
rithm aimed at e cien t managemen of sleepmodesin sensornetwork nodesis
illustrated in [17]. Energy e ciency can be improved at the data link layer by
performing adaptive packet length and error control [8]. At the protocol level,
there have beenattempts to improve the e ciency of the standard 802.11b,and
proposalsfor new protocols [5,6,19]. Packet scheduling strategies can also be
usedto reducethe energy consumption of transmit power. In [14] authors pro-
posethe E2W F Q scheduling policies basedon Dynamic Modulation Scaling. A
small price in packet latency is traded for the reducedenergy consumption.

Traditional system-le\el power managemen techniquesare divided into those
aimed at shutting down componerts and policies that dynamically scaledown
processingvoltage and frequency[20,1]. Energy-performancetrade-o s basedon
application needshave beenrecertly addressed[7]. Seweral authors exploit the
energy-QoStrade-o [12,22,11]. A dierent approach is to perform transcoding
andtrac smoothing at the sener sideby exploiting estimation of energybudget
at the clients [16]. A new communication system, consisting of a sener, clients
and proxies, that reducesthe energyconsumption of 802.11bcompliant portable
devicesby exploiting a secondarylow-power channel is preseried in [18]. Since
multimedia applications are often most demanding of system resources,a few
researders studied the cooperation between such applications and the OS to
save energy|[9,2,15,10].

We present a new methodology, where server knowledge of the workload is
exploited to cortrol the power con guration of the radio interface. Comparedto
physical and protocol layer strategies, the power cortrol is performed at the ap-



plication level, soit doesnot require hardware modi cations. Comparedto client-
certric approades,we exploit additional information available at the serner, and
thus obtain large energy savings without loosing performance. Moreover, with
respect to previous application-driv en policies, our infrastructure can be used
with a wide range of applications, sinceit exploits very common parameters.

3 Server Controlled Power Managemen t

Our methodology exploits server knowledge of the workload, trac conditions
and feedbadk information from the client in order to minimize power consump-
tion. The serer schedulescommunication sessionswith the client basedon the
knowledge of both, the wirelessand wired networks, e.g favorable channel con-
ditions or channel bandwidth capabilities. When broadcasttrac needsto be
monitored, the server can enable the 802.11PM. Alternativ ely, it can coordi-
nate the shut down of WLAN and perform on-time wake-up, thus avoiding the
performance penalty typically incurred by client-centric approadces.Our appli-
cation driven infrastructure can be also be usedto managepower consumption
in stand-aloneand ad-hoc applications. The power cortrol strategy can easily be
extendedto include other system componerts, such as peripherals or the CPU.

Fig. 2. Server Controlled PM Architecture

In order to exploit the extra information available at the serwer and the
client, the traditional client-centric power manager model has to be extended.
Two dierent power managersare de ned: one running on the client (Client
PM) and the other on the serer (Server PM). The two PMs exchange power
control information through a dedicated TCP connection. As showvn in Figure 2,
the client PM interfacesdirectly with the driverson the portable device.lIt also
collectsclient application dependert information. The server PM interfaceswith
the server application and the client PM.

Figure 3 shows the communication protocol betweenthe sener and client.
Control commandsare issuedby the serner PM, interpreted by the client PM,
and translated into appropriate devicedriver calls. Upon requestfrom the server
PM, devicespeci c information is fetched by the client PM. Application specic
information can also be retrieved by the client PM via API calls.



Fig. 3. Communication proto col

3.1 Server Power Manager

The sener PM interfaceswith the application in order to exploit information
available on the host system, in addition to the knowledgeof the overall network
conditions and the speci ¢ feedbadk information provided by ead client. Based
on all this knowledge, the server PM cortrols the power con guration of the
WLAN card by communicating with the client PM. The power control commands
usedinclude: i) switch-o the WLAN; ii) setthe o time; iii) enablethe 802.11b
PM policy; iv) set 802.11bPM parameters, e.g. the period between wake ups
and the timeout before going back to dozemode. The server PM enables:
Clien t Adaptation. After the application serwer initializes the sener PM,
an additional set of APIs becomesavailable. The initialization routine places
the serner PM into a state of waiting for incoming client PM requests. Each
accessingclient PM has a dedicated TCP connection to the server PM. The
client PM informs the sener PM about the application e.g. input buer size,
the expected value and variance of the servicerate, aswell as network interface
speci ¢ information e.g.the WLAN card status and its on/o transition time.
Trac Adaptation. Server PM monitors both the wired and wirelesstra ¢
conditions with minimum overhead.By accourting for the broadcastpadket rate,
the server decideswhen to enablethe 802.11bPM. For example,in very light
trac conditions, the 802.11bPM might be usedinstead of a switch-o policy.
Trac Shaping. The serner PM schedulestransmissionsto the client in
bursts, in order to compensatefor the client performanceand energy overheads
during transitions betweenon and o states. The client WLAN card is switched
0 oncethe serner hassen a burst of data designedto keepthe application busy
till the next communication burst. The burst sizeand delay betweenbursts are
precomputed at the server. The delay should be large enoughto almost empty
the client input bu er, while the burst size should avoid over o w while keeping
the bu er suciently lled. This maximizesthe o time of the card and reduces
the number of transitions betweenon and o states. The time for the bu er to
empty, D rst iS the ratio of the total number of packetsin the burst, SIZEy st



to the averageservicerate (or bu er depletion rate) at the client, s.mean:

_ SIZEpyrst
Dpurst = “omean 1)
The total delay betweenbursts, Djburst is:
j _
Dhurst= Pburst  Ttran  Tcushion )

Where Ty an is the time neededfor the transitions between WLAN on and
0 states, Toshion IS the \cushion” time sothat the bu er doesnot ever empty
completely. The cushiontime helps accommalate variations of the servicerate
and arrival rate, 10% was found to be su cien t for most test cases.The total
energy saved if the client WLAN is turned o is:

Etot = Pon Ton+ Py  Tg +* Piran Ttran 3)

Here Py, gp is the transition power (hardware dependert). Ty an Can be com-
puted by multiplying the duration of onetransition to the active state, Twake-up
by the total number of transitions, N¢ gn. The number of transitions depends
on the size of the burst and the total size of streamed le.

If a:mean is the averagearrival rate at the client input bu er, the total time
to senda burst of data to the client will be:

SIZE
Ton = burst (4)
a;mean
Finally, we can obtain the total energy consumedwith our methodology:
SIZE SI ZEransfer
Etot = Pon =~ —burst Po ——————— * Ptran Ttran (5)

a;mean s;:mean

In addition to scheduling communication so that the client WLAN can be
turned o with no performanceoverhead,we can also perform the samesdedul-
ing while 802.11bPM is enabled. This allows us to save energyduring the burst
periods, but the overall burst time grows becauseof the decreasedesponsiveness
and increasedcontention probability betweendata and broadcast packets.

3.2 Client Power Manager

The client power managercommunicateswith the sener PM, and alsointerfaces
with the devicedriversand client applications. The main client PM tasks are:
Server Interface The client application decideswhento set-up the commu-
nication betweenthe server PM and the client PM. Once established,the client
application providesthe information to be forwardedto the server e.g.the bu er
size and the depletion rate. The device drivers report the main characteristics



of the devicesto be managed,e.g. the transition time betweenon and o states
for client WLAN.

Device Interface The client PM callsthe appropriate devicedriver function
depending on the commandsert by the server PM. Possibleactionstaken by the
client include changing the parameter of the 802.11bPM, switching the WLAN
on and o, and reading the interface statistics such asthe signal to noiseratio.
The client PM can also interact with the CPU by changing its power mode or
setting its clock speed.

Application Interface Applications can feedbadk information that can be
exploited by both the serner and the client PM. Examples include sendingthe
current badklog level to the serer, sothat thee server knows exactly how much
data to provide in a burst in order to rell the buer; or providing the bu er
size. The application could directly requesta WLAN wake-up when its input
bu er reachesa minimum value.

Application  Driv en Infrastructure  The client PM can also be usedin
stand-alonemode (with no server). While in this mode, the applications provide
their resourceneedsto the power manager.The PM then turns on or o devices
appropriately. Someof the overheadneededto turn on a device can be masked,
as many applications have extra latency due to the initial set-up.

4 Exp erimen tal Results

The streaming media server used for this work is a researt prototype devel-
oped at Hewlett-Packard Laboratories. Real Time Streaming Protocol (RTSP)
is usedfor sessioninitiation and termination betweenthe client and server. The
media data units are carried using Real-time Transport Protocol (RTP) over
User Datagram Protocol (UDP). Timestamps of the individual video framesare
used to determine the deadline for sending data packets sert from the server
to the client. The server can exploit client bu ering capabilities to rescedule
padket transmission times based on a cost function. In our experimerts, the
sener transmits MPEG4 video data to a portable client device via WLAN.

We use two di erent bendimarks in our tests. Bencdhmark 1 has 12 bursts
and runs at 15 frames/sec,while Benchmark 2 has 402 bursts at 30 frames/sec.
The rst benchmark hasa large number of single padket frames, while the second
benchmark has many large multi-packet frames. The delay betweenbursts is:

Dpurst = frametime (n—l1 + n_22 + n_;,+ R nVM) (6)

Here frame.time is the interval betweenframes, n; is the number of frames
consisting of i packets and M is the maximum number of padket per frame.
Figure 4 showsthat the Benchmark 1 hasa delay of around 4 secondswhile the
Bendhmark 2 has a shorter delay becausethe frames are more complex. Based
on the delay computation, the server transmits a burst of data to the client
followed by the commandto switch o  WLAN and the length of time until the
next transmission. The client responds by turning o the WLAN and turning it
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Fig. 4. Computed burst delays for eadh benchmark

badk on at the pre-sdheduledtime. As a result, no performance penalty due to
longer turn on time is incurred.

The approach was tested by measuring power consumption of a Smart-
BadgelV wearabledevice,equippedwith a CISCO Aironet 350PCMCIA WLAN
card. The o /on transition time was measuredat 300 ms, with an averagetran-
sition power consumption of 0.1 W. The server is connecteddirectly to an AP,
and the network is completely isolated in order to perform repeatable exper-
iments. Broadcast trac is introduced in a controlled manner by using real
traces collected from other open networks. Power measuremets are performed
using a DAQ board accunulating and averagingcurrent and voltage samples(10
ksamples/sec). All measuremets include the overhead imposed by our power
managemen protocol.
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Fig. 5. Power consumption for each benchmark

First we computed the average power consumedby the WLAN card when
receivingthe video streamwith di erent burst sizesfor medium broadcasttra c
conditions. The experimernt is performed for multiple situations, WLAN with no
PM, only 802.11bPM, and with server PM. From Figure 4, for Benchmark 1, the



sener controlled approach saves67% of averagepower comparedto no PM, and
50% comparedto the default 802.11bPM. The averagepower savings increase
asthe burst sizeincreases,sincethis enableslonger times betweenbursts, thus
better compensation for the transition delay betweenthe WLAN on and o
states. In all three cases,the video plays back in real time, thus the reported
averagepower savings directly correspond to energy savings. For Benchmark 2,
the delays are very short, however, we still save 41% of power with respect to
leaving the card always on and 15% with respect to the standard 802.11bpower
managemen protocol with bursts of 80 padkets. We cannot use a burst size
smaller than 50 padkets, sincethe computed delays are too short and the card
can never be switched o .
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Fig. 6. Power consumption with dierent trac levels

Figure 6 presens the averagepower consumedduring streaming video under
di erent broadcasttra c conditions. In the plot we show the di erence between
using only the default 802.11bPM and sener controlled switch o policy for the
WLAN card (with no 802.11bPM). The switch o policy is almost insensitive to
the trac conditions, while the 802.11bPM performs better only in light tra c
conditions. Clearly, our server cortrolled power managememn approac is more
e cien t than either policy aloneasit always selectsthe best of the two policies.

5 Conclusion

In this work we preseried a new methodology to improve the energy e ciency

of portable wirelesssystemsthat operate in a client-server fashion. Our system
enablesthe sener to exploit knowledge of the workload, trac conditions and
feedbad& information from the client in order to minimize client WLAN power
consumption. Wetested our methodology onthe SmartBadgelV wearabledevice
running a streaming video application. Our server cortrolled approac saves67%
of energy as comparedto leaving the client WLAN card always on, and 50% as
comparedto the simple 802.11bPM policy.
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