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Abstract in terms of energy efficiency and design cost, without the

el K h \utioni presence of an OS. In the computer-to-device model, a mobile
Wireless body-area networks (WBANS) have revolutioniz mputer serves as the center or host of a WBAN; other

the way mobile and wearable computers communicate W{)BAN members serve the host as peripherals or slaves; the
their users and I/O devices. We investigate an energy-effici¢iist OS treats its wireless peripherals in a fashion similar

computing model, calledireless device driverfor low-duty to wired peripheral devices. Wireless peripheral devices are
peripherals, sensors and other 1/0O devices employed imalaeady commercially available in the market. For example,

WBAN to communicate with a more powerful central devicewireless desktops including a mouse and keyboard [11] allow
We present an extensive comparative study of two popusers to enjoy better maneuverability. However, such devices
lar WBAN technologies, 802.15.1 (Bluetooth) and 802.15.20rmally have proprietary and ad hoc designs. The computer-
(ZigBee), in terms of design cost, performance, and ener -deque model has not been well investigated. Its potential

efficiency. We discuss the impact of tunable parameters d limitations have not been fully explored.

. : : : In this work, we propose to investigate the computer-to-
the wireless device driver on connection latency and energyyice model as an energy-efficient computing model for a
consumption for both Bluetooth and ZigBee. We addre

' R Wireless device driver for low duty-cycle peripherals, sensors
dynamic resource management in higher-level protocols Blid other I/O devices in a WBAN. We believe this model is
investigating the trade-off between connection latency a@fl great interest to the BAN community because wirelessly
energy consumption. We propose an energy-efficient powéterconnecting body-worn computers, sensors and other 1/O
down policy that utilizes the interval between consecutivdevices has posed a significant energy efficiency challenge.
connection requests for energy reduction; we study an adjge first study design issues and application scenarios of the
tive connection latency management technique that adju&mnputer-to-device model, and then present case studies for
various tunable parameters dynamically to achieve minimuMf0 Popular WBAN technologies, Bluetooth and ZigBee, to
connection latency without changing the energy consumptiH?YeSt'gate the effect of tunable parameters in the wireless

level. Our measurements and experimental results show tgsa{gce driver on connection latency and energy consumpiion.

. . . ed on the case studies, we address dynamic resource
these techniques are very effective in reducing energy CQﬂénagement, including power management and adaptive

sumption while meeting connection latency requirements. -,nnection latency management, in higher-level protocols by
I. INTRODUCTION investigating the trade-off between energy consumption and

. onnection latency. We make the following contributions in
A body-area network (BAN) is a computer network useﬁ]iS work.

for communications among computing and 1/O devices within
the physical reach of a human user or personal operating
space. In recent years, there has been a significant in-
crease in applications based on wireless BAN (WBAN) tech-
nologies, e.g, IEEE Standards 802.15.1/Bluetooth [1] and
802.15.4/ZigBee [2], especially in wearable computing [3],
[4], health monitoring [5]-[8], location awareness and identi-
fication [9], and smart objects [10]. Bomputer-to-computer
model has been adopted for wireless peripheral devices in
many WBANSs, in which WBAN members have their own
operating system (OS) to control wireless communication.
For example, the Intel personal server [4] uses Bluetooth®
to communicate with existing computing infrastructure; the
IBM Linux Watch [3] also supports Bluetooth. Both de-
vices run Linux. The computer-to-computer model is suit-
able for scenarios in which multitasking is requirezg,
when sensing and communication are performed in parallel.
However, for smaller-scale applications, such as sensors
other information-capturing devices in a WBAN, a simple

To the best of our knowledge, our energy efficiency
model is the first for wireless device drivers in the con-
text of body-area wireless communication. The model is
suitable for low duty-cycle peripherals and sensors on
which multitasking is not necessary.

« We provide firsthand and extensive measurement data

for the connection latency and energy consumption
tradeoffs for Bluetooth and ZigBee, two popular WBAN
technologies. We believe they will be invaluable in
WBAN system design.

We provide an extensive comparative study of Bluetooth
and ZigBee in terms of performance and energy effi-
ciency. We investigate the impact of tunable parameters
in the wireless device driver on connection latency and
energy consumption for both WBAN technologies.

The paper is organized as follows. In Section I, we define
ghgystem model for a wireless device driver in WBANSs
and discuss its application scenarios and design issues in

computer-to-device modehay be more suitable, especially®€rMs of connection latency and energy efficiency. We use a
wireless wrist-watch to illustrate the application of the model
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we discuss how tunable parameters in the wireless device



driver affect connection latency and energy consumpti@re randomly deployed in a fire-prone forest to detect fires.
in the context of Bluetooth and ZigBee, respectively. IThe sensor nodes relay the exact origin of the fire to the end
Section V, we present higher-level protocols for dynamigsers. Meanwhile, they monitor the possibility of fire at their

resource management. These protocols consider the traglen locations. In this case, sensing and communication have
off between energy consumption and connection latency. \ide be done at the same time. However, for WBANS, low

offer a comparative study between Bluetooth and ZigBekuty-cycle peripherals and sensors are deployed within the
in Section VI. We present discussions in Section VII andange of an individual and multitasking may not be necessary.
conclude in Section VIII. Embedding an OS in wireless peripheral devices increases
Il. AWIRELESSDEVICE DRIVER FORWBANS design cost.

In this section, we first define the computer-to-device o . ) .

model of wireless device drivers for low-duty cycle periphef®- Design issues for a wireless device driver
als and sensors in WBANs. We then present its design issue
for communication protocols and address various applicatig
scenarios.

Yhe wireless connection between the host and periph-
fal devices is enabled through communication protocols at
different levels. Lower-level protocols, such as Bluetooth
A. Computing model for a wireless device driver and ZigBee stacks, are typically responsuble_for a secure
) _ _ ) and reliable data exchange channel. The wireless device
The control operations of a wireless peripheral device aggiver, however, needs to implement a higher-level protocol
performed by code SpECIfIC to the device. This code is Ca”%t interprets the data, when the periphera| conveys some
the wireless device driverFig. 1 shows the architecture Ofinformation in the form of a data stream to the host. We use
the proposed computing model for wireless device drivegssimple byte-based communication protocol for the wireless
in WBANS. A host can control multiple wireless peripherafjevice driver. The protocol is based on commands executed
devices. It typically has much more hardware resourcggtween the wireless device driver and its peripheral devices.
available to it than the peripherals. In WBANS, the host i§ specifies the format of the communication command, as
typically a mobile system, such as a handheld computghown in Fig. 2. The communication command is demarcated
a mobile phone, or a personal server [4]. The wirelegy a header and a tail. Its type is specifieddoynmand type
device driver is part of its OS. The driver relies on WireleSWpe | command is thmformationcommand, which updates
communication protocols for a reliable connection with thghe internal memory of the wireless device for display. It
peripheral. It functions as an interface between the periphegahtains up to 176 bytes afommand datawhich specify
and host applications that need the peripheral. For exampigt only the text to be displayed but also how it should

the wireless device driver sends control commands to thg displayed. We will address other types of communication
peripheral upon an application request. The software on tmmands later.

wireless peripheral collects data,g, from sensor readings,

and sends them through wireless communication to the host. 2 bytes 1byte Up 10 176 bytes 2 bytes
The wireless device driver then retrieves the data. Host ‘ Header |Commandtype| Command data | Tail ‘
applications can thus access the data through the OS. The
model is also applicable to the case when two hosts collggg. 2. cCommunication protocol implemented by a wireless device driver
the readings from the same sensor. The sensor can serve

the hosts as a wireless peripheral device in a time-dividedFor energy efficiency reasons, the wireless peripheral de-

fashion. The model does not support multitasking. vice is not always connectable. It switches its state between
connectable and idle continuously, as shown in Fig. 3. This
Host is called anactive sessiorfin this work. The radio becomes

connectable forl},; seconds everyl, seconds. When the

_ radio on the device is in the idle state, it will not respond
Operating system to any connection request from the host, which leads to a
Wireless peripheral longer connection latency, potentially as long&s— T)s.

We defineconnectable raticasy = T),s/T.. If v = 1, that

Applications

Wireless

i

device driver Software . L
is T,s = T¢, then the radio is always connectable, and thus
Hardware Hardware the connection latency is minimized. However, the average
Radio [« » Radio power consumption of the wireless peripheral device in the
Wireless I i . i I I
oS o active sessionP, e, iS given by Equation (1).
Fig. 1. Computing model for a wireless device driver in WBANSs Poctive= " * Peonnectable + (1 — ) * Pige
The proposed model is different from other sophisti- =7 * (Peonnectable — Pidie) + Pidie (1)

cated computer-to-computer models. The computer-to-device

model is interrupt-driven without control of the OS. It hasvhere P.o,nectanie @nd Pige represent the power consump-
lower hardware requirements and design complexity. On ttien when the radio is in the connectable and idle states, re-
other hand, in the computer-to-computer model, the OS orspectively. While increasing reduces the connection latency,
wireless peripheral device controls its exchange of data withncreasesP, ..iv.. Thus,T,,s andT. impact the connection
the host or other devices. The devices function as a computatency and energy consumption significantly. For obtaining
This model is suitable for scenarios in which multitasking isnergy-efficient wireless communication, we can consider the
required. For example, in a wireless sensor network (WShade-off between connection latency and power consumption
for forest fire detection [12], a large number of sensor nodey tuning parameter$),; andT..



Connectable T Host Wrist-watch

LCD
R Zaurus i

Time (s) 5600
Active T Yy |
RS232

Onl/off
PIC16F88 |—>| MAX604 |
Fig. 3. Timing of an active radio session v

Wireless L J Wireless
C. Application scenarios transceiver A | "| transceiver B

reless

Wireless device drivers can not only be employed in ¢ommunication
computer peripherals, such as wireless keyboard, mouse,. . . : .
and headset for human-computer interaction, and universar'g' 4. An application example of the wireless device driver model
remote control [13] for home entertainment system control, ) . .
but also to control the light, lock, and curtain equipped witcknowledgment from wireless transceiver B. The wrist-

a wireless radio. However, we are especially interested YRICh typically seeks connection with the Zaurus when the
its applications to WBANs for wearable/mobile pervasivé/S€r requests it. The time it takes to establish a connection
computing, including health monitoring [6], [14]. In a healtHS &n important part of user experience. We will discuss it in
monitoring system, patient informatioe.g, temperature and detail in the context of Bluetooth and ZigBee in Sections |l
blood glucose level, can be measured by body-worn sensétdd IV, respectively. A C++ program is used to generate 15
A handheld or mobile phone [8], acting as the host, collecg9nnection requests randomly and measure the corresponding
health information through the wireless device driver. Appli€onnection latencies. , . _
cations running on the host can access the information from/Ve measure power with an Agilent 34401A digital multi-
the wireless device driver. They can forward the informatigif€ter connected to a Windows-based PC via a GPIB cable.
to medical professionals through Internet connectivity on th#€ obtain the power consumption by measuring current
host. through aR = 0.1Q2 sense resistor connected in series with

Another wearable pervasive computing scenario is usinghe Power supply to the wireless transceiver. We use a C++
wireless wrist-watch as the secondary user interface betwddPgram on the PC to sample the voltage digp across
a handheld and its body sensor network [8]. While thi&e resistor at 220Hz. The program calculates the curfent
be viewed as complete computer systems, the CacheWdfd¢ Power consumptio®” using P = V'I, whereV' is 3.3V.
introduced in [16] runs as a dumb interface device without .
an OS. In this work, we use the CacheWatch concept to . ”_I' CASE STUDY I: BLUETOOTH .
illustrate our computer-to-device model. Fig. 4 shows the In this section, we use a Bluetooth module as the wireless
hardware platform for a host and wrist-watch using a wirele@nsceiver. We first discuss various features of the Bluetooth
transceiver for implementing the wireless device driver. Wwgodule. We then discuss the impact of different tunable
chose Sharp Zaurus SL-5600 [17], running Embedix LinuRarameters of the wireless device driver on the connection
as the host. Wireless transceiver A is attached to the z4@teéncy and energy consumption.
rus using an RS232 adapter. The Zaurus controls wireless Promi-ESD class |l Bluetooth module
transceiver A via an RS232 interface with 9600bps baudthe pPromi-ESD class Il Bluetooth module from Ini-

rate. The wrist-watch can display text messages, which M@y, 1197 is used in this work, which can be configured and
have different latency tolerances. Without an OS, it is & ntrolled by typical AT commands [20] through a UART
wireless peripheral device instead of a standalone compuigfatace The module conforms to Bluetooth Specification

X > . Ar1.1 [21]. Two Promi-ESD modules are used as wireless
batteries. It is controlled by a microcontroller, PIC16F8§,,sceivers A and B. as shown in Fig. 4. Wireless commu-
The software on PIC(:j1.6F88hwas de\(/jglopeld usw(;g I:l"‘:|.3a§1'f‘cation using Bluetooth is connection-oriented. A Bluetooth
Pro [18]. PIC16F88 drives the LCD directly for displayingyeyice allows other devices to connect to it by entering the
mformqﬂon and cpntrols wireless transceiver B through ge scan mode. As shown in Fig. 5, page scan is conducted
UART interface with a 9600bps connection. It reads daﬁshort burstsy),., seconds ever§, seconds. This session

from the UART and interprets them based on the wireless jjed thepage scan sessiomwhich corresponds to the

communication protocol discussed in Section I1.B. MAX604, e ctable sessionentioned in Section II. The connectable

4 _I?ession is conducted fdf,, seconds every. seconds. To
power supply for wireless transceiver B. The wireless deviegyapjish a connection, the Zaurus first sends a connection
driver is written in C++. It is responsible for the configuratior?equest to the attached ’Promi-ESD A using the AT connection
and control of wireless transceiver B on the watch. It alsQmand ATD) via the RS232 interface. Promi-ESD A
collects data from this transceiver and relays them 10 thgap, enters the page mode, in which it transmits an ID packet
correspor?dlng application on the host. directed at the intended Promi-ESD B attached to the wrist-
D. Experimental setup watch. After it gets an acknowledgment from Promi-ESD
We evaluate the wireless device driver based on seveBlit responds with a frequency hop synchronization (FHS)
factors: connection latency,, energy consumptiorf4 of packet. On reception of the FHS packet, Promi-ESD B enters
wireless transceiver A attached to the Zaurus, and enepg connection state. Once the connection is established,
consumptionEg of wireless transceiver B attached to théromi-ESD A sends a “CONNECT” message to the Zaurus.
wrist-watch. The delay between the Zaurus sending a connection request
Connection latency is the interval between wireless trarsad receiving a “CONNECT” message is the connection
ceiver A initiating a connection request and receiving datencyL for the Bluetooth-based system used in this work.




E 4 underT,, = 3s is smaller by 35.4% with respect 104
underT,, = 1s. Ep underT,s = 3s is smaller by 34.0%
with respect toEp underT,, = 1s.

Tee Time (s) 6.5
i H ’(7)\ —&—Tps=1s
TC : 6 - —8—Tps=2s
3 55 - —&— Tps=3s
Fig. 5. Timing of Bluetooth page scan session § 5
8
. . S 45 -
The power consumption of the connectable session can be =
represented as: o 47
c
O 3.5 f - oo oo
Pconnectable =T% (Ppage,scan - Pstandy) + Pstandby (2) o 3
where Ppoge_scan @Nd Psiandpy are the power consumption 1 2 3 4 5 6 7 8 9
of the Promi-ESD module when it enters page scan and Te (s)

standby modes, respectivel,ge scan > Pstandsy aNdT =

T o Fig. 7. Connection latency under different valuesTgf, and 7. on the
Ppagefscan/Pstmdby' UnderTPSS - 80m§ andT N 640ms, Blgetooth-based system / 1o ‘
Peonnectabie @nd Pig., as illustrated in Equation (1), are
43mW and 23mW, respectively.

B. Tunable parameters

For the wrist-watch using a Promi-ESD module, the tun-
able parameters ar€ss, Tcs, Tps, and T,. Tpss and Tis
can be changed by adjusting the S-registers on the Promi-
ESD module, S41 and S42, respectively, through the AT
commandATS41/42 = <wvalue>. The default values are
Tpss = 80ms andl,s = 640ms.

We first discuss the impact of Bluetooth-specific tunable
parameters], s andT.,, on connection latency. Let Promi-
ESD B be in the connectable session continuously, that is Tc (s)
T,s = T.. Connection latency. determines how long it takes
the Zaurus to establish a connection with the watch. Fig. 6
shows L under different values of,,s andTc,. It can be
seen that for a given value df,s,, €.9, Tpss = 40ms, L
decreases d6,, reduces.
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Tes (ms) IV. CASE STUDY II: ZIGBEE
Fig. 6. Connection latency under different valuesiofs andTes on the In this section, we use a ZigBee module as the wireless
Bluetooth-based system transceiver. We first present the features of the ZigBee

_ module. We then discuss the impact of different tunable
Next, we discuss how tunable parametefs, and 7., parameters on connection latency and energy consumption.
affect connection latency and energy consumpti@p,.

and T., are set to their default values, 80ms and 640mA; ZigBee module

respectively. Fig. 7 shows under different values df),s and The Crossbow MICAz [22] is used as the ZigBee module.
T.. It can be seen that for a given valuelof, e.g, 7, = 2s, MICAz is the latest generation of Motes from Crossbow

L decreases d$, decreasesE 4 corresponding td. = 3s Technology. It uses the Chipcon CC2420 RF transceiver. It
is smaller by 34.2% with respect tb4 under7,. = 7s, as conforms to 802.15.4 [23] and runs in beacon mode under
shown in Fig. 8.Fp corresponding td, = 3s is smaller by the control of TinyOS 1.1.7 [24]. The data rate is 250kbps
23.3% with respect t&Fg underT, = 7s. Eg decreases aswhen operating at 2.4GHz. The MICAz can be controlled

T. decreases, even though the power consumption of Proithirough a UART interface on its 51-pin expansion connector.
ESD B increases. This is due to the large reductiob.ifrora Two MICAz modules are used as wireless transceivers A and
given value ofl,, e.g, T, = 4s, L decreases &5, increases. B, as shown in Fig. 4. As opposed to Bluetooth, MICAz

4
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has no connection establishment mechanism. It sends data
to the recipient by using the address of a specific MICAz
or a broadcast address specified in the packet header. In this
work, the Zaurus first instructs the attached MICAz A to send
a packet to confirm that the radio on MICAz B is turned on.
If the packet is received by MICAz B, the radio stays in the
on state for the connection and an acknowledgment packet
is sent back. On reception of the acknowledgment, MICAz
A sends a message “CONNECT” back to the Zaurus. The : : : : :
delay between the Zaurus sending a confirmation request and 2 3 4 5 6 7 8
receiving a “CONNECT” message is the connection latency Te ()
L for the ZigBee-based system used in this work. (@) Tps = 2s

For energy efficiency, the radio on MICAz A is turned
on for T,, seconds everyl. seconds. When the radio is
turned off, MICAz A is not connectable. The wakeup and
shutdown latency of the radio is negligible (less than 1ms).
Peonnectabie @nd Pige, as illustrated in Equation (1), are
84mW and 15mW, respectively.

Energy consumption (J)
o o o o
5 o o © b
S [} L] = N

o
o
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o

Energy consumption (J)

B. Tunable parameters

For the wrist-watch that uses the MICAz module, the 0 1 2 3 4
tunable parameters arg,; and T.. We discuss how both Tps (s)
affect connection latency and energy consumption. Fig. 9 (b) Te = 4s
shows connection latency under different values of},; _ _
and 7.. It can be seen that for a given value fﬁ,ﬁs, e.g, F;gj-ﬂlo. dEjrﬂ‘lel’gy consumption of MICAz A and B under different values
T,s = 2s, L decreases &6, decreases. Energy consumptior? ps ANCTe
E 4 of MICAz A corresponding tol, = 3s is smaller by . . .
85.7% with respect taf, underT, — 7s, as shown in N€Xt connection request arrives, there is unnecessary energy
Fig. 10. Energy consumptioRi; of MICAz B corresponding consumption. Thus, the wireless peripheral device can be
to T, = 3s is smaller by 75.1% with respect #® under switched to the power-down mode for energy reduction.
T, = 7s. For a given value of,, e.g. T. = 4s, L decreases ASSume the interval between two consecutive connection
angs increasesE 4 for T, — 35 is smaller E)y 63.4% with reduests i€\t. Suppose the transition time overhead for being
respect toF 4 underT,, = 1s. Ep for T,, = 3s drops by powered down and woken up atg and 4., respectively.
43.2% with respect td; underT},, = 1s. The reason is that Similarly, the transition energy overhead for being powered
although the power consumption of MICAz B increases, tf§PWn and woken up are; and c,, respectively. Then, if
higher reduction irf. results in a reduction i . Therefore, e following conditions are satisfied, the wireless peripheral

L, E4, and Ep decrease as increases. device can be powered down.
At > 64+ 6, 3)

2

1.8 {[—e=Tps=is] - A A Poctive * At > Paown % (At — g — 0y) + €4+ €4 (4)
16 f{~—®=Tps=2s| _________/ _________/ _____|
qall=—Tps=3s| A~ K ] where Py, IS the power consumption when the wireless

device is powered down. In this worle,,.,, of the Promi-
r S e ] ESD and MICAz modules are 328V and 46:W, respec-
to o A tively. The reduction in energy consumptidfy of wireless
transceiver B, as shown in Fig. 4, can be expressed as:

AE‘B = Pactive *Atfpdown * (At*dd *5u) —€d — €y (5)

A type Il command, called thenanagementommand, is
T (s) implemented to enable the host to power down the wireless
peripheral device at run-time. The command data have infor-
Fig. 9. Connection latency under different valuesTof and 7. on the Mation on the next connection schedule from the host to the
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ZigBee-based system wireless peripheral device. Given the connection schedule,
the Zaurus can power down Promi-ESD/MICAz B using
V. DYNAMIC RESOURCE MANAGEMENT the management command. The Microchip PIC16F88 on the

Based on the case studies of Bluetooth and ZigBee \Wiist-watch is programmed to wake up Promi-ESD/MICAz
Sections Il and 1V, respectively, we next propose dynamf before the next connection request arrives. If the next
resource management techniques that can be employed@Anection schedule is unknown, some prediction mechanism

both systems through higher-level protocols. can be employed to predict the value af. We employ
AVG(w)prediction, which computes an exponentially moving

A. Energy-efficient power-down policy average of past connection request arrival times as follows.

After the host disconnects from the wireless peripheral wt;_1 +m;_1
device, if the device remains in an active session until the ti = w+1 ®6)



wherew is a decay factort; and m; denote the predicted 14
and measured values of the connection initiation time for
the it connection, respectively. However, any inaccuracy in
the prediction may affect the connection latency and energy
consumption of modules on the host and wrist-watch. Let
us consider one such connection request. Suppose the hostz
initiates the connection request at time The predicted
connection schedule is for timg. SUpPPOS&,,;, = dq + du.
Let us consider four scenarios, as follows.
o 1, =1
h? the prediction is accurate, there is no impact on (a) Connection latency
connection latencyl. and energy consumptiof's of 1 I I
wireless transceiver B.
o tipin <t < tp
If t, is larger thart, the device is still in the power-down
mode when the host initiates the connection request.
Thus, with respect to the case when the prediction is
accurate,L increases by, — t. Energy consumption

ized connection
latency

O No power-down
B Power-down

Norm

Test

081 b1 -l 1 &1 =
0.7 1
0.6 1
o511 M- -
0414 M- -
0314 M- B
0.2 1
0.1 1

O No power-down
B Power-down

Normalized energy
consumption

E 4 of wireless transceiver A increases I, — t) * o
Ppage_scan- Tp redqceEA, the host can start the paging 1 2 3 4 5
process at time,,, instead oft. Test

o tmin <tp <t (b) Energy consumptiot’z of Promi-ESD B

The device wakes up at tintg, before the host sends the _ ] ]
connection request., and £, may remain unChanged'?%telr# Effectiveness of the power-down policy on the Bluetooth-based
However, Ep increases byt — t,,) * Piown. y

. tp < tmin <t
The device will not be powered dowi. and £4 may
remain unchangedt'p increases by x P.onnectabie —
(t - tmin) * Pdoum, — €4 — €y.

Figs. 11 and 12 show the effectiveness of the power-do

policies on the systems using Bluetooth and ZigBee, respetspy g'ipy the Bluetooth-based system, the connection latency

tively. Each of Tests 1-5 initiates 15 connection reques derT.. — 1s andT. — 3s reduces t;y 5.8% compared to
-~ : ; bs = L = .

from the host randomly. Two policies are investigated f s = 35 andT, = 9s. Wheny = 1/2 on MICAZ B in the

the wireless device driver: no power-down policy and poweZgBee-based system, the connection latency ufiler= 1s

down policy with unknown connection request schedule. F%d T — 9
. = 2s reduces by 64.1% compared T, = 3s and
the Bluetooth-based systenks reduces by 25.0% underT = 6s. Therefore, gi\yen the level gf povggr consumption

i ; - T
power-down policy with respect to no power-down pO|IC)6f the wireless peripheral device, the tunable parameters can

while the connection latency increases by 19.8%. Similarl - ; . e .
for the ZigBee-based systerhi; is reduced by 30.7% underge adjusted dynamically to achieve a minimum connection

consumption, according to Equations (1) and (2). Table |
shows the connection latency under different systems and
parameters. For the same system with the same valugs of
or 7, different tunable parameters result in different values of
Bnnection latency. For example, when= 1/3 on Promi-

; ; -~ latency.
power-down policy with respect to no power-down policy,
while the connection latency increases by 26.7%.
TABLE |

B. Adaptive connection Iatency management CONNECTION LATENCY UNDER THE SAME POWER CONSUMPTION LEVEL

ffASt %is;:#stﬁed in Se(;jcionls tIII and I\é, tunable parametgrs [ System | Parameters [ L ]
affect bo e connection latency and energy consumption. .
Two types of commands are implemented to adjust tunable PIOMI-ESD | Tpss = 40MS, Te, = 160ms | 3.515
parameters dynamically. A type Il command, called the T=1/4 | Tpes = 80ms, T, = 320ms | 3.56s
configurationcommand, is implemented to adjust the timing _ Tpss = 160ms, Tes — 640ms | 3.655
parameters],s and7,, at run-time. The command data spec- Promi-ESD Tps =1s,T. =3s 4.19s
ify the values forT,,; and7,. A type IV command, called the v=1/3 Tps =25, T, = 6s 4.31s
Bluetooth-specific configuratiooommand, is implemented Tps =3s,T. = 9s 4.45s
to specify the values off},,; and 7., for the Bluetooth- MICAZ Tps = 18, T. = 2s 0.30s
based system. The values must be slot-based (one slot equals| ~=1/2 Tps =25, T. = 4s 0.51s
625us) according to the specification of the Promi-ESD Tps = 3s,T. = 65 0.84s
module. The time overhead of the above commands depends
on current values of tunable parameters. For example, in the V1. A COMPARATIVE STUDY

ZigBee-based system, it takes 0.3s on an average to switcly, this section, we present a comparative study of Blue-

from T,; = 1s andT. = 2s to T} = 2s and7. = 3s. In  tgoth and ZigBee in terms of connection latency and energy
the Bluetooth-based system, undgy, = 1s and7, = 2s, it consumption.

takes 3.5s on an average to switch fr@m, = 40ms and
T, = 80ms t0T},,, = 80ms andZ, = 160ms. A. Same tunable parameters

Given the same values of and 7 (Bluetooth-specific), = We first compare Bluetooth and ZigBee in terms of con-
Promi-ESD and MICAz have the same level of powenection latency and energy consumption for the same tunable



Promi-ESD module in an active session is 33.2mW when
T,s = 2s andT, = 4s. However, the power consumption
of the MICAz module is 49.5mW, which is 49.1% larger
B power-domn compared to the Promi-ESD module. For the different values
- of Tp,s andT. shown in Fig. 14, the power consumption of
u the MICAz module in an active session is 43.7% larger on an
average with respect to the Promi-ESD module. Thus, with
the same values df},, and T;, the Promi-ESD module is
more power-efficient than the MICAz module.
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Fig. 14. Comparison of power consumption in an active session with same
Fig. 12. Effectiveness of the power-down policy on the ZigBee-basél,s and T,
system

parameters]),, and T, of the wireless device driver. B. Different tunable parameters

Connection latency is important for user experience in Next, we discuss Bluetooth and ZigBee in terms of con-
WBANS. Fig. 13 shows a comparison of the normalizefection latency and energy consumption with different values
connection latency for the Bluetooth-based and ZigBee-basgtiynable parameterd,,, and 7.
systems with the same values @}, and T.. Tyss and  rig 15 shows the connection latency under the same
T, of the Promi-ESD module remain the default valuegyyer consumption level in an active session on Bluetooth
(Tpss = 80ms andT, = 640ms). It can be observed that the; g 7igBee systems. The same power consumption level
MICAz module establishes a connection between the Za“r&ﬁresponds to different values @f,, and 7, as shown in
and wrist-watch much faster than the Promi-ESD modulggpe |1. Obviously, under the same power consumption level,
For example, wheif},; = 2s andT. = 4s, the Promi-ESD he \MICAZ module yields smaller connection latency than the
module takes 4.3s to establish a connection, while the MICAY% o mi-ESD module. For example, the power consumption in
module takes 0.5s. For the different valuesTof and 7. 5 active session of the Promi-ESD module wWith, = 1s
shown in Fig. 13, the connection latency using the MICAZ 4 T, = 2s and the MICAz module wittT,, = 1s and

module is on an average 87.0% smaller with respect to t € _ 4s are the same, 32.3mW. However, the connection

Promi-E_SD modu_le. Thus, the MI_CAz module has a fas"%tency using the MICAz module is 1.2s, compared to 4.2s
connection establishment mechanism compared to the Pro[]gl-ng the Promi-ESD module. This yields a reduction of

ESD module with the same values Bf; and 7. 71.4% in the connection latency. For the cases shown in
Fig. 15, the connection latency using the MICAz module

. 0;7 is on an average 72.0% smaller with respect to the Promi-
2 s/ ESD module under the same level of power consumption.
o .
L i | s I R 0 RS I Therefore, the MICAz module provides a more energy-
SO Tl efficient transmission mechanism for small data packets than
05+4 |- 1 -1 |1 -1 |- ---{@Promi-ESD H H
BRoa ] the Promi-ESD module in WBANS.
ECHR R 1 S U N ) E ) N ) -
g 0211 !
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Fig. 13. Comparison of connection latency with saifyg andT. T;rs 03 - -
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Power consumption is also a critical issue in WBAN 2 o1d-
design. Fig. 14 shows the normalized power consumption of 0+
the Bluetooth and ZigBee modules when they are in an active 23 289 323 3.2

Power consumption (mW)

session with the same values Bf; and 7. It can be seen
that the Promi-ESD module consumes less powejr than tﬁ& 15. Comparison of connection latency under the same power
MICAz module. For example, the power consumption of thénsumption level in an active session



TABLE I monitoring. We discussed its design issues in terms of higher-
(Tps, Tc) CORRESPONDING TO THE SAME POWER CONSUMPTION LEVEL level Com.munlcatlon pr0t000|$ based on standard WBAN
technologies: Bluetooth and ZigBee. Several communication
commands, such as information, management, configuration,

| Power consumptiof Promi-ESD| MICAzZ |

26.3mW (2s, 8s) | (1s, 59) and Bluetooth-specific configuration commands, were imple-

28.9mw (1s,3s) | (3s, 8s) mented to adjust multiple tunable parameters of the wireless
32.3mW (Is, 2s) | (1s, 4s) device driver dynamically, which impact both connection

35.2mwW (3s,4s) | (2s, 6s) latency and energy consumption, as shown in the two case
studies using Bluetooth and ZigBee. Given the power con-

VIl. DISCUSSIONS sumption level, the adaptive connection latency management

The proposed computer-to-device model is suitable féfchnique can achieve a minimum connection latency. The
scenarios when low duty-cycle peripherals and sensors &fergy-efficient power-down policy we introduced can reduce
deployed within the range of an individual, and multitaskin§€ energy consumption further.
may not be necessary. It is interrupt-driven without the
control of the OS, and thus has lower hardware requirements REFERENCES
and design complexity. On the other hand’ Fhe computer-t 1] IEEE 802.15.1Wireless Medium Access Control (MAC) and Physical
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WBANS play an important role in the deployment of weark25] Wibree Radio Technology, http://www.wibree.com/.
able/mobile pervasive computing systems. In this work, we
presented a computing model for a wireless device driver for
low duty-cycle peripherals, sensors, and other I/O devices in a
WBAN. The proposed model is useful for many applications,
such as wearable computing, home entertainment, and health



