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Abstract

IEEE 802.15.4 is an emerging standard specifically
designed for low-rate wireless personal area networks
(LR-WPAN) with a focus on enabling the wireless sensor
networks. It attempts to provide a low data rate, low
power, and low cost wireless networking on the
device-level communication. In this paper, we have
established a realistic environment for the preliminary
performance evaluation of the IEEE 802.15.4 wireless
networks. Several sets of practical experiments are
conducted to study its various features, including the
effects of 1) the direct and indirect data transmissions, 2)
CSMA-CA mechanism, 3) data payload size, and 4)
beacon-enabled mode. The data throughput, delivery
ratio, and received signal strength indication (RSSI) are
investigated as the performance metrics.

Index Terms — IEEE 802.15.4, low-rate wireless
personal area networks (LR-WPAN), wireless sensor
networks, ZigBee.

L. INTRODUCTION

Recently, for accessing networks and services without
cables, wireless communications is a fast-growing
technology to provide the flexibility and mobility [1].
Obviously, reducing the cable restriction is clearly one
of the benefits of wireless with respect to cabled devices.
Other benefits include the dynamic network formation,
easy deployment, and low cost in some cases. In general,
the wireless networking has followed a similar trend due
to the increasing exchange of data in services such as the
Internet, e-mail, and data file transfer. The capabilities
needed to deliver such services are characterized by an
increasing need for data throughput. However, other
applications in fields such as industrial [2-3], vehicular,
and residential sensors [4] have more relaxed throughput
requirements. Moreover, these applications require lower
power consumption and low complexity wireless links
for a low cost (relative to the device cost). IEEE
802.15.4 [5] is the one that addresses these types of
requirements.

Zheng and Lee [6-7] developed an NS-2 simulator for
IEEE 802.15.4 to study its performance with various
features. Also, Lu et al. [8] implemented the IEEE
802.15.4 MAC prototype in the NS-2 network simulator
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and provided simulation-based performance evaluations,
focusing on its beacon-enabled mode for a star-topology
network. Timmons and Scanlon [9] presented a
mathematical analysis of the IEEE 802.15.4 performance
in relation to medical sensor body area networks.
However, most of the previous work on the IEEE
802.15.4 performance study is based on either the
simulation or mathematical analysis, and so far there are
no realistic experiments and results available for
reference.

In this paper, after an overview of the IEEE 802.15.4
wireless networks, we attempt to make a preliminary
performance study via several sets of practical
experiments, including the effects of 1) the direct and
indirect data transmissions, 2) CSMA-CA mechanism, 3)
data payload size, and 4) beacon-enabled mode. Results
of the experiments would be beneficial to the design and
deployment of the IEEE 802.15.4 wireless networks.

The organization of the paper is as follows. Section II
introduces the IEEE 802.15.4 communication protocols.
Next, experimental hardware and configuration are
illustrated in Section III. Then, experimental results of
the performance study are described in Section IV.
Finally, Section V gives the conclusions.

II. IEEE 802.15.4 WIRELESS NETWORKS

The IEEE 802.15.4 [5] defines the physical layer
(PHY) and medium access control sublayer (MAC)
specifications for supporting simple devices that
consume minimal power and typically operate in the
personal operating space (POS) of 10 m. Wireless links
under 802.15.4 can operate in three license free
industrial scientific medical (ISM) frequency bands, as
shown in Fig. 1. These accommodate over air data rates
of 250 kbps in the 2.4 GHz band, 40 kbps in the 915
MHz band, and 20 kbps in the 868 MHz. A total of 27
channels are allocated in 802.15.4, including 16 channels
in the 2.4 GHz band, 10 channels in the 915 MHz band,
and 1 channel in the 868 MHz band.

A. Function Devices

Two different device types can participate in an
LR-WPAN network: a full-function device (FFD) and a
reduced-function device (RFD). The FFD can operate in



three modes serving as a PAN coordinator, a coordinator,
or a device. An FFD can talk to RFDs or other FFDs,
while an RFD can talk only to an FFD. An RFD is
intended for applications that are extremely simple, such
as a light switch or a passive infrared sensor. They do
not need to send large amounts of data and would only
associate with a single FFD at a time. Consequently, the
RFD can be implemented using minimal resources and
memory capacity. A device in an 802.15.4 network can
use either a 64-bit IEEE address or a 16-bit short address
assigned during the association procedure, and a single
802.15.4 network can accommodate up to 65536 (2'°-1)
devices (the address OXFFFF is hold for broadcast).
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Fig. 1. The IEEE 802.15.4 channel structure.

B. Network Topology

Two types of topologies are supported in 802.15.4: a
one-hop star or a multihop peer-to-peer topology. The
basic structure of a star network can be seen in Fig. 2 (a).
After an FFD is activated for the first time, it may
establish its own network and become the PAN
coordinator. All star networks operate independently
from all other star networks currently in operation. This
is achieved by choosing a PAN identifier, which is not
currently used by any other network within the radio
sphere of influence. Once the PAN identifier is chosen,
the PAN coordinator can allow other devices (FFDs and
RFDs) to join its network. On the other hand, in a
peer-to-peer topology, each device is capable of
communicating with any other device within its radio
sphere of influence. One device will be nominated as the
PAN coordinator, for instance, by virtue of being the
first device to communicate on the channel.

Further network structures can be constructed out of
the peer-to-peer topology and may impose topological
restrictions on the formation of the network. An example
is the cluster-tree network, as shown in Fig. 2 (b), which
is a special case of a peer-to-peer network in which most
devices are FFDs. An RFD may connect to a cluster tree
network as a leave node at the end of a branch, because
it may only associate with one FFD at a time. Any of the
FFDs may act as a coordinator and provide
synchronization services to other devices or other

coordinators. Only one of these coordinators can be the
overall PAN coordinator, which may have greater
computational resources than any other device in the
PAN.

. PAN coordinator
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O Reduced Function Device
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Fig. 2. (a) Star and (b) cluster tree topologies of the
IEEE 802.15.4 network.

C. Beacon and Superframe Structure

The IEEE 802.15.4 standard allows the optional use
of a superframe structure. The superframe is bounded by
network beacons sent by the coordinator and is divided
into 16 equally sized slots. All transactions shall be
completed by the time of the next network beacon. The
beacons are used to synchronize the attached devices, to
identify the PAN, and to describe the structure of the
superframes. The format of the superframe is defined by
the coordinator. The superframe can have an active and
an inactive portion, as shown in Fig. 3. The active
portion of each superframe is composed of three parts: a
beacon, a contention access period (CAP) and a
contention-free period (CFP). The beacon shall be
transmitted, without the use of carrier sense multiple
access with collision avoidance (CSMA-CA), at the start
of slot 0, and the CAP shall commence immediately after
the beacon. Any device wishing to communicate during
the CAP between two beacons shall compete with other
devices using a slotted CSMA-CA mechanism. The CFP,
if present, follows immediately after the CAP and

extends to the end of the active portion of the superframe.

No transmissions within the CFP shall use a CSMA-CA
mechanism to access the channel.
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Fig. 3. The IEEE 802.15.4 superframe structure.




For low-latency applications or applications requiring
specific data bandwidth, the PAN coordinator may
dedicate portions of the active superframe to that
application. These portions are called guaranteed time
slots (GTSs). Any allocated GTSs shall be located within
the CFP. The PAN coordinator may allocate up to 7 of
these GTSs, and a GTS may occupy more than one slot
period. However, a sufficient portion of the CAP shall
remain for contention-based access of other networked
devices or new devices wishing to join the network. All
contention-based transactions shall be complete before
the CFP begins. Also, each device transmitting in a GTS
shall ensure that its transaction is complete before the
time of the next GTS or the end of the CFP. Then, during
the following inactive portion, the coordinator shall not
interact with its PAN and may enter a low-power mode.

The structure of the superframe is described by the
values of beacon order (BO) and superframe order (SO).
The length of the superframe, i.e. beacon interval (BI),
and the length of its active part, i.e. superframe duration
(SD) are defined as follows:

BI = aBaseSuperframeDuration x 25,0 < BO < 14.
SD = aBaseSuperframeDuration x 2°°,0 < SO < 14.

Where, aBaseSuperframeDuration, the number of
symbols forming a superframe when the superframe
order is equal to 0, is 960 symbols. For those PANs that
do not wish to use the superframe structure (referred to
as a nonbeacon-enabled PAN) shall set both BO and SO
to 15. In this case, a coordinator shall not transmit
beacons and GTSs shall not be permitted.

D. CSMA-CA Mechanism

The CSMA-CA algorithm shall be used before the
transmission of data or MAC command frames
transmitted within the CAP. The IEEE 802.15.4 uses two
types of channel access mechanism, depending on the
network configuration.

* Unslotted CSMA-CA: Nonbeacon-enabled networks
use this channel access mechanism. Each time a
device wishes to transmit data frames or MAC
commands, it shall wait for a random period. If the
channel is found to be idle, following the random
backoff, the device shall transmit its data. If the
channel is found to be busy, following the random
backoff, the device shall wait for another random
period before trying to access the channel again.

* Slotted CSMA-CA: Beacon-enabled networks use
this channel access mechanism, where the backoff
slots are aligned with the start of the beacon
transmission. Each time a device wishes to transmit
data frames during the CAP, it shall locate the
boundary of the next backoff slot and then wait for a
random number of backoff slots. If the channel is
busy, following this random backoff, the device
shall wait for another random number of backoff
slots before trying to access the channel again. If the

channel is idle, the device can begin transmitting on
the next available backoff slot boundary.

In both cases, the algorithm is implemented using
units of time called backoff periods, where one backoff
period shall be equal to a constant, i.e.
aUnitBackoffPeriod (20 symbols) [5]. The maximum
number of backoffs the CSMA-CA algorithm will
attempt before declaring a channel access failure, i.e.
macMaxCSMABackoffs, can be varied between 0 and 5
(4 in default). Note that the CSMA-CA algorithm shall
not be used for the transmission of beacon frames,
acknowledgment frames, or data frames transmitted in
the CFP.

E. Data Transfer Models

The mechanisms for data transfer depend on whether
the network supports the transmission of beacons. A
beacon-enabled network is wused for supporting
low-latency devices, such as PC peripherals. If the
network does not need to support such devices, it can
elect not to use the beacon for normal transfers.

* Direct data transmission: This data transfer
transaction is the mechanism to transfer data from a
device to a coordinator. In a beacon-enabled
network, when a device wishes to transfer data to a
coordinator, it first listens for the network beacon,
as shown in Fig. 4 (a). When the beacon is found,
the device synchronizes to the superframe structure.
At the appropriate point, the device transmits its
data frame, using slotted CSMA-CA, to the
coordinator. The coordinator acknowledges the
successful reception of the data by transmitting an
acknowledgment frame. On the other hand, in a
nonbeacon-enabled network, when a device wishes
to transfer data, it simply transmits its data frame,
using unslotted CSMA-CA, to the coordinator. The
coordinator acknowledges the successful reception
of the data by transmitting an acknowledgment
frame, as shown in Fig. 4 (b).
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Fig. 4. Direct data transmission in (a) beacon-enabled,
and (b) nonbeacon-enabled networks.

e Indirect data transmission: This data transfer
transaction is the mechanism for transferring data
from a coordinator to a device. In a beacon-enabled
network, when the coordinator wishes to transfer
data to a device, it indicates in the network beacon
that the data message is pending. The device
periodically listens to the network beacon and, if a




message is pending, transmits a MAC command
requesting the data, using slotted CSMA-CA. The
coordinator acknowledges the successful reception
of the data request by transmitting an
acknowledgment frame. The pending data frame is
then sent using slotted CSMA-CA. The device
acknowledges the successful reception of the data
by transmitting an acknowledgment frame. Upon
receiving the acknowledgement, the message is
removed from the list of pending messages in the
beacon. This sequence is summarized in Fig. 5 (a).
On the other hand, in a nonbeacon-enabled network,
when a coordinator wishes to transfer data to a
device, it stores the data for the appropriate device
to make contact and request the data. A device may
make contact by transmitting a MAC command
requesting the data, using unslotted CSMA-CA, to
its coordinator at an application-defined polling rate,
as shown in Fig. 5 (b). The coordinator
acknowledges the successful reception of the data
request by transmitting an acknowledgment frame.
If data are pending, the coordinator transmits the
data frame, using unslotted CSMA-CA, to the
device. If data are not pending, the coordinator
transmits a data frame with a zero-length payload to
indicate that no data were pending. The device
acknowledges the successful reception of the data
by transmitting an acknowledgment frame.
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Fig. 5. Indirect data transmission in (a) beacon-enabled,
and (b) nonbeacon-enabled networks.

F. Data Frame Format

IEEE 802.15.4 defines four frame types, including the

beacon, command, acknowledgment, and data frames.
The data packet is the major one that affects the data
throughput of the network. The format of the 802.15.4
data frame is shown in Fig. 6. The MAC frame, i.e. the
MPDU, is composed of an MAC header (MHR), MAC
service data unit (MSDU), and MAC footer (MFR). The
first field of the MAC header is the frame control field. It
indicates the type of MAC frame being transmitted,
specifies the format of the address field, and controls the
acknowledgment. In short, the frame control field
specifies how the rest of the frame looks and what it
contains. A data frame may contain both source and
destination information with the size of the address field
between 4 and 20 bytes. The payload field is variable in
length. However, the maximum MAC data payload,
aMaxMACFrameSize, is equal to aMaxPHYPacketSize
(127 bytes) — aMaxFrameOverhead (25 bytes) = 102
bytes [S]. The MPDU is passed to the PHY as the PHY
data frame payload, i.e., PSDU. The PSDU is prefixed
with a synchronization header (SHR) and a PHY header
(PHR), together with PSDU to form the PHY data packet,
i.e., PPDU.

ITII. PERFORMANCE EXPERIMENTS

In this section, we establish experiments on the
performance study of the IEEE 802.15.4 wireless
networks.

A. Experimental Hardware

As shown in Fig. 7, two CC2420DBs (development
boards) from Chipcon [10] are used as a coordinator and
a network device (Device 1), respectively, continuously
transferring the data so as to perform the measurements.
The CC2420 is a single-chip IEEE 802.15.4 compliant
and ZigBee ready RF transceiver. It provides a highly
integrated, flexible low-cost solution for applications
using the 2.4 GHz frequency band. The CC2420DB
boards contain a CC2420 with necessary support
components, an  Atmel  Atmegal28L  AVR
microcontroller with 128K flash and 4K SRAM, 32K
external RAM, a PCB antenna, as well as a joystick,
buttons and LEDs that can be used to implement a visual
user application interface.

Bytes: 2 1 4-20 0-102 2
Frame | Sequence | Addressing Data pavioad Frame check
MAC control | number fields pay sequence
sublayer :
MAC service MAC footer
Bytes: 4 1 1 MAC header (MHR) data unit (MSDU) (MFR)
Sftart of Frame
Preamble rame MAC protocol data unit (MPDU) < 127 bytes
delimiter | length P (MPDU) =127 by
Synchronization PHY . .
PHY
layer header (SHR) header PHY service data unit (PSDU)
PHY protocol data unit (PPDU)

Fig. 6. Data frame format of the IEEE 802.15.4.



Also, one CC2400EB (evaluation board) that together
with a CC2420EM (evaluation module) is used as the
packet sniffer for monitoring [11]. It provides a USB
port. Both the CC2420DB and CC2400EB have a serial
port for easily connecting with a PC or notebook, where
the real-time data could be stored.

The other three Freescale MC13192 evaluation
boards [12] are used as the traffic load generators
(Device 2-4). The boards contain an MC9S08GT60
microcontroller with 60K flash and 4K RAM, a PCB
antenna, as well as buttons and LEDs as the user
interface.

\Devi!:e H

Traffic load generators

Fig. 7. Experimental equipment.
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Fig. 8. Experimental setup as a star topology.

B. Experimental Configuration

Four sets of experiments are designed to evaluate the
various performance behaviors of IEEE 802.15.4,
including the effects of 1) the direct and indirect data
transmissions, 2) CSMA-CA, 3) data payload size, and 4)
beacon-enabled mode. The experiments were run in a
one-hop star topology, as shown in Fig. 8. The distance
between the coordinator and each device is 1 meter.
Device 1 is the main transceiver continuously sending or
receiving data packet to or from the coordinator. The
other Device 2-4 are traffic load generators in the

following Experiment B and C. In each experiment, the
frame retransmission was disabled and 10000 data
packets were transmitted by either the coordinator
(indirect transmission) or the Device 1 (direct
transmission). During the data transfer, the addressing
mode used is the 16-bit short address. In addition, if all
transmissions  are  successful, another 10000
acknowledgment packets would be transmitted so as to
respond to each data packets. The performance study
was for a steady state network, i.e. after all the devices
finish channel scanning and the association procedure to
join the PAN.

IV. EXPERIMENTAL RESULTS

In this section, the realistic data rate, received signal
strength indication (RSSI), and delivery ratio are
measured under the mentioned experimental sets.

A. Direct and Indirect Data Transmissions

In this experiment, the raw data rate is defined as

Z Nx - (Lpepu)x
RrawDala = - > (1)
Tend — Tstart

where, x ={data, acknowledgment, command, beacon}.

N, is the number of transmitted packets for each type of
frames, (Lpppy), is the PPDU packet length (in byte) for
each type of frames, while Ty, and T, is the time to
start and end the transmission.

This experiment was taken under a nonbeacon mode
and the frame retransmission was disabled. The data size
of MSDU is set to the aMaxMACFrameSize (102 bytes)
as mentioned in Section II-F. Fig. 9 shows the raw data
rate for both direct and indirect data transmission. The
data rate has a slight variation with an average as 153.02
kbps for direct data transfer and 65.69 kbps for indirect
data transfer, respectively. Based on a theoretical gross
data rate of 250 kbps, the utilization rate is 61.21 % and
26.28%, respectively. For indirect data transfer, the data
rate is greatly reduced because of the network device’s
polling rate (sending data request periodically). In all the
experiments of this paper, the QUEUED POLL RATE,
which is used to poll immediately for the next queued
message when receiving a data indication (i.e. frame
pending subfield in the frame control field is true), is 10
ms.

The RSSI is measured for each received packet. The
PHY layer uses receiver energy detection (ED), a
signal-to-noise ratio, or a combination of these to
measure the strength and/or quality of a link from which
a packet is received. The RSSI value could be used to
produce the link quality indication (LQI) value. The LQI
value is required by [5] to be limited to a range [0, 255]
with at least 8 unique values. Fig. 10 shows the RSSI for
both the direct and indirect data transmissions with an
average as -34.35 dBm and -40.87 dBm, respectively.
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Fig. 9. Raw data rate for the direct and indirect data
transmissions in a nonbeacon-enabled network.
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Fig. 10. RSSI value for the direct and indirect data
transmissions in a nonbeacon-enabled network.

B. Effects of CSMA-CA Mechanism

During the CSMA-CA, data packets may be
undeliverable as the channel is extremely busy, or be
erroneous (e.g. CRC failed), or even be lost. In this
paper, the effective data rate is defined as

Ndata . (LMSDU)data (2)

ReffData =
T end — T start
where, Mgy, 1S the number of usable data packets, and
(Lmspu)data 18 the MSDU length (i.e. MAC payload size)
of the data frame.
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Fig. 11. Effective data rate of CSMA-CA with varied
traffic load in a nonbeacon-enabled network.

In this experiment, the data MSDU size was fixed to
20 bytes. 10000 data packets were transmitted from the
Device 1 to the coordinator (direct data transmission).
The macMaxCSMABackoffs was set to 4 and the backoff

exponent was 3. Fig. 11 and 12 show the effective data
rate and delivery ratio between the coordinator and
Device 1 for different number of devices with varied
traffic load (generated by Device 2-4). The results show
that with the increase of devices, both the effective data
rate and delivery ratio decreased due to the presence of
collisions and random backoffs. Moreover, with the
larger traffic load from other devices, both the effective
data rate and delivery ratio were also reduced because
the collision possibility increased.
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Fig. 12. Delivery ratio of CSMA-CA with varied traffic
load in a nonbeacon-enabled network.

C. Effects of Data Payload Size

Fig. 13 and 14 show the effective data rate and
delivery ratio between the coordinator and Device 1 for
different number of devices with varied data payload
(MSDU) size. The traffic load generated by Device 2-4
was fixed to 100 kbps. Similarly, 10000 data packets
were transmitted from the Device 1 to the coordinator
(direct data transmission).
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Fig. 13. Effective data rate of CSMA-CA with varied
data payload size in a nonbeacon-enabled network.

The results show that with the increase of payload
size, the data rate also increased since the effect of
overhead was reduced leading to a raise of data coding
efficiency. On the other hand, the delivery ratio has only
a slight variation when the data payload varies. The
delivery ratio of 102-byte payload is the lowest one
when 4 devices generate the traffic load. This is because
as the number of devices increases, a larger packet size
will has more possibility to collide and to be destroyed.
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Fig. 14. Delivery ratio of CSMA-CA with varied data
payload size in a nonbeacon-enabled network.

D. Effects of Beacon-Enabled Mode

This experiment was taken under Device 1
continuously sending data packet to the coordinator. The
beacon MPDU size and the data MSDU size were fixed
to 16 and 20 bytes, respectively. Similarly, 10000 data
packets were transmitted (direct data transmission). As
the beacon order varies, we make the BO and SO equal,
which leads to the duty cycle to be 100% (i.e. the active
superframe duration is equal to the beacon interval). Fig.
15 shows the effective data rate between the coordinator
and Device 1 for different number of beacon order. The
result shows that with the increase of beacon order, the
data rate also increased. Note that the beacon order 15
indicates a nonbeacon mode. Thus, from this experiment,
we found that the nonbeacon-enabled network would
have larger data rate than the beacon-enabled one. Also,
as the beacon order becomes smaller and leads to a
shorter beacon interval, it may result in a “beacon storm”
effect and thus reduce the data rate.

H
o

e _°

74
/ Parameters: BO=15,
v — Beacon (MPDU)= 16 bytes

— non-beacon
Data (MSDU)= 20 bytes
———————aMaxFrameRetries=0
BO=S0, i.e. duty cycle=100%

12 3 45 6 7 8 9 101112 13 14 15
Beacon order
Fig. 15. Effective data rate in a beacon-enabled network.
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Also, an indirect data transmission was conducted and
10000 data packets were transmitted from the
coordinator to the Device 1. A comparison of the
beaconing effects in both the direct and indirect data
transmission is shown in Fig. 16. Note that in the indirect
data transfer, when the beacon order increased, the data
rate decreased (except BO=15, i.e. the nonbeacon mode).
This is opposite to the “beacon storm” in the direct one.
Since in the indirect data transfer, the device has to
periodically listen to the network beacons and check if a
message is pending so as to send the MAC command to
request the data. Hence, as the beacon order becomes
larger and leads to a longer beacon interval, it may take

more time to inform the device of a pending message
and the data rate is thus reduced.
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Fig. 16. Effective data rate of direct and indirect data
transmission in a beacon-enabled network.

E. Discussions

During our experiments, we found that the highest
raw data rate achieved is 156 kbps in the first experiment,
where there is only one device. Note that this is
substantially below the nominal value of 250 kbps
because of the presences of packet overheads, random
backoffs, ACK messages, as well as a large setting for
inter-frame spacing. Also, note that the CAMA/CA
mechanism in 802.15.4 automatically backs off initially
when a transmission is imminent, i.e. each data and
command frame transfer will at least have one backoff.
This would also reduce the performance.

In the beaconing experiment, one of the reasons that
the nonbeacon-enabled network has better performance
than the beacon-enabled one may be the timing of
acknowledgment frames. As shown in Fig. 17, in a
nonbeacon-enabled network or in the CFP, the
transmission of an acknowledgment frame shall
commence aTlurnaroundTime symbols after the
reception of the last symbol of the data or command
frame. This is a maximum time for RX-to-TX or
TX-to-RX turnaround. On the other hand, in the CAP of
a beacon-enabled network, it shall commence at a
backoff slot boundary. In this case, the transmission of
an acknowledgment frame shall commence between
aTurnaroundTime and the sum of aTurnaroundTime and
aUnitBackoffPeriod symbols after the reception of the
last symbol of the data or command frame. The constant
aTurnaroundTime and aUnitBackoffPeriod is defined as
12 and 20 symbols, respectively [5].

Other 2.4GHz ISM-band signals, such as Wi-Fi,
Bluetooth, and microwave ovens, may interfere with the
IEEE 802.15.4 performance. Also, when the distance
between the transmitter and receiver was longer than
around 10 m, we found that the PCB antenna had strong
dependency of its angle direction and hence resulted in
large relative deviations. Moreover, while experimenting
in an outdoor environment, the disturbances and
uncertainties from the weather, walkers, and vehicles



also affect the measurements. These issues may lead to
non-reproducible results in some cases.

Non-beacon
network or CFP T,o = 12,symbols (aTurnaroundTime)
—>! —
PPDU ACK
T, =12~32 symbols
Beacon (+ aUnitBackoffPeriod = 20 symbols)

network (CAP) i«———>{ backoff slot boundary
:

PPDU ACK |

Fig. 17. Timing of acknowledgment frames

V. CONCLUSIONS

This paper has presented a brief overview of the
emerging wireless standard, IEEE 802.15.4, with a

preliminary performance study via a practical experiment.

Featuring its simplicity, low power consumption, low
cost connectivity, and device-level networking would
make IEEE 802.15.4 suitable for wireless sensor
network applications [13] in the practical industry.

Future work includes the evaluation of the power
consumptions, association time, under different duty
cycles, longer distances, multi-hop conditions, a tree or a
peer-to-peer topology, and more device nodes. Also, the
interference issues should be further investigated.
Moreover, base on 802.15.4 (defines PHY and MAC
only), ZigBee Alliance [14] defines the protocol stack to
application layer. Another research direction is to
evaluate features of the ZigBee platform stack, such as
the security, binding time, and routing performance.

ACKNOWLEDGMENT

The author would like to thank the three anonymous
reviewers for their valuable suggestions.

This work was supported by the Ministry of
Economic Affairs of Taiwan, ROC, under Grant No.
OP2F-A341XS1S10.

REFERENCES

[1] E. Ferro and F. Fotorti, “Bluetooth and Wi-Fi
wireless protocols: A survey and a comparison,”
IEEE Wireless Communications, vol. 12, no. 1, pp.
12-16, February 2005.

[2] A. Willig, “An architecture for wireless extension
of Profibus,” in Proc. IEEE Int. Conf. Ind.
Electron. (IECON’03), Roanoke, VA, November
2003, pp. 2369-2375.

[3] Ph. Morel, A. Croisier, and J. D. Decotignie,
“Requirements for wireless extensions of a FIP
fieldbus,” in Proc. IEEE Int. Conf. Emerging
Technologies and Factory Automation (ETFA’03),
Lisbon, Portugal, September 2003, vol. 1, pp.

(3]

(8]

2369-2375.
E. Callaway, P. Gorday, L. Hester, J. A. Gutierrez,
M. Naeve, B. Heile, and V. Bahl, “Home

networking with IEEE 802.15.4: A developing
standard for low-rate wireless personal area
networks,” IEEE Communication Mag., vol. 40, no.
8, pp. 70-77, August 2002.

IEEE 802.15.4, Wireless Medium Access Control
(MAC) and Physical Layer (PHY) Specifications
for Low-Rate Wireless Personal Area Networks
(LR-WPANs). New York, NY: IEEE, October
2003.

J. Zheng and M. J. Lee, “Will IEEE 802.15.4 make
ubiquitous networking a reality?: A discussion on
a potential low power, low bit rate standard,” IEEE
Communication Mag., vol. 42, no. 6, pp. 140-146,
June 2004.

J. Zheng and M. J. Lee, “A Comprehensive
Performance Study of IEEE 802.15.4,” [EEE Press
Book, 2004.

G. Lu, B. Krishnamachari, and C. S. Raghavendra,
“Performance evaluation of the IEEE 802.15.4
MAC for low-rate low power wireless networks,”
in Proc. IEEE Int. Performance Computing and
Communication Conf. (IPCCC’04), Phoenix, AZ,
April 2004, pp. 701-706.

N. F. Timmons and W. G. Scanlon, “Analysis of
the performance of IEEE 802.15.4 for medical
sensor body area networking,” in Proc. IEEE Int.
Conf. Sensor and Ad Hoc Communications and
Networks (SECON’04), Santa Clara, CA,
October 2004, pp. 16-24.

Chipcon, SmartRF CC2420 ZigBee Development
Kit User Manual. Oslo, Norway, September 2004.
Chipcon, Packet Sniffer for IEEE 802.15.4 and
ZigBee User Manual. Oslo, Norway, October
2004.

Figure 8 Wireless, Z-Stack User’s Guide for the
Freescale MC13192 Evaluation Kit. San Diego,
CA, January 2005.

M. A. M. Vieira, C. N. Coelho, D.C. Silva, and J.
M. Mata, “Survey on wireless sensor network
devices,” in Proc. IEEE Int. Conf. Emerging
Technologies and Factory Automation (ETFA’03),
Lisbon, Portugal, September 2003, vol. 1, pp.
537-544.

P. Kinney, ZigBee Technology: Wireless Control that
Simply Works. ZigBee Alliance, Oct. 2003. [Online].
Available: http://www.zigbee.org/en/resources/





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


