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Academic Year 2012

ABSTRACT

It is important that the battery-powered devices in a wireless sensor network have to operate for
extended period of time. To achieve this in IEEE 802.15.4 personal area network, these devices
synchronize with periodic beacons transmitted from coordinators and their transceivers are kept

off most of time.

However, there are some applications, e.g. health care, which the coordinator can also run on
battery. It communicates with various kinds of body area sensor nodes. Increasing superframe
duration comes at the expense of reduced battery life while increasing beacon interval will

directly affect data rate and latency.

This study has two major purposes: (1) To analyze protocol performance of MAC sublayer over
IEEE 802.15.4. (2) To suggest methods that dynamically adjust beacon interval and superframe
duration of the coordinator to reduce its power consumption while preserve optimized

communication speed and latency.

Keywords: Wireless sensor networks, MAC protocol, IEEE 802.15.4, Duty-Cycle
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aBaseSuperFrameDuration = aBaseSlotDuration X aNumberSuperframe! (3.3) [1]
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Antenna

. 250Kb 2M
PPDU Bit-to-Symbol ps= Symbol-to-Chip cps= OQPSK
Mapping L‘l Mapping L} Modulation

Power Amplifier
bg: by, by, by | Cp, C1, Co - . . Cag, Cgp, Cay

4 Bits = 1 Symbol 32-Bit Chip Sequence
(62.5K Symbol-per-second)

g‘ﬂﬁ 3.6 NT£UIUNIT Spreading 8% Modulation FMSUAAY 2.4 GHz [59]

1 9 1

] H 9
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to-Symbol Mapping fteutlasdeya Bit 1¥iilu Symbol Tas 1 Symbol ausaunudeya'ld 4
Bit 1AZATUNIATIIU IEEE 802.15.4 9z@esauisndevoyalaaionuia 250 Kb/s vie
62.5 KSymbol/s wa"’wmﬁ’u%wﬁmzmumi Symbol-to-Chip Mapping Tag 1 Symbol 9§ N
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Data symbol

Data symbol Chip values
. (binary)

(Decimal) (byb.b, 1) (Y
0 0000 11011001110000110101001000101110
1 1000 11101101100111000011010100100010
2 0100 00101110110110011100001101010010
3 1100 00100010111011011001110000110101
4 0010 01010010001011101101100111000011
5 1010 001101010010001011101101100111060
6 0110 11000011010100100010111011011001
7 1110 10011100001101010010001011101101
8 0001 10001100100101100000011101111011
9 1001 10111000110010010110000001110111
10 0101 01111011100011001001011000000111
11 1101 011101111011100011001001011000060
12 0011 000001110111101110001100100101160
13 1011 01100000011101111011100011001001
14 0111 100101100000011101111011100011060
15 1111 110010010110000001110111101110060

A15197 3.1 Symbol-to-chip mapping [1]

Frequency Spreading parameters Data parameters
PHY
band Chip rate Bit rate Symbol rate
(MHz) Modulation Symbols
(MHz) (kchip/s) (kb/s) (ksymbol/s)
868-868.6 300 BPSK 20 20 Binary
868/915
902-928 600 BPSK 40 40 Binary
868/915 868-868.6 400 ASK 250 12.5 20-bit PSSS
(optional) 902-928 1600 ASK 250 50 5-bit PSSS
868/915 868-868.6 400 0-QPSK 100 25 16-ary Orthogonal
(optional) 902-928 1000 0-QPSK 250 62.5 16-ary Orthogonal
2450 2400-2483.5 2000 0-QPSK 250 62.5 16-ary Orthogonal

= A = o )
AN 3.2 AAUANNDUATDAITINITAIVDY A [1]
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7.(3.7) uag (3.8) 3w 1ddaaunsn (3.9) uag (3.10)

Bl =960 x 2B9 x 1.6 X 107% = 15.36 x 2B%ms (3.9)
SD =960 x 259 x 1.6 X 1075 = 15.36 X 25%ms (3.10)

A o Y = d‘ .
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@ . N Y A { 1 I T [ 1 Y
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Init P T |
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— L A
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Time

319 3.7 msldmaanusu-detoyaves Coordinator
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Glllﬂﬂ‘m N ?ﬁ] uﬂ’é]3Byte

Octets: 2 1 0/2 0/2/8 0/2 0/2/8 0/5/6/10/14 | variable 2
Frame Sequence | Destination | Destination Source Source Auxiliary Frame FCS
Control Number PAN Address PAN Address Security Payload

Identifier Identifier Header
Addressing fields
MHR MAC MFR
Payload

317 3.9 dnvazveulsy MAC UUNIATFIU TEEE 802.15.4 [1]
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FPSMAC = m (3.21)

MNAUMIN (3.20) tag aunsn 3.21) awnsasaunu lduaumsn (3.22)

BPS — I:Total
DPFyac  15.36 x 10~3 x 2BO
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vinaunsh (3.22) aunsadaglInildedlugilves Fy, = fBPS) 1daa
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Frotal = m X 15.36 x 1073 x 2BO (3.23)
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Mnaumsh (3.24) awnsodaglIndldaeaunsn (3.25)
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#defind SO ERROR 15
uint8 t find so(uintl6_t bps, uint8 t dpf, uint8 t bo)
{
uint8 t so;
for(so = 1; so <= bo; so++)
{
if(bps <= (3125 * dpf * 2 ~ (8 - bo) * ((15 * 2 ~ (so + 5)) + dpf -
485)) /(1563 * (8 * dpf + 2645)))
{
return so;
}
}
return SO _ERROR;
}

519159 3.1 719819 Code N15HIA SO
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uint8 t so, bo = 12;
uint8 t mac payload len = 115;

uint8 t mac header and checksum len = 5;

uintl6 t data rate = 240;

so = find so( data rate, mac payload len + mac_header and checksum len,
bo)
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44

o ] ° 1 Y 1 o 2 d VAo Y
1NAIDYIUIITINITOATUIUAT SO ’E)’E)ﬂﬂJ']llﬂW]"lﬂ‘U 7 “]i\‘]!,‘]JuﬂTVl‘ﬂflﬂﬁ\i

1 a @ { 4 J -
doya 240 luanedui1d Tagldnavnuiosngauuginsal Unode naluvmeil 15114

[ U

Y I A A = 1 Y ] A 1 [
N1 UAN1 BO Gl?ilﬂuﬂ'lﬂﬂﬂﬂﬂi:m FIAIHA 1520210111V UATOVUY @1%‘03@\11@81%
o =< 9 1 ~ o Y Jq Y @ [ a 1 1 ~
3114 151990991171 BO VI?]%T]TGlWQTJﬂiﬂﬂ%WﬂQNHWH AULANISTSLIATU U INNAATIIN
a = o Y 1 A v A A o o Y 1A
@ deawisodinlalasn1saugivial Bo Mfeeiiga Ndeneiir1i Duty-cycle imuan

4 [ 1 Y o o Y 2 2
11189910 Duty-cycle A9HAABNT 1FNA101UY99UN50] IAgATI §111N Duty-cycle aUUNIL

=~

o Jyq ¥ o 2 13 Y o 19 X [ o 2
TlﬂwGlalf‘waNTmﬂﬂﬂJuLmﬂ]’l@’0Gl51ﬂ1iﬁﬂﬂlaua%q0ﬂlutwuﬂu1% Duty-cycle H3ga114150

U

° P a o ~ v o Jdo A
ﬂ1u'3i1!]1ﬂi]1ﬂ‘w1i'mm@§ BO uag SO Iﬂﬁlﬂﬂ’ﬂhﬁ'i\lwu‘ﬁﬂﬁﬁhﬂﬁﬂ (3.26)

ZSO

Duty cycle = B0 (3.26)
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Orderdiff = B0 - SO (3.27)
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#defind

uint8 t
{

{

SO_ERROR 15

void find bo so(uintl6é t bps, uint8 t dpf, uint8 t bo max, uint8 t *bo,

*s0)

uint8 t order diff;

*bo = 0;
*so = find so( bps, dpf, bo max);
if (*so == SO_ERROR)
return;
order diff = bo max - *so;

for (*bo = order diff + 1, *bo <= bo max, *bo++)

*so = find so( bps, dpf, *bo);
if (order diff <= (*bo - *so0))
return;

519159 3.3 9298719 Code MIIUHNIAT SO 1AL BO NaNaa
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udse 1% 1un155uaA1 BO ag SO nauNIaaa1usaveuili Code A29819015i5 80 195914

J o (% {
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uint8 t
uint8 t
uint8 t

so, bo, bo max = 12;
mac_payload len = 115;
mac_header and checksum len = 5;

uintl6 t data rate = 240;

find so

bo max,

bo( data rate, mac payload len + mac header and checksum len,
&bo, &so);
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BO =~ 1.442710g(0.0651042 x Latencyax) (3.29)
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uint8 t get bo(uintl6 t latency max ms)

{
uint8 t bo;

for(bo = 14; bo >= 1; bo--)
{
if(15.36*(2"bo) <= latency max ms)
{
return bo;
}
}

return 0;
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uintl6 t latency max ms = 1000;
uint8 t bo max;
bo max = get bo(latency max ms);
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uintl6 t latency max ms = 1000;

uint8 t mac payload len = 115;

uint8 t mac header and checksum len = 5;

uintl6 t data rate = 80;

uint8 t bo max, bo, so;

bo max = get bo(latency max ms);

find so bo( data rate, mac payload len + mac header and checksum len,
bo max, &bo, &so);
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Performance Evaluation of IEEE 802.15.4:
Experiment on Compatible Telos Platform
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Abstraci— [EEE B02.15.4 is a 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 deviee-level communication. In this paper, we
have established a realistic environment for the preliminary
performance evaluation of the IEEE B02.15.4 wircless networks.
Several sets of practical experiments are conducted to study its
various features, including the effects of data pay load size and
the data throughput in beacon-cnabled mode.

Keyword: Wireless Sensor Network, IEEE 802.15.4, TinyOs,
Performance Evaluation

L INTRODUCTION

n IRELESS Sensor Networks (WS8Ns) have emerged as
one of the dominant technologies such as military
defense and healthcare applications. These WSNs can

be deployed for different purposes such as target tracking,
intrusion detection, wildlife habitat monitoring, climate
control and disaster warning management [1]. A small device
called node in WSN consists of sensors, embedded processor,
moderate amount of memory &nd transmitter/receiver
circuitry. These sensor nodes are normally battery powered
and they coordinzte among themselves to perform a common
task.

Wireless Sensor Networks have to concern about resource
constrains and energy conservation. The sensor node’s radio in
the WSNs consumes a significant amount of energy.
Substantial research has been done on the design of low power
electronic devices in order to reduce energy consumption of
these sensor nodes. Because of hardware limitations further
energy efficiency can be achieved through the design of
energy efficient communication protocols.

Medium access control (MAC) is an important technique to
ensure the successful operation of the network. One of the
main functions in the MAC protocol is to avoid collisions
from interfering nodes. Even MAC protocol in IEEE 802.11 is
in the idle listening state most of the time, the energy is still
dissipated quite a lot. These bring us to explore the behavior
of IEEER02.15.4 in wireless sensor network using Telos
platform. The experimental results of the performance

evaluation will be considered to develop power efficient MAC
protocol in the future. The goal of designing MAC protocol is
to prolong the life time of the network. In this work we also
carried the study of the energy efficient MAC protocols for the
wireless sensor network.

The rest of the paper is organized as follows. Section 2
explains an overview of the MAC protocol based on IEEE
B02.15.4[3). Section 3 describes an owverview of the
TinyOS[4][5] and our in-house node architecture. Section 4
reports the performance evaluation and analysis results.
Finally, Section 5 draws a conclusion of this work.

II. OverviEw oF THE MAC proTOCOL IN IEEE 802.15.4

There are two different devices that can participate in an
[EEE 802.15.4 network; a full-function device (FFD) and a
reduced-function device (RFD). The FFD can operate in three
modes serving as a personal area network (PAN) coordinator,
a coordinator, or a normal device. An FFD can communicate
with RFDs or other FFDs while an RFD can talk only to an
FFD. IEEE 802.15 standard normally performs on both
beacon enabled and non-beacon enabled mode. In this section,
a brief overview of FFD and RFD are presented including the
information on the superframe structure, CSMA-CA algorithm
and the data transfer model.

A Superframe structure

IEEE 802.15.4 standard allows user to select a superframe
structure option to beacon-enabled mode. The format of the
superframe is defined by the coordinator. The superframe is
bounded by network beacon and is divided into sixteen slots
equally. The first slot of each superframe is sent without the
use of CSMA. The beacons are used to synchronize the
attached devices and to describe the structure of superframes.
An example beacon frame is shown in Figure 1. This frame
has been captured by program z-monitor [6].

The superframe has both an active portion a&nd an inactive
portion. The coordinator may enter a low-power (sleep) mode
during the inactive portion. The structure of this superframe is
expressed by the walues of macBeaconOrder and
macSuperframeOrder. The macBeaconOrder is the interval at
which the coordinator shall transmit its beacon frames. The
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value of macBeaconOrder (B()) and the beacon interval (BI)
are related as follows expression:

BI = aBaseSuperframeDuration * 2", 0= B0 <14

If BO = 15, the superframe will be ignored. The value of
macSuperFrameQOder is the length of the active portion of the
superframe. The superframe duration (SD) is related to
macSuperFrameOrder (S0), as follows expression:

SD = aBaseSuperFrameDuration*2™”, 0 < S0 < 14.

If 80 = 15, The superframe should not remain active the
beacon. An example superframe structure is shown in
Figure2[3].

B CSMA-CA Algorithm

If superframe structure is used, then slotted CSMA-CA
shall be used. However, unslotted CSMA-CA algorithm will
be applied when non-beacon enabled mode is deployed. In
both cases, the algorithm is implemented using a unit of time
called back-off periods. In slotted CDMA-CA channel access
mechanism, the back-off period of every device is aligned
with the superframe slot boundaries of the coordinator. Each
time slot, when a device transmits data frame, it shall locate
the boundary of the next back-off period. In unslotted CSMA-
CA channel access mechanism, the back-off period of one
device does not need to be synchronized to the back-off
periods of another device.

C. Data Transfer model

There are two types of terminated data transfer transaction:
from a coordinator to/from a device. Each type has both
beacon enabled and non-beacon enabled mode. A beacon
enabled mode is used in networks that either require
synchronization or support for low latency devices. If the
network does not need synchronization or support for low
latency device, it can select not to use the beacon for normal
transfers.

When a device transfers data to coordinator in beacon
enabled network, It will listens for the network beacon. As

79

covsencr| [N | oo (SRR
Seacon — Dty |
Ackncmwl ]
- i requeshed)

Agicrensiedgment
Tedueted |

a. beacon enabled mode

b. non-beacon enabled mode

Fieure 3. Communication to coordinator(31

comorwes| [ || coocrn |
—liila Request |
Beacon
) Acknowledgment
Data
Dinta Request —t
A Acknowledgment
Diata
- RSknouiedogment |

a. beacon enabled mode b, non-beacon enabled mode

Figure 4. Communication from coordinator[3]

soon as the beacon is found, it is synchronized to the super
frame structure. By that time, it transmits the data frame using
slotted CSMA-CA to the coordinator. This seguence is shown
in figure 3a [3]. In non-beacon enabled metwork, it simply
transmits the data frame using the unslotted CSMA-CA to the
coordinator. This sequence is shown in figure 3b[3].

When a coordinator transfers data to a device in beacon-
enabled network, it indicates that the data message is pending.
A device will transmit a data request using slotted CSMA-CA.
The coordinator optionally acknowledges back to a device.
The data frame is sent out using slotted CSMA-CA. The
device acknowledges for a successful transmission. Upon
receiving the acknowledgement, the message is removed from
the list of pending message in the beacon. This sequence is
show in figure 4a[3]. In non-beacon enzble network, it stores
the data for the appropriate device to make contact and request
data. A device may make contact by transmitting a request
using unslotted CSMA-CA, to its coordinator at an
application-defined rate. The coordinator acknowledges this
packet. If data are pending, the coordinator transmits the data
frame using unslotted CSMA-CA. In contrast, the coordinator
transmits data frame with zero-length payload to indicate that
no data were pending. This sequence is shown in figure 4b[3].

[I. OVERVIEW OF THE TNy QS AND QUR IN-HOUSE NODE

TinyQS is an open source operating system, BSD-licensed
operating system designed for low-power wireless devices
used in sensor networks, ubiquitous computing, personal area
networks, smart buildings and smart meters. A worldwide
community from academia to industry uses and develops the
operating system as well as its associated tools

TinyOS development is based on nesC language, a C dialect
that is imperative at low level and declarative at high level.
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Figure 5. Transmit Power

Applications are component based, code is encapsulated in
components that are defined by the interfaces they provide and
by those they can consume. Interfaces are bidirectional, they
do not only define the commands that have to be implemented
by the lower level that implements the interface, but also
events that have to be implemented by the higher level that
uses the component implementing the interface. The
component based model decouples API and implementation
and hides the specific properties of an implementation. At
compile time, implementations czn be substituted by different
implementation, either in hardware or in software, only the
wiring has to be changed. This mekes TinyOS very flexible.
Our in-house node named Unode is an ultra low power
wireless module for using in sensor network. Unode leverages
industry standards like USB and IEEE 802.15.4 to interoperate
seamlessly with other devices. By using industry standards,
providing flexible interconnection with peripherals, Unode
enables a wide range of mesh network applications. Unode is a
drop-in replacement for Telos platform by Moteiv company.
Unode module has implemented using ultra low power TI
MSP430F1611[7] microcontroller. This 16-bit RISC processor
features extremely low current consumption in both active and
sleep modes. In order to minimize power consumption, it is in
sleep mode most of the time. However, it can wake up as fast
as possible to process the task and then retumn to sleep mode
again. Unode uses a USB controller from FTDI to
communicate with the host computer and features the Chipeon
CC2420 [8] radio, which is an [EEE 802.15.4 compliant radio
providing religble wireless communication for wireless
communications. The radio provides fast data rate and robust
signal. It is controlled by the microcontroller through the SP1
port and can be tum off for low power duty cycled operation.
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The internal Inverted-F microstrip antenna is a pseudo omni
directional antenna that may attain 50-meter range indoors and
up to 125-meter range outdoors. The key feature of the Unode
is listed below:

- 250kbps 24GHz [EEE B02.154 Chipcon Wireless
Transceiver, Interoperability with other IEEE B02.15.4
devices,

- BMHz Texas Instruments MSP430 microcontroller (10k
RAM, 48k Flash),

- Integrated ADC, DAC, Supply Voltage Supervisor, and
DMA Controller, Ultra low current consumption, Fast
wakeup from sleep (<6ps), Programming and data
collection via USB, 34-pin expansion support

- TinyOS support : mesh networking and communication
implementation

IV. PERFORMANCE EVALUATION AND RESULTS ANALYSIS

To evaluate the performance of IEEE 802.15.4 standard on
sensor platforms, we use TinyOS wversion 2.1 and Unode
device in our experiments. We stared to measure the energy
consumption on each Unode operation e.g. idle, processing
full load, transmitting data, receiving data and toggle LED on
Unode. The results are shown in Table 1. We found that the
radio part in sensor node consumes a significant amount of
energy. Received mode dissipated energy about 42.9 mW,
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Transmitting uses energy vary from 21-35 mW as shown in
Figure 5. Our performance evaluation study reveals some of
the key throughput, time period, duty cycle and byte per
packet.

A Throughput VS Number of Packet

Figure 6 shows the effective data rate with varied data
payload ratio between the coordinator and device. The results
show that with the increase of payload size, the data rate also
increased. This is because the effect of overhead was reduced
leading to a raise of data coding efficiency.

B, Throughput VS Time Period

In [EEE 802.15.4, the coordinator decides the duty cycle
and beacon interval that the PAN operates on. This is done by
setting the SO and BO parameter Exg_%a.inad carlier. The duty
cycle is give by the expression 2 2% Low duty cycle
conserves energy by putting devices to sleep, in figure 7
shown power consumes vs. duty cycle. However, a low duty
cycle reduces the bandwidth and increase latency. With the
same duty cycle, we can have different combination of SO and
BO which means the superframe structure has different active
period and inactive period.

In this experiment, the maximum throughput at time period
1.856 s and duty cycle 100% this throughput is 7652.5 B/s as
shown in fig 8 Duty cycle 50% can have maximum
throughput 3826.105 Bfs at time period 3.712 s, Duty cycle
25% can have maximum throughput 3826.105 B/s at time
period 7.424 s, Duty cycle 12.5% can have maximum
throughput 936.52 B/s at time period 14.848 s

V. CONCLUSION

We have described the [EEE 802.15.4 standard for low-rate
and low-power wireless network using the experiment on real
sensor platform. We found that the sensor node’s radio in the
Unode consumes a significant amount of energy. Moreover,
the extremely low duty cycle operation can enable a
significant energy saving. However, these saving will trade-off
with the cost of significantly higher latency and lower
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