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Abstract— The diversity of research topics in Wireless Sens
Networks (WSNs) is attracting more and more reseanch from
different fields. The common point of all proposeblutions and
protocols for WSNs is the evaluation usually donetlwinetwork
simulators. In this paper, we focus on the resultslevance of
wireless sensor network simulators in different sceioa based on
indoor and outdoor environments. We propose a camgtive study
between 3 usual simulators (NS2, OPNET and QualNethile
using as reference a real testbed based on recembté2 sensors.
The simulators give different results even in sianilenvironments.
NS2 and Qualnet give results close to those of éxperimentation
in the case of an indoor environment, but in the tol@or
environment Opnet gives results closer to the rgalin addition,
the impact of different MAC protocols (B-MAC and TKN15.4
MAC) which observe or do not observe the IEEE 802.15ahdard
is illustrated by real experimentations. They shohat TKN15.4
protocol gives a better throughput than B-MAC.

WG, etc.) but we are not aware of any comparativelys
between the devices. 2) No work proposed a relteBE
802.15.4 comparative study between simulators. @)wdrk
studies the simulator relevance in comparison wigal
802.15.4 testbed.

This paper thus aims at:

1) Assessing the performances of different MAC taye
implemented in the latest 802.15.4 devices basedthen
CC2420 RF transceiver [11] and checking their olzs®e of
the IEEE standard. The 802.15.4 devices perfornsarece
evaluated both in an indoor and in an outdoor enwvirent. 2)
Estimating the relevance of the MAC 802.15.4 lalaely
implemented in the different network simulators and
comparing it to a real testbed. We will thus besabl provide
researchers a guideline to help them choose and &un
802.15.4 simulator in accordance with a specifidremment.

Keywords: Wireless Sensor Networks, IEEE 802.15.4, Network

Simulators, Testbed

l. INTRODUCTION

The design and the implementation of new protocols
models for wireless sensor networks are mainly daze
simulation in order to test and validate the pregosolutions.
Simulations are indeed less costly and complex thaeal
implementation in a testbed, especially if the dgnsf the

To achieve these goals, we use four different enmients:
an outdoor free-space and three indoor environmftice,
corridor and hall). For the indoor-office environmewe first
study a simple transmission without contentionsvbeh two
nodes, and then transmissions with one to sevetteemin
competition to access to the media. The compariaomsnade
with three major network simulators: NS2 [14], OPNRA5]
and QualNet [16]. For the testbed, two MAC protscare

network and the complexity of the topology used ardnvestigated: B-MAC (Berkeley MAC) [19] which doe®t

significant. Moreover, we are able to compare
performances of different protocols/models in difa
scenarios and through different periods much fastih
simulations. When implementing a real WPAN testiéth

thedbserve the IEEE 802.15.4 standard and TKN15.4 MEE}

which does. B-MAC protocol is a native protocol many
hardware devices like Crossbow sensors (MICAz, d&lo
Imote2). TKN15.4 MAC protocol includes almost thmmplete

environment type, the terminal location and the Ma\®-layer
parameters as they may have an important impacthen
different protocols/models performances. To asséss

relevance of a specific wireless network simulatoso

guestions have to be answered: 1) Is the implertientaf the
lower layers, specially the physical layer, closghe reality?
2) If the implementation is not enough realistiowhcan we
evaluate the relevance of our results, particuliarihe case of
a dense multi-hop network, as we know that thestragsion
model between two nodes does not match a reatisit@a

Our involvement in such a study is thus due to ehre

observations we made: 1) No work dealing with thtedt
802.15.4 [2] devices ever reported any evaluatibrtheir

except for GTS allocation and management, secaeityices,
and a few minor services like PAN ID conflict natétion.

This paper is divided into five sections. In sett®, we
sum up the existing works dealing with experimeatatesults
and network simulators. We present an evaluatioB-6MfAC
and TKN15.4 MAC over Imote2 in section 3. Sectioris4
dedicated to the comparative study of the majomvord
simulators performances. The fifth section conctuder paper
and presents the future works.

. RELATED WORKS

Many works in literature deal with the performance
evaluation of the IEEE 802.15.4 standard. Thes#iestican be

performance and observance of the IEEE standaréserh divided into three categories. In the first one4[3the results

studies focused on the different MAC
implementations (B-MAC, TinyOS 15.4 WG, TinyOS ZigB3

802.15.4are obtained with real 802.15.4 devices. In th@sgwone [5-

7], they are obtained with different simulationsthe third one



[8-10], the analysis and modelling of the 802.16kannel
enable the network performances assessment.

The complete study proposed by Petrova et al.fdlyaes
the performance of IEEE 802.15.4 through the memsent of
the PER (Packet Error Rate) and the RSSI (ReceBrgdal
Strength Indicator) both in indoor and outdoor emwinents
with only one emitter and one receiver using theal€C2420
RF transceiver. The results demonstrate
modulation efficiency compared to other schemefuded in
WiFi or Bluetooth technologies. The results arentlised to
tune the error model in NS-2 simulator [14] for tHeEE
802.15.4 MAC extension [12]. The simulations shdwattin
the slotted CSMA-CA mode, the throughput is alwbyser
than 45kbps (for a 250kbps nominal raw bit ratd)atever the
offered load and the number of sources (from 1Gp @he
conclusion is that the beaconed mode should onlyugesl
when the resulting short channel access time tisaiand the
offered load is low. No comparison on the throughipudone
between the simulator and the testbed.

In a similar study [4], the authors study the parfance of
the direct and indirect data transmissions using|BBE
802.15.4 compliant CC2420 transceiver in the CSMW/C
beacon-enabled mode and analyze the effects ofdéte
payload size. This study shows that: (1) the dataughput is
significantly reduced in the case of indirect traissions (from
153kbps to 65 kbps for a 250kbps raw bit rate);wWBen the
number of sources increases, both the effectiva dee and
delivery ratio decrease because of collisions aaddom
backoffs; (3) the data rate increases accordingpeopayload
size but it has no significant influence on thewasy ratio.

In [5], Lu et al. evaluate the performances of 862
MAC for the beacon-enabled mode, using NS-2 sirionat
They found that an extremely low duty cycle opemnables
significant energy savings but can lead to an igmatency
and a low bandwidth. The CSMA-CA algorithm reduties
energy costs but increases the number of collisidras higher
rate and with a larger number of sources. Howetheruse of
GTS (Guaranteed Time Slots) can ensure a low |gtéoe
increases the energy costs. Thus, it is difficnlfind a trade-
off, which mainly depends on the context and thpetyf
application (real time, high throughput...). In thétudy, no
guideline is proposed to tune the parameters odithalator.

Zheng et al. present in [6] a complete simulatienusing

algorithm is not flexible enough for large-scalens®
networks; the offered load (corresponding to therkarrival
times of the flows in each node) should be arowif %o offer
the best trade-off between throughput and averatgdower
superframe orders (active duration of the supesantroduce
additional overheads and thus limit the throughput.

The performance of the IEEE 802.15.4 contentioresgc

the OQPSHKeriod is also analyzed in [8] in terms of throughand energy

consumption. For the analysis, the behavior ofrtbdes and
the channel are modeled, using Markov chains. Rerddwer
layers, the authors used the characteristics of Q2420
transceiver. They show that the standard spedifia€ can be
accurately modeled as non-persistent CSMA. They als
demonstrate that letting the radio in a shutdowatesbetween
the different transmissions is a very effective nweaof
reducing the average power consumption for a védg nange
of traffic rates. Finally, they propose to initidithe contention
window length to 1, in order to significantly imme the
throughput and reduce the energy consumption wh&t-M
level acknowledgements are not used.

Misic et al. have modeled in [9] the operation lué {EEE
802.15.4 MAC layer in the beacon-enabled mode tittou
discrete time Markov chains. They identify the domkqueue
stability at the PAN coordinator as the tightegtecion for the
network. Consequently, they assume that the numbeodes
and their traffic load should be chosen to avoil shaturation
point of the network.

In [10], the authors provide an analytic performanaodel
using Markov chains in order to compute the satumat
throughput of the network in a star topology. Thedel is
validated through simulations with NS2 in a netwooknposed
of a maximum of 50 nodes. One of the main conchssie that
the aggregated throughput is never higher than BeKb
whatever the number of nodes and the total load.

As far as we know, no comparison between WPAN
802.15.4 simulators and real testbed has ever teeied out.
The added value of our study is thus to presentaaadyse a
complete set of measurements (throughput, RSSI lassl
ratio) with a recent 802.15.4 testbed and thenotopare the
testbed and the simulators’ results in order tanipout their
divergences and the causes of these divergences.

Ill.  EVALUATION OF MAC LAYERS OVERIMOTE2

the Samsung/CUNY 802.15.4 implementation in an NS-2A Context

simulator [12]. This study shows that the 802.15tdndard
suffers from hidden terminal problems because efabsence
of any RTS/CTS mechanism. However, for low datagdtip
to one packet per second), the performance decigasmor.
The default CSMA-CA backoff period is too short,ighhleads
to frequent repeated collisions. The superframeth \Ww
beacon orders (short duration between beaconsjisariower
the slotted CSMA-CA backoff efficiency and lead aohigh
collision probability when the superframes are thed.

In [7], the authors have developed simulation tofls

In this section, we point out the significant impa€ the
environment on wireless communications. The indoor
environment is more common (companies, offices, dyogic).
The outdoor environment represents a free-spaeeveitbout
any physical obstacle, such as emergency deplogménis
thus much less frequent, especially in a WPAN cdnte
Nevertheless, many performance simulation studie$/&AN
use the free-space or the two-ray ground propagatiodels,
whatever the supposed context. These models aneusiby
not adapted to an indoor environment. The freeespaodel

IEEE 802.15.4 slotted CSMA/CA mechanism using andoes not take into account the floor reflectiomalg and the

OPNET simulator [15]. The sensor network is compgoska
PAN coordinator and 100 nodes randomly spreadlifiCan x

two-ray ground model takes these signals into agchom a
certain distance threshold between the transmited the

100m area. The basic conclusions are that the Hackoreceiver.



For our experiment, we selected four
environments. The first one is an outdoor enviramme
corresponding to our campus park without any olstéee-
space). The three others are indoor and take placeur
laboratory building. As the WiFi technology is cemtly used
in all buildings, we kept the existing IEEE 802.11g
communication on, in order to get results as ctoghe reality
as possible. When the 802.15.4 sensor wants to s@adket,
it selects an available channel. The first indaorinment is
the most usual one: it is represented by our labgramade up
of 15-30m2 offices located along a corridor (figdde For this
indoor-office environment, we use a simple scenaith a
fixed emitter and a mobile receiver in order toleate the
range and the fading effects across several offieash office
is 3 meter long and is separated from the nextbgreeconcrete
wall 30cm thick). The objective here is to chardeee and
compare the different MAC layers existing for th€2220
transceiver, another scenario with several emittzesating
contention is presented in next section.

3m
«—>
4B060 | 4B058 4B056
— - -

Offices
4B066 | 4B064

Receiver _gmm

4B062

Emitter

Figure 1. The indoor environment (Paris-Est computing redetasoratory)

The second indoor environment is the corridor alsown
in figure 1. The goal is to highlight the corrideffect which
theoretically allows higher ranges. The third indoo
environment is the hall of our building, an opemap with a
ten meter high ceiling and a length of eighty materits
longest part. This place is comparable with statiorairport
halls.

In both scenarios, we used one CBR connection thigh
maximum rate in order to reach the limit of the rufel
capacity (1kHz). The selected frame size is sé@stmaximum
value (127 Bytes). The transmitter and receiveresodre
placed at a height of 1m corresponding to a degghheThe
distance between them fluctuates between 0 and whiah is
almost the maximum range except for the corridor.

TABLE I. CC2420CHARACTERISTICS

Frequency Band (ISM) 2400.0 — 2483.5 MHz
Data Rate 250 kb/s

Tx Power -24 - 0dBm

Rx Sensitivity -94 dBm

Range (line of sight) ~30 m

The nodes used in the testbed are the recent MEMSI

(formerly Crossbow) [13] Imote2 equipped with CC@4adio
transceiver (see table 1). The native MAC protocolmote2
sensors (BMAC) does not observe IEEE 802.15.4 atanahd
many capabilities, such as the beacon-enabled navdenot
implemented. In order to compare BMAC and othertquols
in conformity with the standard, we have adaptes T#KN-
15.4 MAC protocol implementation provided by thewWj®S
15.4 working group [17] to the Imote2 platform.this study,
we only focus on the non-beacon-enabled mode, dieroto

realisticprovide a fair comparison between TKN-15.4 and BMAGe

selected metrics are the throughput, the R&8de{ved Signal
Srength Indication) and the packet loss ratim order to
evaluate the performance of the transmission amdjtiality of
the channel.

B. Results

The results related to the average throughput sedes the
receiver according to the different distances betwthe sender
and the receiver are plotted in figures 2 and 3hBoenarios
(outdoor-free-space, indoor-office, indoor-corridord indoor-
hall) and the three MAC layers (BMAC, TKN-15.4, afiIN-
15.4 with ACK) are represented. Whatever the cdnttre
TKN-15.4 MAC layer gives a better result than BMAG
terms of throughput. The TKN-15.4 enhances theutjnput
up to 50% compared to BMAC. This result reflect® th
different implementations of both MAC protocolsterms of
buffer management policy and backoff algorithmscdpt in
the case of BMAC, the throughput reaches 50% ofakebit
rate (250 kbps). In addition, we can compare tmeutfhput
provided by the same MAC layer (TKN-15.4) in both
acknowledgement-enabled and non-acknowledgememiesha
modes. This comparison shows that the acknowledgieme
enabled mode is more reliable thanks to the retmesson
mechanism, whereas the non-acknowledgement-enainde
provides a 10% higher capacity (see also figuredb 7.

In the outdoor scenario (line-of-sight), the meadurange
is about the triple (55m) of that obtained in arficef
environment (15m). Until this value, the throughpntthe
outdoor scenario is almost constant. This resulhalestrates
the robustness of the 802.15.4 channel. In theoindfiice
scenario, the throughput becomes null beyond 15mn{ore
propagation) which correspond to 5 offices. Befdhis
threshold, up to the 4th office, the throughput aams almost
constant with weak variations proportional to thBR (see
figure 4). Let us note that it is mainly the numlmdrwalls
which limit the range, this one would be higher fonger
offices. The range for the indoor-hall scenarion(§%s a little
higher than for the outdoor context (55m) thanks the
reflections on the floor and the walls. These effesre much
more important in the case of the corridor: thengeiy of the
places (1.6m between both walls) associated taeadf-sight
propagation favors a wave canalization effect. €hes
reflections produce an important gain and incréaseange up
to 180m. Let us also note that the corridor effecduces, for
a distance of 25m, a weak reduction of the througldpe to
the superposition, at this point, of the directnaig(with a
2.4GHz carrier) and the signal reflected on therflo
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even if the signal level decreases or fluctuatéwe 802.15.4
device thus tries to maintain a high data ratel unttertain
received power threshold (approximately -40dB).

The fluctuation of the packet loss ratio accordingthe
distance is plotted in figures 6 and 7. The rationuch higher
for the BMAC in both contexts, which explains thffetences
in the measured throughputs. With the TKN-15.4 gxrol, the
loss rate remains very weak for ranges that arsecto the
limit. Even in the indoor-office environment, thate remains
lower than 15% until a 15m distance (4 offices)r Foe
corridor scenario, the corridor effect at 25m isoaillustrated
in figure 7. Finally, the measured ratios enalsiéaugive some
guidelines for an IEEE 802.15.4 network deploymenboth
indoor and outdoor environments: the router mestilshhave
a 15-20m diameter in a noisy indoor environment arkD-60
m diameter in a free-space environment.
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Figure 6. Packet Loss Ratio vs Distance (Office and Outdoor)
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Figures4 and 5 show the evolution of the RSSI anc "° ® o w

throughput measured at the receiver according éadistance
(only the TKN-15.4 MAC layer without ACK is plottedn the
cases of the outdoor and the indoor-hall scenaaimgrding to
the mathematic formulation of free-space envirorimeine
signal level should decrease according to the miistaquare.
The measured signal level is more versatile thameeted,
particularly in the hall. It depends on many partarg such as
the characteristics and orientation of the antentiesground
reflections, the potential background noise, etor Fhe
corridor, the RSSI remains almost constant betwkm and
160m which confirms the corridor effect due to importance
of the reflections. In the case of the office eomment, we
expected a significant fluctuation of the signaklebecause of
the number and nature of the dividing walls, thepbe moving
in the area, the interferences with other transomss etc. The
results show that the signal level decreases rggaftom the
2nd wall and remains relatively constant up to Hile wall,
which also demonstrates the robustness of the ehanhat is
the impact of the RSSI fluctuations on the throudRp-igure 4
and 5 show that the throughput remains constai apcertain
threshold (from 15 to 160m, depending on the emwirent),

Distance (meters)

Figure 7. Packet Loss Ratio vs Distance (Corridor and Hall)

IV. COMPARISONS BETWEEN TESTBED AND SIMULATORS

A N&

NS-2 [14] is currently the most popular network giator.
We used the Free-Space propagation models to gantie
outdoor environment and the Shadowing model witfeint
parameters to simulate the indoor environment.hin latest
versions of NS-2, the IEEE 802.15.4 extension dagped at
the City College of New York is included. MoreovédS-2
observes the 802.15.4 standard and the frames hasgsa
acknowledged. The simulation parameters (frame, SLBR
rate, data rate) are the same as those used foedted. The
transmitted power is tuned in the free-space madelder to
obtain a 55m reception range. To be as close teetildestbed
as possible, neither the background noise norriteeférences
are taken into account in the vicinity of the nades

For the Free-Space model, the signal power attemuas
proportional to 1d?:



_ﬂ@@ﬂ
" (4nd)?L
G; andG; are the antennas gairisthe wavelengthl. the Loss

The testbed results are used as reference to centpar
performances of the three simulators, see figure® and 10.
First, we notice that the throughput obtained witds-2
simulations is always higher, whatever the modeisTis

Factor andd the distance between two nodes. We tuned thenainly due to the implementation of the 802.15.4 G/layer.

values of Transmitted PowePJ and Capture ThresholdP,]
to obtain the same range as in the real testbezbeTteference
values are also used for the other propagation lsode

For the shadowing model, two important parametezsuaed
to differentiate the environment:

Pr(d)] 1081 (d)+x
= - 0 _—
B (do)] 45 B\g,) " e
whered, is a reference distancg,is the path loss exponent
and is usually empirically determined by a fieldaserement.

For instance =2 corresponds to a free-space propagation.
When we sef to a larger value, that means that the number of

obstructions is more significant, and the gredter distance,
the faster the decrease of the received signal poWwee

second parametefss is a log-normal random variable which

reflects the fluctuation of the received power atextain

As for all simulators, the free-space model givedi@ary
response: beyond a certain threshold, no more ek be
received. The shadowing model offers results cldsethe
reality but the parameters that drive the shadowiogagation
are difficult to set. The documentation of NS-2 ggvtypical
values ofp andc (for example;f=2 andos=4 to 12dB for an
outdoor free-space environmefit4 to 6 ands=6.8dB for an
indoor obstructed environment) but the shadowingiehds
probabilistic and insofar as these parameters Havebe
determined by field measurement, it is difficult reflect the
reality. Thus, it is possible to tune the paransetarorder to
btain a curve close to the reality (indoor or @aid but these
configurations cannot be generalized. In figurdo8,=2 and
=4, the throughput shows almost the same decreafes the
testbed in the indoor environment. However, accgydo the
model, these parameters correspond to an “in ImgjJdine-of-
sight” environment.

distance.Xgs is thus a Gaussian random variable with zero

mean and a standard deviatieg which is called the

Concerning Qualnet, the first remark is related the

shadowing deviationoys is also obtained by measurement.@verage values of the throughputs which are lohen those
For examplegg =7dB corresponds to an obstructed officeObtained with the testbed or the other simulatorghe indoor

environment.

B. Qualnet

In order to carry out an efficient and fair compari
between the simulators, we used the same paranast@rsNS-

and outdoor environments). Once again, the impléatien of
the MAC layer (backoff algorithm, clear channel emssnent,
MAC buffers...) has a significant impact on the perance.
As for NS-2, the shadowing model gives better tesialr the
indoor environment, despite a lower throughput.

2. The proposed propagation models are close tsethoShadowing deviation is tuned in order to obtaimieve close to

proposed in NS-2: free-space and log-normal shaupyin

this model, only the deviation parameter is us€djalnet also
proposes the Rayleigh fading model, which occursmihnere
is no line of sight between the source and degtinat

C. OPNET

The wireless suite of OPNET Modeler [16] integrate

802.15.4 devices (PHY Extended Rate) and offers
propagation models intended for outdoor environsé¢Rtee-
Space, Longley-Rice, Hata, CCIR, Walfisch-lkegaf@®PNET

Modeler views all wireless channels as Gaussiamreia
(uniform noise spectral density) and ignores thrdinig effect.

In addition, OPNET uses a fixed value of the pathlexponent
without considering the diversity of the environrteems for

NS-2 and Qualnet the transmitted power is tunethénfree-
space model in order to obtain a 55m receptiongahygthat
case, the obtained throughput is close to thetyeali

D. Results

For these comparisons, we use three scenarios. TWrPno

scenarios (outdoor-free-space and indoor-officéh wne fixed
emitter and a mobile receiver, like previously. Timrd is
located in an office with one receiver and from d 1
transmitters in order to evaluate the impact ofdetention on
the global throughput. The transmitters are plestetim from
the receiver. Each transmitter is located at 10comfits
neighbor.

the reality 6=4dB) and the configuration is much more precise

and effective than for NS.

The free-space model of OPNET gives results clogbé
reality. With the same power value, the other pgapian
models give very nearby results and are thus rpresented.
They are indeed designed for an outdoor environraedtthus
or transmission powers much higher than thosellysused in

EE 802.15.4 (greater than 100mW) and for antemvids a

range much higher than this present in the nodestgr than
100m). Although OPNET integrates 802.15.4 devicg arot
of potential configurations (noise, loss factor, temma
models...), the propagation models proposed by ded@uhot
enable to carry out simulations close to the neatitan indoor
environment (the HATA model plotted in figure 9 @&/ a
binary response like for the free-space modells hecessary
in this case to add other propagation models, saglthe
shadowing model. In addition, the beacon-enabledenis not
implemented.
For the scenario with contention (figure 10), thadowing
del proposed in NS2, with optimized parametgr (and
o0=4) gives results very close to those obtained thithtestbed:
the average global throughput increases slightlyh whe
number of sources until a threshold close to 135KIsor the
other simulators, the increase is much more imporgap to
175kbps). This result confirms that for OPNET andalDet,
the implementation of the radio physical layer it wery
realistic; the contentions are minimized which ke&al a faster
channel access when several sources compete.

The
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V. CONCLUSION

In this work, we present a comparative study betwee
MAC protocols which observe the IEEE 802.15.4 stadd
(such as TKN-15.4) and those which do not (sucBMAC).
The impact of the different MAC protocols implemeiitn in
real testbed is presented and analyzed. In additen
comparison between the results obtained from a8@2l15.4
testbed and three usual network simulators (NSt@|liigt and
OPNET) is proposed. The main goals of this studytartest
the performance of the real 802.15.4 MAC layers &md
evaluate the relevance of the simulators, partityula indoor
and outdoor environments.

The 802.15.4 MAC layers implemented in the recent

devices based on the CC2420 transceiver can benpiete
compared to the standard. The performances shawphto a
certain range threshold, the throughput in bothoandand
outdoor contexts is relatively constant, which @on$ the

robustness of the 802.15.4 channel. The lower $agérthe
simulators are approximate, do not include realisti
propagation models and give a throughput that tsrealistic.
Finally, despite a difficult tuning of the propaigst model
parameters, NS-2 gives the results closest totyeli the
indoor scenario, while OPNET gives the best resitshe
outdoor scenario.

In our future works, we plan to extend our studythe
IEEE 802.15.4 beacon-enabled mode. In additionfaripg
the lower layers of the network simulators in orttegenerate
results which are closer to the reality is anotitedlenge.

REFERENCES

Zigbee, ‘“Zigbee Specification,” ZigBee Standards ga&ization,
Standard Zigbee 053474r17, January 2008

IEEE 802.15, “Part 15.4: Wireless medium accesgrobMAC) and
physical layer (PHY) specifications for low-ratereless personal area
networks (WPANSs),” ANSI/IEEE, Standard 802.15.4 B&02006.

M. Petrova, J. Riihijarvi, P. Mahonen, S. LabelRerformance study of
IEEE 802.15.4 using measurements and simulatidb&E | Wireless
Communications and Networking Conference,” 2006.N@2006.

J-S Lee, “An experiment on performance study of BEB02.15.4
wireless networks,” 10th |IEEE Conference on .Enmeggiechnologies
and Factory Automation, 2005. ETFA 2005.

G. Lu, B. Krishnamachari, C.S. Raghavendra, “Pertorce Evaluation
of the IEEE 802.15.4 MAC for Low-Rate Low-Power elgss
Networks,” IEEE International Performance Computingand
Communications Conference (IPCCC'2004)

J. Zheng, M.J. Lee, “A comprehensive performanceaystof IEEE
802.15. 4, Sensor Network Operations,” IEEE Prééiey Interscience,
Chapter 4, pp. 218-237, 2006. www-ee.ccny.cuny.edu

A. Koubaa, M. Alves, E. Tovar, “A Comprehensive 8lation Study of
Slotted CSMA/CA for IEEE 802.15.4 Wireless Sensatworks,” In
Proc. 2006 IEEE International Workshop on Factogm@unication
Systems (WFCS), July 2006.

I. Ramachandran, A.K. Das, S. Roy, “Analysis of tlratention access
period of IEEE 802.15.4 MAC,” ACM Transactions onenSor
Networks (TOSN) Volume 3, Issue 1 (March 2007)

J. Misic, S. Shaf, and V.B. Misic, “PerformanceaBeacon Enabled
IEEE 802.15.4 Cluster with Downlink and Uplink Tiiaf’ IEEE Trans.
Parallel and Distributed Systems, vol. 17, no.p#,361-376, Apr. 2006.

C. K. Singh A. Kumar and P. M. Ameer, “Performamssgluation of an
IEEE 802.15.4 sensor network with a star topolodyireless Network
Journal Published onlin@1 August 2007

Datasheet for Chipcon/Texas Instruments CC2420 @Hz |EEE
802.15.4/ZigBee-Ready RF Tranceiver,
http://focus.ti.com/lit/ds/symlink/cc2420.pdf [reémced September

(1
(2

(3]

(4]

(5]

(6]

(7]

8l

19

[10]

[11]

2008].

[12] Samsung/CUNY, “Ns2 simulator for 802.15.4," httywWw-
ee.ccny.cuny.edu/zheng/pub [referenced Septembh&003].

[13] MEMSIC Companyhttp://www.memsic.com/products/wireless-sensor-
networks.html

[14] The Network Simulator NS-2, http://www.isi.edu/nexias/

[15] OPNET Modeler,
http://www.opnet.com/solutions/network_rd/modelénh

[16] QualNet, http://www.scalable-networks.com

[17] TinyOS 15.4 working groufttp://tinyos.stanford.edu:8000/15.4 WG

[18] J.-H. Hauer, "TKN15.4: An IEEE 802.15.4 MAC Implemation for

TinyOS 2", TKN Technical Report Series TKN-08-003,
Telecommunication Networks Group, Technical UniitgrsBerlin,
March 2009.

J. Polastre, J. Hill, D. Culler, “Versatile low pewmedia access for

wireless sensor networks”, In proceedings of théVAZhd international
conference on Embedded networked sensor syste®, 20

[19]



