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Abstract

IEEE 802.15.4-2003 [1] was introduced to address the market need for connecting low-rate de-
vices in a wireless personal area network (WPAN). A slotted CSMA/CA medium access control
(MAC) protocol is defined in the standard to coordinate the channel access of a large number
of wireless devices. in this paper, we propose a novel Markov chain for IEEE802.15.4 MAC,
which faithfully captures all the essential features of the protocol, and thus can provide valuable
insight into the strenghts and weaknesses of this multiple access scheme. The evaluation reveals
that the double carrier sensing mechanism specified in 802.15.4 MAC is not an optimal design,
and a slight modification in the protocol can result in further performance improvement in terms
of throughput, delay and energy efficency.
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Abstract— IEEE 802.15.4-2003 [1] was introduced to address scientific and medical (ISM) band, its coexistence with IEEE
the market need for connecting low-rate devices in a Wil’fi‘|6'SS 80211b/g raises concerns from the existing 802.11 commu-
personal area network (WPAN). A slotted CSMA/CA medium  piry  The jmpact of potential interference on the network
access control (MAC) protocol is defined in the standard to . . . .
coordinate the channel access of a large number of wireless performance IS examlned by 1. Howitt et al. in [9]. A Markov
devices. In this paper, we propose a novel Markov chain for chain was proposed in [10] to evaluate the saturation threug
IEEE 802.15.4 MAC, which faithfully captures all the essential put of 802.15.4. [11] further extended the Markov chain and
features of the protocol, and thus can _provid_e valuable insight ysed it in conjunction with anV//G/1/K queueing model
into the stre_ngths and weaknesses of this _multlple_access sch_emeto analyze the delay and throughput performance of IEEE
The _e\_/alu_atlon reveals that ;he double carrier sensing mechan_lsm 802.15.4 under non-saturation traffic. Nonetheless. wuario
specified in 802.15.4 MAC is not an optimal design, and a slight B . | : v .
modification in the protocol can result in further performance a@pproximations have been made in [10] and [11] to simplify
improvement in terms of throughput, delay and energy efficiency. the analysis related to Markov process, and no simulation
results have been provided to validate the proposed model.
For instance, the probability that carrier sensing will fihe

l. INTRODUCTION channel busy is dependent on whether the carrier sensing is

As our daily life is surrounded by more and more electronigerformed during the channel busy period or not. However,
devices, there is a pressing need to network them togethef10] ignores this critical nuance and only uses two average
an easy, and preferably wireless fashion. To address tkis, ngrobabilities (i.e., and ) for all possible scenarios in the
the ZigBee Alliance [2] and the IEEE 802 Working Group analysis.
joined forces in 2000 to investigate a low data rate solution In this paper, we propose a new Markov chain model for
with multi-month to multi-year battery life and very lowlEEE 802.15.4 MAC protocol, which takeall the major
complexity. This effort eventually led to the quick stardiar aspects of medium access control mechanisms into consid-
ization of IEEE 802.15.4-2003 [1], a new protocol for low-eration. An efficient iterative methodology is then emplbye
power and low cost wireless networking for residential anw solve the chain numerically. Using this Markov model, the
industrial environments. Since its ratification, IEEE 84 saturation throughput of an IEEE 802.15.4 network can be
has witnessed rollouts of numerous product solutions, aadcurately calculated. An investigation on the effect afatzs
achieved rapid market acceptance. To further leverage MAC features, especially that of the double carrier sensing
success that 802.15.4 enjoys, the ZigBee Alliance rele#isedmechanism, was then performed. Based upon the insights
first specification in December 2004, based upon the physitiaéreby revealed, a slight modification of IEEE 802.15.4 MAC
(PHY) and medium access control (MAC) layer of IEEHs proposed to improve the performance of the protocol.
802.15.4 protocol. The analysis presented in this paper may bear some re-

Recently, the field of wireless personal area networkirmemblance to the Markov chains defined for the IEEE 802.11
(WPAN) in general, and IEEE 802.15.4 in particular, haBCF [12]. However, the direct application of the model
become the focus of extensive research. [3] and [4] providt@roduced therein does not lend itself to a valid analysis
an excellent introduction to the protocol stack, desiguieg for IEEE 802.15.4, as the random backoff performed in this
ments and evolution of the IEEE 802.15.4 draft standard. [Bgw MAC always proceeds regardless of whether the channel
and [6] carefully study the performance of IEEE 802.15.% idle or busy, which represents one of several significant
MAC protocol using the simulation modules developed in thadeviations from the IEEE 802.11 DCF protocol. In addition,
ns2 environment. [7] extends the initial investigation in [5ica it is worthwhile to note that other statistics of interesicls as
discusses a wider range of issues in the IEEE 802.15.4 MA€rvice delay distribution, can also be readily computedgus
protocol. N. Golmie et al. consider the possible applicatth the model proposed herein, which is another desirable featu
IEEE 802.15.4 to the medical environment and simulate thieat distinguishes this Markov chain from previous analysi
protocol in a health-care/hospital scenario usib@ NET. focused on the general CSMA/CA mechanism or the IEEE
Since IEEE 802.15.4 may operate at the 2.4GHz industri802.11 DCF. Due to space constraints, however, the delay



analysis will not be addressed in this paper. plays a crucial role in the operation of 802.15.4. Specifjcal
The rest of the paper is organized as follows. In sectiohthe default values are used, each active period contans 1
II, a brief introduction to IEEE 802.15.4 protocol is offdte aBaseSuper frameDuration (see Figure 1), which in turns
Section Il defines the new Markov model, and elaborates thensists of 48 backoff period units.
corresponding numerical solution. The saturation thrpugh  Since the Markov model in this paper is proposed for the
of an IEEE 802.15.4 network is then computed in sectid@AP period within a superframe structure, we will concetietra
IV, based upon the solution to the Markov model. Sectiomn the slotted CSMA/CA mechanism in the rest of the paper.
V compares the analysis and simulation results, and previdaterested readers should refer to [5]—[7] for further detan
an in-depth discussion on how the key MAC parameters mayperframe structure and CFP operation.
impact the network throughput. The protocol evaluatiordshe )
further light on some possible minor protocol changes, whi®: Sotted CSMA/CA in CAP
nevertheless can increase the system throughput, and lowdn the slotted CSMA/CA, each node maintains three param-
the delay and energy consumption. The paper concludes watiers, namely the number of random backofféR), backoff
section VI, which also outlines future research work. exponent BE), and contention window ({W), for every
packet. Once a frame reaches the head-of-line (HOL) in the
Il. THE IEEE 802.15.4 MAC PROTOCOL buffer, it should locate the backoff period boundary and per
A. Overview of IEEE 802.15.4 MAC protocol form a delay for a random number of units of backoff period.
IEEE 802.15.4 can operate in both a beacon-enabled mddués random number is drawn from the interja)25% — 1],
and an ad hoc non-beacon mode. As depicted in Figure 1based upon the uniform distribution. Each unit of backoff
superframe structure has been defined in the protocol for thigeriod should equal taUnitBackof f Period number of

beacon-enabled mode. physical symbols, an@ E is first initialized to the value of
macMinBE. Hereafter, the termsme slot andbackoff period
Beacon Coprention Free Period (CFP)  geacon Nt will be used interchangeably.
\ Contention Access Period (CAP) GTS \ GTS | Inactive L Upon the completion of the random delay, the node should
0 ‘ 1 ‘2 ‘3 ‘4 ‘5 ‘6 ‘7 ‘a ‘g ‘ 10 11‘ 12‘ 13‘ 14‘ 15 ”~  sense the carrier on the backoff period boundary. If the-wire
Active R less medium is found idle(’WV is decremented and another
SD = aBaseSuperframeDuration x 2 symbols channel sensing is immediately attempted at the succeeding
Bl = aBaseSuperframeDuration x 2% symbols backoff period slot boundary. The packet can only be trans-

mitted when theCTW reaches 0 and the node still senses the
channel to be idle. Whenever the medium becomes busy before
Each superframe starts with leacon frame sent by an CW reaches ON B is incremented, and a new random backoff

electedcoordinator, which is followed by a contention accesdS Started, as long a5 has not exceeded the maximum
period (CAP), and a contention free period (CFP). Before tfsimber of backoffs. The durat!ontEf t1h|sMranggm backoffyretr
arrival of the next beacon, which signals the beginning of 1§ drawn from the intervalo, 27 (BE+LaMesBE) — 1], again
new superframe, nodes in the WPAN may enter an inactigecording fo the uniform dl_strlbutlon. The MAC parameter
period and stay in a low power mode so that the ener axBE is the default maximum value of backoff exppnent.
consumption can be further conserved. During the CAP periddS0: note that upon each random backoff retry, CW is reset
if a beacon is successfully detected, the channel should BeitS initial value CW (i.e., 2). After the packet transmis-
accessed in a slotted CSMA/CA fashion. In the CFP, howev&fon: the existence or lack of an acknowledgment from the

exclusive channel access for each node is always grantedH§nded recipient indicates whether the transmitted @aisk
the coordinator. successfully delivered or not.

Fig. 1: IEEE 802.15.4 superframe structure.

As shown in the equation_ _below, the detailed strl_Jcture of . MARKOV MODEL
a superframe can be specified by such MAC attributes as ) ]
macBeaconOrder (BO) andmacSuper frameOrder (SO). In the fOIIOWIng a_”a'YS'S'_ we assume t_hat the WPAN
BI and SD represent the duration of beacon interval and tHitWork under investigation is in the saturation mode, Wwhic
length of theactive superframe duration, respectively. Figure iTPlies that there is always at least one packet awaitingstra
also demonstrates that the active portion of the superfi@ime Mission at each node in the network. The Markov model then

is further divided intoa NumSuper frameSlots equal slots. Shall establish an upper bound for the throughput perfooaan
of the network. We further assume that all nodes are within

the range of direct transmission of each other. Moreover, th
physical channel conditions are ideal, and no transmission
. error occurs. For ease of analysis, all frames are assumed to
SD = 259 x aBaseSuper frameDuration have the same fixed length.
0=50<BO=<14 As illustrated in Figure 2, the operation of the WPAN net-
It is necessary to clarify the relation amongst various time&ork is essentially a renewal process, thanks to the saiarat
slots defined in the standard, since the concept of a time s@sumption. Every operation cycle starts with a busy period

BI = 2B9 x aBaseSuper frameDuration
0<BO<14
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which could be either a successful transmission or a cofijsi coL
followed by an idle period, which corresponds to the random Stage 0:
backoff and/or carrier sensing. The node that completes the
channel sensing first will access the channel, and thus start
the next busy period. - .
To faithfully model the behavior of each 802.15.4 node dur- : :
ing the CAP period, the discrete time Markov chain requires %5
three state variablegVB(t), RC(t), ET(t)]. The timeline is ]
slotted at the granularity of a unit of backoff period, and : a
the triplet[NB(t), RC(t), ET(t)] changes values only at the
boundary of each slotNB(t) stands for the number of
random backoff retries, whil&RC(t) is the duration of the
remaining random backoff time (in terms of slots), plus the
value of CW (t). As a special case€yB(t) corresponding to “@o Stage 4:
successful transmission and collision assumes valuand e the 4" retransmission
-2, respectively. The third variabl&T'(¢) helps locate the
time slot in an operation cycle, as portrayed in Figure 2.
ET(t) = £k means that the observation time instance is

slots away from the end of the ongoing channel busy periggame transmission time plus the timeout for a collisiorpals
and the sign (i.e., “+" or “-") associated with is determined occupies approximately 12 slots.Af, . and ET},,, denote
based upon whether the observation time instance is duringi§e maximum positive and negative value that'(t) can
after the transmission, respectively. Note that the statiable assume, respectivelif 7" equals 12 in the example Markov
ET(t) only has local significance within each cycle, and itfodel. Due to the saturation condition, the wireless chianne
value renews whenever a new cycle starts. will not be idle for over(CW +2min(BE(t).,aMazBE) _7) (j e,

A high level view of the resultant Markov chain is provided-ET, ) slots, which bounds=T'(t) on the negative-value
in Figure 3. The details within each stage of the chain are cagide. Nevertheless, it is important to note that an MPDU size
cealed, due to the limit on space. Nevertheless, for itdis® of 79 bytes is chosen here for illustrative purposes onle Th
purposes, the internal structure for stage 0 and stage 4¢hwhiarkov chain can be defined, and the corresponding equation
correspond to the case wheféB(t) = 0 and NB(t) = 4, derived for any MPDU length that is permissible in IEEE

are depicted in Figures 4 and 5, respectively. For the sa§@2.15.4.

of clarity, labels have been placed besides the probatifity Other key MAC parameters used in the example, which

the transition entering the states to indicate the sourdbaif assume the default values Suggested by the Standard,tam lis
particular transition. Also, transitions with similar nméag are in Taple |.

colored identically for ease of understanding. In additian
light grey box has been placed around the group of states TABLE I: Backoff-related MAC parameters

which can be described by the same equation. Parameters : _
andb,, in these figures are the probabilities that the Wireleccm“d\gmBE b ‘ZSZBE C;V m“M“wCS]‘\fAB“Ck"f fs

channel is observed to be busy or idle, where= —k +1 —

CW andk € [-CW —2min(BE(t),aMazBE) 11 _ CTY]. More

elaboration will be offered when the corresponding equatio To facilitate the following explanation, we use ; x(t) to

are introduced in the following derivation. represent the stat@, j, k) at timet. Let 7; ;5 be the steady
While the MAC protocol data unit (MPDU) size supportedtate probability of that state.

by IEEE 802.15.4 ranges from 0 bytes to 127 bytes, for Figures

3, 4 and 5 we select an arbitrary MPDU size of 79 bytes to ik = lim Prob{NB(t) =i, RC(t) = j, ET(t) = k}

demonstrate how the Markov model can be constructed. In- t—00

cluding the acknowledgment and the proper interframe ggaci

(IFS) period, a successful transmission of one physicarlay P{s; ;x|s j '} denotes the transition probability from

protocol data unit (PPDU) with the aforementioned MPDUtate s, ;» 1/(t) to states; ; (¢t + 1), whose values are ex-

size translates to a channel time of 12 slots. Similarly, theressed in Equation 1 below.

.....

Fig. 3: Markov chain for IEEE 802.15.4.
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Fig. 4: Stage 0 of example Markov chain (i.e., initial tramssion attempt).
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Fig. 5: Stage 4 of example Markov chain (e.g., last retrynaptd.




successful delivery or a collision will result, which capand

P{sij 1 1lsijut =1 to the first and second cases of Equation 4, respectively.
1, — %,7, -
ke [1 ETF ]
max P{s + |siokt=0b A
c CW+ 1, CW+ 2mzn(BE(t) aMaxzBE) _ | { —1,0,ET a0 7Y —k+1-CW 4
jel } P{S—27O,ET$M|SLUJ€} =0 _pi1-cw )

P{Szmk: 1|51CWk}_1/2BE ?

ke [l,ET;,,], m € [CW,CW + 2BE® _ 1]

max

The transition probability within each transmission is @\
1, which is shown in the first two cases of Equation 5. Upon
P{si -1 1|‘9W h=1 the completion of a transmission, irrespective of whethés i
kel- CW +1 0] successful or not, a transition always leads back to stage 0,
jE[CW +1,CW + k + 2min(BEW,eMazBE) _ 1] \yhich is reflected in the last case of Equation 5.
P{Sz,]fl,kfltzb,/],k} =1 - -
€[-CW +1,0], j € [CW + k,CW]

(1) P{S_1,07k_1‘8_1)07k} =1 ke [2 ET;’L_aw]

P{s_20k-1]5-2,0k} =1 k € [2 ET},.]

The first and third cases in Equation 1 correspond t o1} = 1/2meeMmBE €[-2,-1]
the scenarios when the node is performing random backoff. JjECW,CW + 2m“CMi"BE —1]
For the second case, the node completes random backoff, )

and senses the channel busy. If théB(t) is less than  To relatea,, andb,, with steady state probabilities; ; 1,
macMaxzCSMABackof fs, the node for sure has to backoffwe introduce another set of auxiliary variables as
Otherwise, the packet will be dropped and a new HOL

packet begins its own random backoff. Accordingly, the B B —
auxiliary variables: and BE( ) used in the second case " = P{The node starts to trans (t) = —m-CW+1}

should be equal t® and macMinBE respectively, when  For the sake of simplicity, we further assume that only
i = macMaxCSMABackof fs, andi+1 aanin(BE_(t)fr relies on state variabl&C(t) and ignore its dependency on
1,aMaxBE), otherwise. An example of this scenario is théhe exact backoff stagd’ B(¢). Note that this assumption has

transition from state4, 2, 1] to one of the stateff), j, 0] with  been widely employed in previous Markovian analysis [12].
probability 1/2meMnBE |n this scenario, the node starts. = then can be written as:

carrier sensing after the channel is released by the previou Zma:mz;7r -
transmission, and senses the medium idle with probability T = A;;’“ - 4,0,—m-CW+1 (6)
since all other nodes in this slotted system at this moment P [Zj:l(;m Wi,j,—m—éVV-&-l}

are either sensing the carrier or yet to complete their orgoi
random backoff. -

When k € [—2min(BE®).aMazBE) 4 9 O] and j €
[CW 41, CW +k+2min(BE(t).aMazBE) _1] the node always
continues its random backoff, as shown in Equation 2.

To shorten the expressiory; and maxNB are used
in Equation 6 to denotemin(macMinBE+i,aMazBE) gnd
macMaxCSMABackof f, respectively. Furthermore, the
range of m is bounded by[1,2¢Me=BE] and the relation
betweenv andm meets the following condition

{ i{sm 1 k—1|3i7j71f} = b:kﬂfc“vi/w 2) v=0, when m € [1, 8]
{sij-1pmt,.lsiik} = a0 _cw v=1, when m € [9,16] @)
Equation 3 describes the case whgnand j fall into v =2, when m € [17, 32]

the intervals|—CW — 2min(BE().aMazBE) 4 5 W] and

[, min(CW,CW + k + 2mn(BE@®.aMazBE) _ 1] during  For a WPAN with N' nodes,a,, andb,, can be further
which carrier sensing is attempted. The variald@d auxiliary written as:

variables: and BE(t) in the second part of Equation 3 have

identical meaning to those used in Equation 1. b = (1= 7)1 m e [1, 20MarBE] ®8)
—(1—=by)  me[l, 20MewBE]
P{sij—1k-18i56} =b_1 1 _cw Since all the transition probabilities have been expressed
P{s;  _1lsijk} = a e CW/QBE t) (3) as functions ofr; ; x, the Markov chain can be numerically

solved, using an iterative approach outlined as follows.
Assume the Markov chain contains a total bf states.
In both Equations 2 and 3, based upon whether the chanNeimber all the states in an increasing order, namely fiom
is considered busy or not, the third state variabE(t + 1) to M. Let® = [, mo,...ma] be the steady state distribution,
for the destination of the transition differs, and so does ttand7, represent an arbitrary initial state vectBrdenotes the
associated transition probability. - transition probability matrix of the Markov chain.
If j =0andk € [-CW —2min(BE®),aMazBE) L1 _ W], For an ergodic irreducible Markov chain, the following Itmi
the node can transmit the queued HOL packet, and eitheexsts, independent of the value of initial vecty.

m € [CW,CW + 2BE®) _ 1]



TABLE II: Key parameters used in simulation.

lim 79 xPxPx...P=7 9) Synchronization Header (SHR) 5 octets
L—oo PHY Header (PHR) 1 octet
L MAC Header (MHR) 7 octets
; ; FCS 2 octets
To s_olvg the Markov chain, therefore, we f|r§t creéte A PHR T SAR T osiots
by assigning the_gntry state of the Markqv chéiny, 0] W|th aUnitBackofPeriod 20 PHY symbols
an equal probability ofm and setting all other initial aTurnaroundTime 12 PHY symbols
state probabilities t0. Then,7; can be plugged into Equation Dgtatts_?t% t 2F5A0Lksbgs
. . . macbattLiteex
6 to calculater, which in turn is used to compute the state Propagafion delay Tis

transition probabilityP by following Equation 8. Multiplying

7o with P yields a new state distribution vect@i, which is

used to update the state transition maRix he newP is again

multiplied with 7, to obtain yet another new state distributioroverlap each other in all the cases, the validity and acgurac

vector7,. Following this iterative approach, a convergence tof proposed analysis are verified.

the steady state distribution can be finally achieved. The impact of the key MAC parameters on the throughput
V. THROUGHPUT ANALYSIS performance are clearly revealed in I_:|gure 6. In Figure,6(a)

) ‘the two cases share the sammcMinBE/aMaxBE tuple,
throughput of an IEEE 802.15.4 network wifli nodes can rigyre 6(b) illustrates the scenario where two systems have
be obtained. Usé; to denote the probability that the wirelesgpe samenacMazCSMABackof fs, yet maintain different
channel sees the beginning of a successful delivery. macMinBE/aMaxBE. A comparison of the two figures clearly

paMasBE suggests thamacMinBE/aMaxBE tuple has slightly more di-
P, = P{ET = —m — CW +1}- N1, (1— 1, )N~ 1. rect influence on system thrqughput thamMaxCSMABack—
( mzzl { " 1 N7 (1= 7m) offs does. Moreover, both Figure 6(b) and 6(c) indicate that
(10) larger value ofmacMinBE and/oraMaxBE usually leads
The P{ET = fmfévaJrl} in Equation 10 represents thetoAhlgr:Er thr(t)ughgut. h that be ob dis that
probability that a node stays in the states whose third lvtniath no ter |rtwheres r|1ng tpf' e?gmena a Ican e'tr? trs],ervemrgs a
equals—m— CT +1. Form e [1,2¢MasBE] | this probability e system throughput first increases along wi e number o
. nodes in the network, whemacMinBE andaMaxBE are
can be further expanded as: )
reasonably large. After the number of nodes passes a certain

. mazNB W;—m threshold point, the throughput then starts to drop, sihee t
P{ET=-m—-CW+1}= Z [ Z oy —m—civ41):  effect of collision begins to dominate. This explains whyneo
i=v  j= ' of the curves in Figure 6 do not monotonically decrease, with

o _ (11)  the number of nodes in the network.
_ wheremaxN B andW; were initially introduced in Equa- |, aqdition, we have evaluated the performance of IEEE
tion 6, while v and m satisfy the constraint specified ingy, 15 4 for various MPDU sizes, as shown in Figure 6(d).

Equat_ion /. ) . As expected, a bigger payload results in a higher throughput
Define throughput .S as the fraction of time slots used by, the network. It is worthwhile to note that the maximum

the net.vvo.rk to successfully deliver the packet payloadhéf tsize of MPDU that IEEE 802.15.4 can SUppOrtla bytes,
transmission of payload bits consumiBs, io.q slots, S then  yhich is equivalent to a MAC service data unit (MSDU)
can be expressed as: of 118 bytes, if a four-byte address field is used. Hence, a
payload of120 bytes in Figure 6(d) represents a frame size
S = Py X Tpayioad (12)  that cannot be accepted at the corresponding MAC service
Finally, substituting Equation 10 and 11 into Equation 1Access point (SAP). Nevertheless, this result helps ésftabl
the saturation throughput of an IEEE 802.15.4 network can B& upper bound for the saturation throughput that a network

easily computed. can never outperform with the given backoff parameters.
Designed for low-power devices, IEEE 802.15.4 attempts
V. PERFORMANCE EVALUATION AND to lower power consumption by relying solely on a random
IMPROVEMENT backoff to avoid collision and thus reducing the number of

To validate the analytical model, we have developed a cusarrier sensings, as presumably a random backoff drains muc
tom event-driven discrete time simulator for IEEE 802.15.4ess power, if at all, as compared to carrier sensing. Howeve
using the C programming language. The PHY and MAC layeur study shows that a single carrier sensing, instead airsgn
parameters used in the simulation are listed in Tables | Bndtlvice as prescribed in the standard, can achieve the same

The network throughput obtained by analysis and simulatigioal of collision avoidance, while consuming even lessgner
for different parameter combinations are reported in FguMore specifically, Figure 7(a) and 7(b) depict the throughpu
6. Since results from both analysis and simulation almoahd channel access delay performance of a set of scenarios,



where only the number of carrier sensings (i.e., the pa@mels] J. Zzheng and M. J. Lee, "Will IEEE 802.15.4 Make UbiquitoNetwork-

CW) that has to be performed before the transmission attempt in9 @ Reality? - A Discussion on a Potential Low Power, Low Béte
Standard”, IEEE Communications Magazine, Volume 42, Issueage$

is different. As can be readily noticed in Figure 7, the sciena 149 - 146’ June 2004
in which only single carrier sensing is required can offex th6] G. Lu, B. Krishnamachari and C. Raghavendra, "Performaheuation

highest throughput and lowest channel access delay. Hence of the IEEE 802.15.4 MAC for Low-Rate Low-Power Wireless Net
9 gnp y ‘works,” IEEE Workshop on Energy-Efficient Wireless Commutiaras

we suggest minimizing the number of carrier sensings down t0 a4 Networks, Phoenix, Arizona, April 2004.
one, which can further optimize the protocol performaneoel, a[7] J. Zheng and M. J. Lee, "A Comprehensive Performance StdidiEBE

reduce energy consumption without incurring any additlionFS] ﬁozét?,}ﬁg 'EDE'(E:;)Vﬁ;S Booogésggt Performance Analysis oL Rate

implementation complexity. Wireless Technologies for Medical Applications,” to appeaComputer
and Communication, special issue on WPANs
VI. CONCLUSIONS AND FUTURE WORK [9] I. Howitt and J. Gutierrez, "IEEE 802.15.4 Low Rate - Wess Personal

. . . . Area Network Coexistence Issues,” IEEE Wireless Commuminatand
The impact of modeling and analysis of wireless networks Networking (WCNC), Volume 3, Pages 1481 - 1486, March 16-203200

cannot be over-emphasized as it can establish bounds for o J. Misic, S. Shafi, V. B. Misic, "Analysis of 802.15.4 hzm enabled
performance metrics of interest and provide valuable Hhisig S’AIN é% Osjturation mode”, Proceedings of SPECTS 2004, San (ise
Into pr9t0C0| design and improvement. . 11] g.yMisic, V. Misic, S. Shafi, "Performance of IEEE 8024%eacon
In this paper, we propose an accurate analytical model for enabled PAN with uplink transmissions in non-saturation modecess
IEEE 802.15.4 MAC protocol, and offer an iterative solution delay for finite buffers”, Proceedings f)f First InternatsbConference on
to the Markov chain. In order to validate the model, both, " gianch, “Performance analysis of the IEEE 02,1 iated coor
simulation and analysis results are presented and compared dination function”, IEEE Journal on Selected Areas in Comroations,
In addition, key observations on throughput performanee ar Vol. 18, No. 3, March 2000
made and a protocol improvement suggested.
We have so far focused on the case where
BatteryLifeFExtension is turned off. But our Markov
model can be easily adapted to deal with the scenario where
BatteryLifeExtension is switched on. The channel error
probability can also be readily incorporated into the Marko
chain.
As future work, we will use this model to compute the
service delay distribution for 802.15.4. The Markov model
presented here establishes an upper bound for the saturatio
throughput in an IEEE 802.15.4 system. Normally, the lowe rat
WPAN is expected to operate in the light or medium loading
regimes. To model these regimes, we also plan to extend
the current analytical framework to model the IEEE 802.15.4
network under non-saturation traffic conditions. In adbfiti
the insights obtained hereby can help us design variations
of the IEEE 802.15.4 MAC protocol that can improve the
energy efficiency, without compromising the throughput or
delay performance.
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