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Abstract

IEEE 802.15.4 is a standard for the medium access control (MAC) and physical layer protocols of wireless networks. This
paper provides one of the first analytical evaluations of its MAC protocol for the slotted channel access mechanism in a star
topology network. The form of the analysis is similar to that of Bianchi for IEEE 802.11 DCF. The key difference is in the
main approximation assumption: Each device’s carrier sensing probability, rather than its packet sending probability, is assumed
independent. Also, unlike in 802.11, the slot duration is fixed since the channel is not constantly monitored by the stations. The
performance predicted by the analytical model is very close to that obtained by simulation.
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Performance Analysis of Slotted IEEE 802.15.4
Medium Access Layer

Abstract— IEEE 802.15.4 is a standard for the medium access become active to listen to the channel. The resulting model is
control (MAC) and physical layer protocols of wireless networks. very different from the models for 802.11.
This paper provides one of the first analytical evaluations of its Section Il briefly describes the slotted CSMA-CA mech-
MAC protocol for the slotted channel access mechanism in a _ . . L . .
star topology network. The form of the analysis is similar to that an'sm In lEEE 802.15.4, which is analyzed in Section ”_I'
of Bianchi for IEEE 802.11 DCF. The key difference is in the Section IV validates the accuracy of the model under saturation
main approximation assumption: Each device's carrier sensing loads by comparing the analytical predictions and simulation
probability, rather than its packet sending probability, is assumed  results. Section V gives energy and throughput results for

independent. Also, unlike in 802.11, the slot duration is fixed pih satyrated and unsaturated cases. Section VI concludes
since the channel is not constantly monitored by the stations. the paper ’

The performance predicted by the analytical model is very close
to that obtained by simulation.

II. SLOTTED CSMA-CA MECHANISM

I. INTRODUCTION The beacons are used to synchronize the attached devices, to

Interest in low power wireless sensor networks led to woilkentify the PAN, and to describe the structure of superframes.
on the IEEE 802.15.4 standard which specifies the netword§e superframes are bounded by network beacons and divided
medium access control (MAC) and physical (PHY) layer [1]nto 16 equally sized slots. The beacon frame is sent in the
[2], [3]. first slot of each superframe.

In IEEE 802.15.4 networks a central controller, called the The superframe can have an active and an inactive portion.
PAN (personal area network) coordinator, builds the netwoRuring the inactive portion the coordinator does not interact
in its personal operating space. The standard supports thwééh its PAN and may enter a low-power mode. The active
topologies: star, peer-to-peer and cluster-tree. In the star togetion consists of a contention access period (CAP) and
ogy communication is established between devices and thecontention free period (CFP). A device that wishes to
PAN coordinator; in the peer-to-peer topology any device c@mmunicate during the CAP competes with other devices
communicate with any other device within its range; and iusing a slotted CSMA-CA mechanism. On the other hand, the
the cluster-tree topology, most devices can communicate widiirP contains guaranteed time slots (GTSs). The GTSs appear
each other within the cluster, but only some of them mast the end of the active portion starting at a slot boundary
connect to the infrastructure. immediately following the CAP.

The standard identifies two channel access mechanismdn the slotted CSMA-CA channel access mechanism, the
Beacon-enabled networks use a slotted carrier sense multipfekoff slot boundaries of every device in the PAN are aligned
access mechanism with collision avoidance (CSMA-CA), amwdth the superframe slot boundaries of the PAN coordinator.
the slot boundaries of each device are aligned with the skach time a device wishes to transmit data frames during the
boundaries of the PAN coordinator. However, if beacons a@AP, it must locate the boundary of the next slot period.
not available, a simpler unslotted CSMA-CA is used. This Each device in the network has three variables: NB, CW and
paper considers the slotted CSMA-CA mechanism. BE. NB is the number of times the CSMA-CA algorithm was

Performance of IEEE 802.15.4 protocol was evaluated bgquired to delay while attempting the current transmission. It
simulation for small and low load networks in [4] and foiis initialized to O before every new transmission. CW is the
dense networks in [5]. The analytical model for IEEE 802.15@bntention window length, which defines the number of slot
developed in [6] seems to fail to match the simulation resultgeriods that need to be clear of activity before the transmission

This paper provides an analytical Markov model that prean start. It is initialized to 2 before each transmission attempt
dicts the performance of the 802.15.4 slotted CSMA-CANd reset to 2 each time the channel is assessed to be busy.
mechanism. The model incorporates details of the exponentdt is the backoff exponent, which is related to how many
delay lines and double channel assessment. The model alud periods a device must wait before attempting to assess
analysis are similar in form to the well-known formulatiorthe channel. Although the receiver of the device is enabled
of Bianchi and its variants [7]-[15] for IEEE 802.11 standarduring the channel assessment portion of this algorithm, the
[16]. However, the main approximation underlying that anatievice must discard any frames received during this time.
ysis, namely that each station’s probability to send a packet isThe slotted CSMA-CA mechanism works as follows. NB,
independent, does not lead to performance predictions clé3®/ and BE are initialized and the boundary of the next
to the simulation results of the IEEE 802.15.4 standard. Tkt period is located (stepl). The MAC layer delays for a
key approximation in our model is the independence of thrandom number of complete slot periods in the range 0 to
carrier sensing probability which determines when the nod28” — 1 (step 2) and then requests PHY to perform a CCA



(clear channel assessment) (step 3). The MAC sublayer then
proceeds provided that the remaining CSMA-CA algorithm

steps—frame transmission, and any acknowledgement—can
be completed before the end of the CAP. If the MAC sublayer P{0, ki, 0}

P{i,kli,k+1} = 1, k>0 1)
(I-a)(1=0)/Wo, i<m (2)

cannot proceed, it must wait until the start of the CAP inthe P{i,kli— 1,0} = (a+(1—-a)8)/W,,
next superframe and then repeat the evaluation. i<mk<W;,—1 (3)
If the channel is assessed to be busy (step 4), the MAC P{0,klm, 0} = (1—a)(1—B)/Wo+ Pr/Wy (4)

sublayer increments both NB and BE by one, ensuring that
BE is not more tharaMaxBE and CW is reset to 2. If the Equation 1 is the condition to decrement the delay line
value of NB is less than or equal tnacMaxCSMABackoffs counter per slot. Equation 2 gives the probability of selecting

the CSMA-CA must return to step 2, else the CSMA-CA mug state in the first delay level after sensing the channel idle two
terminate with a Channel-Access-Failure status. times, provided that the current state is not in the last delay

If the channel is assessed to be idle (step 5), the MA['@e. Equgtion 3 gives that probability_ that there is a fail_ure
sublayer must ensure that the contention window is expir@gth sensing slots (CCA) and the station selects a state in the
before starting transmission. For this, the MAC sublayer firBext delay Ie\{el._Equatlon 4 gives the .probablllty of startlpg
decrements CW by one. If CW is not equal to 0, it must gB "eW transmission attempt when leaving the last delay line,

to step 3, else start transmission on the boundary of the nigljowing a successtul or failed packet transmission. Note that
slot period the number of transmission attempts is limited and either ends

with success or failure.
Denote the Markov chain’s steady-state probabilities by
bix = P{(s(t),c(t)) = (i,k)}, fori € {—-1,m} andk €
[1l. FORMULATION {=2,max(L — 1,W; — 1)}. Using Equation 3 we get

bi—10(+ (1 —a)B) =bip,0 <i<m, )
The core contribution of this paper is the analytical evalu-
ation of the slotted CSMA-CA mechanism of IEEE 802.15.Which leads to
standard. We assume that there is a fixed numbef devices, bio = [(a+ (1= a)B3)]'boo,0 <i<m. (6)
and each device always has a packet available for transmission. i )
This saturation assumption is relaxed in the performancefTom Equations 1- 4 we obtain

evaluation section to model unsaturated traffic conditions. This W, — k m
can be done by adding a fixed number of delay slots to the  bik = ——{(1 —a)(1 = 5) Y bio+ P}, (D)
model. ’ =0
The analysis is in two steps. We first study the behavié®r : = 0 and W — k
of a single device using a Markov model. We then obtain bir = ——bio, (8)

the stationary probability- that the device attempts carrier ’ Wi
channel assessment (CCA) for the first time within a slot. for 7 > 0.

is the counterpart of the probability that the device transmits Since the probabilities must sum to 1,

a packet in a ‘virtual’ slot in the analysis of 802.11 in [7].) m W;—1 m m
We now develop the Markov model, see Fig. 1. k@) be L= D> > big ) biat+y bio
the stochastic process representing the delay line and transmis- =0 k=0 =0 =0
sion counters of the device. The integer titneorresponds to L
the beginning of the slot times. In contrast with the model + E% b1

in [7], t corresponds directly to system time. After the delay m
counter is decremented to zero= 0, the values: = —1 and . Z bio |:Wi +1 F1+(1—a)
¢ = —2 correspond to the first CCA (CCAand second CCA ’ 2
(CCA?), respectively.

Let « be the probability of assessing channel busy during +(1 —o)(1 - 5)4' 9)
CCA!, and let3 be the probability of assessing it busy durin
CCA?, given that it was idle in CCA Next, when entering

=0

%ubstitutingWi = 2!V leads to

the transmission statd, slots should be counted, where _ bopo

denotes the packet transmission duration measured in slots. N 7[3 21 —a)+21 —a)(1 - B)]
Let s(¢) be the stochastic process representing the delay % (1 —(a+8- Oéﬁ)mﬂ)

line stages {(t) € {1,---,m}), or the transmission stage 1—(a+p—ap)

(s(t) = 0) at timet. We assume that the probability to start 1—2mt(a+ B —ap)mt!

sensing is constant and independent of all other devices and of + W 1-2(a+ 6 —ap) )- (10)
the number of retransmissions suffered. With this assumptiolrhe transmission failure probabilitg; is

{s(t),c(t)} is the two-dimensional Markov chain of Fig. 1 !

with the following transition probabilities: Pt = by o(a— Ba+ ), (12)
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Fig. 1. Markov Model for IEEE 802.15.4

and the probability that a node starts to transmit is

PSZT(l_a)(l_ﬁ)v (12) I
in which .
- Fig. 2. Slot timing for the derivation of.
=Y bio. (13)
1=0
Denote byM (s) = —1 the event that there is at least ON& arting . t th i lot .
transmission in the medium by another node andSbig) = b arting tLansm|SS|o? ? tethsame "T;.e s oTrr?orttar?ver redqtqlresl
—1 the event that nodéis transmitting. Then €Ing In he sense stale at the same time. Thus the condrtiona
probability is
a =P(M(s)=-1)
N—2, N-1 nt+l o " ; N—2
= YN IPU LS (s) = —1) P({J 8™(s) = =1 §(s) = =1) = 7"(1 = 1)V =27,
k=2
e G (16)
_":0 n+1 L _ which requires nodes,, ...,i,+1 to sense and the remaining
P(S"(s) = —1)P(UpL; S%(s) = —1|S"(s) = —=1). N —2 —n nodes not to sense in the sensing sloi-of
(14) Thus
Let E. denote the event that nodeis in state(—1, ¢). The
probability that node; is transmitting is a=L1-(1-1)"11-a)1-p). a7
L—-1
i Lastly we need an expression f6r See Fig. 2. First define
P(S*(s)=-1) = P(E.) = LP(E . . .
(57(s) ) ; (Ee) (Eo) Psengas the probability that there is at least one station that
= Lr(1—a)(1-7), (15) starts to transmit:
which requires the node to sense (with probabitijytwo slots Fsend B Pl(M(ls’ o) :N(fll’ 1) :1 L (18)
before transmission and the following two slots to be empty =(1-01-7N1-a){d-f).

(with probability (1 — a)(1 — 3)). - To determine we observe that the preceding slot must be
To express the conditional probability in terms of the jgle. Sog is the probability that there is a transmission in the
transmission pattern needs to be understood: If there are twegddium when the considered device does its second sense,

more transmissions in a particular slot, the transmissions mygfen that the medium was idle during its first sense,
start at the same slot, because devices that transmit later would

detect earlier transmissions and would not start transmitting. 0 =Pr(Mccaz(s) = —1|Mccar(s) > 0) (29)



where M (s) > 0 denotes the probability that no station in the
medium is transmitting. The subscript denotes the local time
of the node doing its second sense as shown in Fig. 2. The
device will sense busy only if some other node in the medium
was sensing its second time during our device’s first sense
and started a new transmission in sfo€’ A2. This can only
happen if this node started sensing in slotM;(c) = —1)
and the channel was then idl&/((s) > 0).

That is ‘ ‘ ‘ ‘ ‘

B =P(Mi(s)>0| Mi(c)=—1,Mccar(s) > 0) T e
XP(Ml(C) =-1 | MCCAl(S) > O)

Palpha

(20) Fig. 3. Conditional probability to sense busy when sensing the first slot,

Here P(Ml(s) >0 | Ml(c) _ _17MC’CA1(5) > 0) is the increases with packet siz&8Emin = 5).
probability that an idle slot is preceded by another idle slot.
We can see that

P(M;(s) >0 | Mi(c) = =1, Mccar(s) > 0) =

{ _ POL()=—10Mp 1 ()20 | Mi(e)==1) (21)
Pr(Mgea1(5)>0 | Mi(c)=—1) . 0s
This means that to compute we have to list all cases that § o

Pb

result in an idle sloCCA! (Mcca:(s) > 0), and see which
of those have a busy slatbefore. All cases that result in an
idle slot CCA! are:

P(Mccar(s) >0 | Mi(c) =—1) ‘ ‘ ‘ ‘ ‘
= P(Ml(s) =—-1N MCCA1 (8) > 0 ‘ Ml(C) = —1) Number of Nodes
+P(Mi(s) 20N Mccai(s) 20| Mi(c) = —1),

(22) Fig. 4. ' Conditional probability to sense busy when sensing the second slot
From Fig. 2, the following cases result in an idle g Al: ~ (BEmn =9)-

o« A busy slot 1 before the idle slot is counted in
P(Ml(s) =—-1N MCCA1 (S) >0 | Ml(C) = —1) This
is the case when there is a start of a transmisgimtots One can show that can never exceetl/2, which will be
before the sloCC AL. In that case both CClland cc& Vverified later.r is determined by solving the three simultane-
are guaranteed to be idle, which happens with probabiliggs non-linear equations 13, 17, 26.
P(My(s) = =10 Mccai(s) 2 0 | Mi(c) = —1) =
Psend IV. M ODEL BEHAVIOR AND VALIDATION

o An idle slot 1 before slot CCA! is counted in
P(Ml(S) > OQMCCAI(S) >0 | Ml(C) = 71) If a node
starts sensing during idle slat given that the following
slot CCA' is idle, we know for sure this node will start
transmitting during sloCCA? and cause ausy event.
This occurs in a slot, 1 < i < co when there is a start of
a transmissiord slots before slof and no node senses in

slots2, ..., i: P(M >0NM, >0| M = . . . S
- 2! (My(s) 2 02 (iglc)Al(s) 2 0 Mi(c) According to Eq. 17 increases withV and L, which is
-1)=>"21 Psend(1 —17)") . . — ) . i
Finallv. the probability that some node starts sensing duri also illustrated in Fig. 3 both using Eq. 17 and by simulations.
inarty. P iy NG AUNKGe ‘noise’ in the simulations results from the fact that
slot 1 is . S . . .
performance is evaluated from a finite duration simulation,
P(Mi(c) = —1| Mgcai(s) >0) = (1—(1—7)¥1). (23) whereas the analytical model approximates the asymptotic
behavior.3 is less sensitive td., but increases withV until
it saturates around/2 (Fig. 4).
B=]1- Psena 1-(1— T)NA) (24) To determine the performance of the protocol, we have to
Psena(l + =ge5yw) know how much time is wasted in collisions. We compute the
probability to collide when sending. Since the probability to
senser, is independent, we have

We first analyze the model behavior under saturation con-
ditions, and compare the results with event-based simulation.
The simulation models a network a¥ nodes that always
have data to send. A range of packet siZgsinitial delay
windows W, = 2BEmin gnd network size$V are considered.
We assume that the delay window is doubled in each delay
stage.

Then g is given by

which for large N can be simplified to;

Psend N
=|1- 1-(1- 25 _
ﬂ [ Psend(]- ¥ ﬁ)]( ( T) ) ( ) pcol —1— (1 _ T)N 1’ (27)
from which one obtains .. pgo| IS the probability that another user started CCA at the
_ B 1N 26 same moment. This formula matches event-based simulation
T=1-0-1C g) (26)  for a range ofN and L (Fig. 5).
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Next, we are interested in the time spent scanning tR&. 8. Transmit rate breakdown: number of packets generated - number of
channel. A delay line has been introduced in the 802.15°4cKets sent - number of packets successfully sent
protocol to minimize the number of channel idle senses, as
these are typically energy expensive. The percentage of sl

L . . .
spent scanning the channel (per node) is: 8e?ay of34ms or 3.4s respectively after sending the previous

packet (or failure to send it with probabilitiy).

Psensing= T + T(1—a). (28) We assume tha_t_collided packets, or pac_kets that failed to be
- ) ., sent (with probabilityPs), are not retransmitted. We compare

It can be seen in Fig. 6 that this percentage can be considergRle o onanility to start a transmission attempt (entering delay
in saturation, even for an enlargéilzmin. _ line), the probability to start sending, and the probability that a

Elnally, we consider the safuration through;ﬁJt(Flg. "), packet was sent successfully (Fig. 8). It can be seen that, when
which we express as the _number (.)f slqts occupied foraadelay of100 slots or34ms is introduced, the probability to
successiul packet transmission of sizéignoring the protocol start a transmission attempt is reduced significantly. However,
overhead): the percentage of successful transmissions increases, and for

S=LN7(1—- T)N—l(l —a)(1-p). (29) large NV a higher successful packet send rate is achieved.

] B ) ~ Next, we study the energy consumption as a function of
It is the probability that a node in the network starts sensipge load, network sizeV, packet sizeL, and initial window
alone, and has success during its channel assessments. g0 exponentB Emin. We compute the average time the

transceiver is in each of its four states listed in Table I, and
V. ENERGY AND THROUGHPUTPERFORMANCEANALYSIS  multiply this time by the power consumption. Typically in

In this section we use the analytical model to study theensor networks, the output power is limited. As a result, the
energy and throughput behavior of both saturated and ungatwer consumed duringz and CC A is larger than thél'z
urated 802.15.4 MAC. The saturated case reflects a sengower consumption [5]. We assume the power consumption
network scenario in which an event is detected by mamiuring the sleep state is a factor 200 lower tham state,
sensors that want to transmit the gathered information which is significant [5].
the same time. The unsaturated case reflects a scenario witthe assume the transceiver is iz mode when trans-
periodic monitoring intervals. In the saturated case, packetdtting, in Rz mode when idle waiting (interframe spaces)
keep being generated so the system is always in one of tirereceiving, inCC' A mode when performing CCA and in
states of the Markov model depicted in Fig. 1. To model thdeep mode when not in the aforementioned cases. Normalized
unsaturated case, we introduce a fixed delay0of or 10000 energy per useful delivered bit is given in Fig 9. According
slots before going into the first delay stage, representingt@the standard, a total overhead ©f slots is required for



that a device’s carrier sensing probability is constant and
independent. The validity of the analytical model is demon-
strating by the fact that its predictions very closely match the
. e ' simulation results. We then use the analytical model to predict
= energy consumption and throughput of unsaturated 802.15.4
’ networks.
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VI. CONCLUSION

In this paper, we have presented an analytical model for
the medium access control layer in IEEE 802.15.4 standard.
The model assumes a finite humber of terminals and ideal
channel conditions. The key approximation in the model is

TABLE |
802.15.4TRANSCEIVER POWER CONSUMPTION

Rx CCA TX Sleep
20mW | 20mW | 15mW | 0.1mW




