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Abstract—While decentralized medium access control (MAC)
protocols are more popular in wireless environments, cluster
based sensor networks are particularly amenable to centralized,
polling based protocols. In this paper we present an analytic
model to evaluate the performance of polling based MAC
protocols for wireless networks in terms of the packet delay,
buffer overflow rates and energy consumption. We show that
polling based protocols can outperform popular decentralized
MAC protocols. Simulation results are presented to validate our
model and conclusions.

Index Terms—MAC protocols, Performance evaluation, Queu-
ing analysis

I. I NTRODUCTION

A key constraint that dictates the design of MAC protocols
for wireless sensor networks (WSNs) is their limited on-
board energy. Since the energy consumed by the nodes in
idle listening of the channel causes significant battery drain
(p. 75 of [1]), most MAC protocols for WSNs propose that
nodes turn off their radios when not involved in ongoing
transmissions. Decentralized contention based MAC protocols
that use different variants of sleep-wake cycles have been
studied extensively in literature [2], [3], [4]. The performance
of these decentralized protocols, however, degrades as the
network load increases due to the increased incidence of
collisions and the associated bandwidth wastage. Cluster based
WSN architectures [5], on the other hand, are particularly
suitable for centralized, polling based MAC protocols.

This paper develops analytic models to evaluate the per-
formance of polling based MAC protocols with sleep-wake
cycles for WSNs. A queueing model is first developed to
evaluate the average packet delays and packet loss rates due
to buffer overflow, and these results are then used to evaluate
the per node energy consumption rates. Simulations are used
to validate the analysis and also to demonstrate the superior
performance of polling based MAC protocols with sleep-wake
cycles over similar decentralized protocols.

The rest of the paper is organized as follows. Section II
presents the queueing model and Section III presents the model
for the energy consumption rates. Section IV presents the
simulation results and comparison with decentralized protocols
and Section V concludes the paper.

II. D ELAY MODEL

We assume a cluster based WSN architecture wherein
sensors in a geographical region select a node amongst them
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as the cluster head. The cluster head is responsible for commu-
nicating with other cluster heads and the sink. All other nodes
are leaf nodes, and can only communicate with the cluster
head in their cluster. Details of issues such as cluster formation
algorithms, cluster head rotation, inter-cluster communication,
routing policies etc. are outside the scope of this paper and
not relevant to our analysis.

The MAC protocol’s operation is divided into rounds. A
round begins with the inter-cluster period where cluster heads
exchange data with other cluster heads or with the sink, and
leaf nodes may turn off their radios. It is followed by the
intra-cluster period where cluster heads exchange data with
their leaf nodes. The polling based MAC protocol applies to
the intra-cluster communication and we consider two variants:
Scheme 1.A cluster head first pollsall its leaf nodes and then
assigns them time slots to transfer their data;Scheme 2.A
cluster head polls a node and immediately transfers data with
it before moving on to poll the next node. In both cases, only
nodes with data are assigned slots and the remaining nodes
may sleep till the end of the round. Each slot is of the same
duration and is long enough to transmit only one packet. A
node is assigned at most one slot in a round. The intra-cluster
period ends when all nodes have been polled in a round. Also,
if none of the nodes have any data to send when polled in a
round, the cluster transitions into a sleep state where all leaf
nodes turn off their radios. A new round starts when the sleep
period ends.

A. Polling Scheme 1

Consider aM node cluster withM −1 leaf nodes where
each leaf node hasK buffers to store packets. The channel
rate is 1

C
bytes/second and each data packet is ofkD bytes,

requiringTD = kDC seconds to be transmitted. During each
poll, the cluster head transmitskP DL bytes to the polled node
which then replies usingkP UL bytes. The time to poll a node
is TP = kP C seconds wherekP = kP DL + kP UL.

The packet interarrival time distribution at each node is
assumed to be a Markov modulated Poisson process (MMPP)
with an arbitrary number of states,r. MMPP based arrivals
are used in this paper because of their versatility in modeling
traffic types such as voice, video as well as long range
dependent traffic [6], [7]. The MMPP is characterized by the
transition rate matrixR and the arrival rate matrixΛ:

R =











−σ1 σ12 · · · σ1r

σ21 −σ2 · · · σ2r

...
...

. . .
...

σr1 σr2 · · · −σr











, (1)
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Fig. 1. Protocol operation for polling scheme 1 showing two cycles of
transmission. The first cycle contains three data transmissions while in the
second cycle none of the nodes have any data to send, thereby resulting in a
sleep period.

Λ =
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. (2)

The steady state probability vectorq of the Markov chain
satisfiesqR = 0 and qe = 1 where e is a unit vector. The
average arrival rate at a node is then given byλ = qΛ. For
our analysis, we consider the system operation from leaf node
i’s perspective,1 ≤ i ≤ M − 1, to be divided into periods
of variable length,TC , calledcycles. A cycle begins when the
polling of nodei starts, and ends when nodei is polled the next
time. Figure 1 shows the operation of the MAC protocol under
polling scheme 1 for two cycles. Note that the probability
distribution of the duration of a cycle is identical to that of a
round (defined earlier).

We model the MAC layer behavior of each leaf node as
a MMPP/G/1/K queue. We first characterize the probability
distribution function (PDF) of the service time. Consider a
tagged packet arriving at leaf nodei. At the instant of its
arrival, the queue at nodei may be in one of two states:1.
S0: The queue is empty2. S1:The queue is non-empty. Next
we consider the service time for the two cases.

1) Arrival at an Empty Queue: State S0: Consider the cycle
in which the tagged packet arrives. The queue at leaf nodei
is empty when the packet arrives but may not have been so
at the beginning of the cycle when it was polled. Thus we
consider two subcases corresponding to whether the queue at
leaf nodei was empty (case C1) or not (case C2) when it was
polled in this cycle.

In case C1, since nodei was empty when it was polled, it
cannot transmit any data in this cycle. Among the remaining
M −2 leaf nodes, let there bek nodes that transmit data in
this cycle. We first consider the cases wherek > 0. Since each
cycle also includes an inter-cluster period (of durationTI ) and
the polls ofM−1 leaf nodes, the length of the cycle is given by
TC = TI+(M−1)TP+kTD. For arbitrary arrivals independent
of the departures in a frame based system, an arrival is equally
likely to occur anywhere in a frame [10]. In our case,given
that an arrival occurs in a cycle, the arrival instance,t, relative
to the start of the cycle is thus uniformly distributed in[0, TC ],
denoted byU [0, TC ]. The time the tagged arrival has to wait

till the start of the next frame isTC−t. If a random variable
Y is uniformly distributed in the range0 to a, then a − Y
is also uniformly distributed in the range0 to a. Thus the
PDF of TC − t is alsoU [0, TC ]. In the next cycle, the tagged
packet first has to wait for the polls ofM−i nodes, including
itself. Then if j of the i−1 leaf nodes polled before nodei
have data to transmit, the tagged packet has to wait for an
additionaljTD seconds before it is served. Letρ denote the
probability that the queue at any leaf node is empty at an
arbitrary time instant. Thenj is binomially distributed with
parametersB[i − 1, 1 − ρ]. The Laplace-Stieltjes Transform
(LST) of the service time in case C1,Xi,k,S0,C1, is

HXi,k,S0,C1
(s) = LST [U [0, TI + (M − 1)TP + kTD]

+(M − i)TP + B[i − 1, 1 − ρ]TD + TD]

=
1 − e−s(TI+(M−1)TP +kTD)

s(TI + (M − 1)TP + kTD)
×

e−s((M−i)TP +TD)(ρ +(1−ρ)e−sTD )i−1 (3)

where the first term in the equation above is the LST of
U [0, TI + (M − 1)TP + kTD], the second term is the LST
of the constants(M − i)TP + TD and the third term is the
LST of B[i − 1, 1 − ρ]TD.

In the case wherek = 0, none of the leaf nodes have any
data to send when they are polled in the current cycle. Thus the
nodes enter the sleep period (of durationTS) and the length
of the cycle isTC = TI+ (M −1)TP +TS . Once the cycle
ends, as for cases withk > 0, the tagged packet waits for
(M − i)TP + jTD seconds before service, withj distributed
asB[i−1, 1−ρ]. Unconditioning Eqn. (3) onk (distributed as
B[M −2, 1−ρ]) and adding to it the case fork = 0, the LST
of the service time for case C1,Xi,S0,C1, is

HXi,S0,C1
(s)

= ρM−2 1−e−s(TI+(M−1)TP +TS)

s(TI +(M−1)TP + TS)

(ρ+(1−ρ)e−sTD )i−1

es((M−i)TP +TD)
+

M−2
∑

k=1

(

M−2

k

)

(1 − ρ)kρM−2−k

[

1 − e−s(TI+(M−1)TP +kTD)

s(TI +(M−1)TP + kTD)

×
(ρ + (1 − ρ)e−sTD )i−1

es((M−i)TP +TD)

]

. (4)

In case C2, the tagged node was non-empty when it was polled
but was empty when the tagged packet arrived in the same
cycle. Thus, the tagged packet must have arrived after leaf
nodei transmitted its data in the current cycle. The remaining
time in the cycle after the packet from leaf nodei is transmitted
is kTD+TI +(i−1)TP , if k of theM−1−i nodes polled after
nodei also transmit data in the current cycle. Now, the tagged
packet has to wait forTC − t seconds for the current cycle
to end. The PDF oft, given that the tagged packet arrived
after nodei transmitted its data in the cycle is distributed as
U [TC−kTD−TI −(i−1)TP , TC ]. If a random variableY has
the distributionU [a, b], thenb−Y has the distributionU [0, b−a].
Thus TC − t is distributed asU [0, kTD + TI + (i − 1)TP ].
In the next cycle, the tagged packet first waits forM − i
polls and possible data transmission from thei− 1 leaf nodes
polled before nodei. The LST of the service time in this case,
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Xi,k,S0,C2, is given by

HXi,k,S0,C2
(s) = LST [U [0, kTD + TI + (i − 1)TP ]+

(M − i)TP + B[i − 1, 1 − ρ]TD + TD]

=
1 − e−s(kTD+TI+(i−1)TP )

s(kTD + TI + (i − 1)TP )
×

e−s((M−i)TP +TD)(ρ+(1−ρ)e−sTD )i−1.(5)

Unconditioning Eqn. (5) onk (distributed asB[M−1−i, 1−ρ]),
the LST of the service time for case C2,Xi,S0,C2, is

HXi,S0,C2
(s) =

M−1−i
∑

k=0

(

M−1−i

k

)

(1 − ρ)kρM−1−i−k

×
1 − e−s(kTD+TI+(i−1)TP )

s(kTD + TI + (i − 1)TP )

(ρ + (1 − ρ)e−sTD )i−1

es((M−i)TP +TD)
. (6)

Now, the probabilities of cases C1 and C2 are given by
P [C1] = ρ andP [C2] = 1−ρ, respectively. Combining cases
C1 and C2, the LST of the service time in state S0,Xi,S0, is
then given by

HXi,S0
(s) = ρHXi,S0,C1

(s) + (1 − ρ)HXi,S0,C2
(s)

=
(ρ+(1−ρ)e−sTD )i−1

es((M−i)TP +TD)

[

M−1−i
∑

k=0

(

M−1−i

k

)[

(1−ρ)k+1

ρM−1−i−k 1−e−s(kTD+TI+(i−1)TP )

s(kTD+TI +(i−1)TP )

]

+

M−2
∑

k=1

(

M−2

k

)

(1−ρ)kρM−1−k 1−e−s(TI+(M−1)TP +kTD)

s(TI +(M−1)TP +kTD)

+ρM−1 1−e−s(TI+(M−1)TP +TS)

s(TI +(M−1)TP +TS)

]

. (7)

2) Arrival at a Non-Empty Queue: State S1: For a tagged
arrival at a non-empty queue, the service time starts when
the last of the enqueued packets departs the queue. Once the
tagged packet comes to the head of the queue, it first has
to wait for the current cycle to finish. In the remainder of
the current cycle, any of the remainingM − 1− i nodes may
transmit their data, and we also have an inter-cluster period and
the polls ofi−1 leaf nodes. Before the tagged packet receives
service in the next cycle, we haveM − i polls, including the
poll of leaf nodei, along with possible data transmissions
from the i − 1 leaf nodes polled before leaf nodei. Since
the number of nodes with data transmissions in a cycle is
binomially distributed, the LST of the service time for arrivals
in state S1,Xi,S1, is given by

HXi,S1
(s) = LST [B[M−1−i, 1−ρ]TD + TI + (M−1)TP

+B[i − 1, 1 − ρ]TD + TD]

= e−s(TI+(M−1)TP +TD)(ρ+(1−ρ)e−sTD )M−2.(8)

3) Overall Service Time, Delay Distribution and Loss
Rates: Combining the service times for cases S0 and S1 from
Eqns. (7) and (8), the LST of the service time of an arbitrary
arrival at nodei, Xi, is

HXi
(s) = ρHXi,S0

(s) + (1 − ρ)HXi,S1
(s). (9)

The average service time,Θ, is given by Θ =
− d

ds
HXi,S1

(s)
∣

∣

s=0
and can be written as

Θ =
2M−i−1

2
TP +

TI

2
+

[

1+
(M−3+i)(1−ρ)

2

]

TD +

(1−ρ)

[

(i−1)TP + TI + (M−1−i)(1−ρ)TD

2

]

+

ρ

[

ρM−1 TS

2
+ ρ

[

(M − i)TP + (i − 1)(1 − ρ)TD

2

]]

.

To obtain the distribution of the packet delays and loss rates,
the queue at each node is modeled as a MMPP/G/1/K queue
whose service time distribution is given by Eqn. (9). We use
the analysis for the MMPP/G/1/K queue from [8] and list
the equations below for completeness. Consider the imbedded
Markov chain consisting of the service completion instantsat
the queue. Letπ(k) (respectively,p(k)) be ther−dimensional
vector whosej−th element is the limiting probability at the
imbedded epochs (respectively, at an arbitrary time instant) of
havingk packets in the queue and the MMPP being in phasej,
k = 0, 1, · · · ,K−1 (respectively,k = 0, 1, · · · ,K). Consider
the matrix sequence{Ck} defined as

Ck+1 =

[

Ck − UAk −

k
∑

ν=1

CνAk−ν+1

]

A
−1
0 (10)

for k = 1, 2, · · · ,K − 2, with C0 = I, C1 = (I−UA0)A
−1
0

andI being ar × r identity matrix. The(k, l)−th element of
the matrixAν denotes the conditional probability of reaching
phasel and havingν arrivals at the end of a service time, start-
ing from phasek. The matricesAν can be easily calculated
using an iterative procedure [9] (see supplemental document).
The probability vectorsπ(k) can then be calculated using

π(0)

[

K−1
∑

ν=0

Cν + (I − U)A(I − A + eq)−1

]

= q, (11)

and π(k) = π(0)Ck, k = 1, 2, · · · ,K − 1. The vectorsp(k)
are given byp(0) = ξπ(0)(Λ − R)−1Θ−1 and

p(k) = ξ

[

π(k) +

k−1
∑

ν=0

π(ν)Uk−1−ν(U − I)

]

(Λ−R)−1Θ−1

(12)
for k = 1, 2, · · · ,K − 1, and p(K) = q −

∑K−1
ν=1 p(ν)

whereξ = [1+π(0)(Λ−R)−1Θ−1e]−1. The packet blocking
probability is given by

Pb = 1 −

K−1
∑

ν=0

p(ν). (13)

Finally, the LST of the cumulative distribution function ofthe
packet waiting time,W (s) is given by

W (s) =
1

1−Pb

[

p(0) + ξΘ−1
K−1
∑

ν=1

Gν(s)HK−1−ν
Xi

(s)TK−1−ν(s)

]

(14)
whereGj(s) = π(0)[I − UHXi

(s)] − Hj
Xi

(s)π(j), Tj(s) =
F(s)[−ΛF(s)]j andF(s) = [sI+R−Λ]−1. Moments of the
packet waiting time can be easily obtained from Eqn. (14).

To complete the analysis, note that the probability that a
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queue is empty at an arbitrary instant of time,ρ, is given
by ρ = p(0)e. However,ρ is used in the expression for the
service time, which in turn is used to evaluatep(0). To obtain
ρ, we use an iterative technique: we start with an arbitrary
value ofρ in (0, 1) and use it to compute the service time and
p(0). The new value ofρ given byρ = p(0)e is then used to
recalculate the service time andp(0). This process continues
till the values ofρ andp(0)e converge.

B. Polling Scheme 2

The analysis for this scheme is similar to that in Section
II-A and the details have been omitted. The same definitions
as in Section II-A are used for the states S0 and S1 and their
subcases C1 and C2.

1) Arrival at an Empty Queue: State S0: As for polling
scheme 1, in case C1, the cycle consists of an inter-cluster
communication period, the time forM −1 polls, and the time
to transmit the data packets from the otherM−2 nodes. ifk of
theM−2 nodes transmit data in the cycle, then fork > 0, the
length of the cycle is given byTC = TI +(M −1)TP +kTD.
Thus,t is distributed asU [0, TI +(M −1)TP +kTD] and the
distribution of the time the tagged arrival has to wait till the
start of the next frame,TC − t, is alsoU [0, TI +(M −1)TP +
kTD]. The next cycle starts with the poll of nodei and the
tagged packet is then transmitted immediately, adding another
TP + TD seconds to the service time. The LST of the service
time in this case,Xi,k,S0,C1, is

HXi,k,S0,C1
(s) = LST [U [0, TI +(M−1)TP +kTD]+TP +TD]

=
1−e−s(TI+(M−1)TP +kTD)

s(TI +(M−1)TP +kTD)
e−s(TP +TD). (15)

In the case wherek = 0, the nodes enter a sleep period and
the length of the cycle isTC = TI + (M −1)TP + TS +
jTD, wherej, distributed asB[i− 1, 1− ρ], is the number of
nodes that transmit before nodei after the sleep period ends.
Leaf nodei is polled immediately after the cycle ends and
the tagged packet is transmitted immediately afterwards. Then,
unconditioning Eqn. (15) onk (distributed asB[M−2, 1−ρ])
and adding to it the case fork = 0, the LST of the service
time for case C1,Xi,S0,C1, is given by

HXi,S0,C1
(s) = e−s(TP +TD)

[

ρM−2
i−1
∑

j=0

[(

i−1

j

)

(1 − ρ)j

ρi−1−j 1 − e−s(TI+(M−1)TP +TS+jTD)

s(TI + (M−1)TP + TS + jTD)

]

+

M−2
∑

k=1

[(

M−2

k

)

(1 − ρ)kρM−2−k

1 − e−s(TI+(M−1)TP +kTD)

s(TI + (M−1)TP + kTD)

]

]

. (16)

In case C2, the remaining time in the cycle after the packet
from nodei is transmitted iskTD+TI+(M−2)TP , if k of the
M−2 nodes polled before leaf nodei is polled again, transmit
data in the current cycle. The PDF oft is then distributed as
U [TC −kTD −TI − (M −2)TP , TC ]. Thus the time that the

tagged packet has to wait before the current cycle ends,TC−t
is distributed asU [0, kTD +TI+(M−2)TP ]. In the next cycle,
nodei is polled first and it immediately transmits the tagged
packet, addingTP + TD seconds to the service time. Now,k
is distributed asB[M −2, 1−ρ]. The LST of the service time
in this case,Xi,S0,C2, is then

HXi,S0,C2
(s) = LST

[

M−2
∑

k=0

U [0, kTD + TI + (M − 2)TP ]

+TP + TD

]

(17)

= e−s(TP +TD)
M−2
∑

k=0

[

(

M−2

k

)

(1 − ρ)kρM−2−k

1 − e−s(kTD+TI+(M−2)TP )

s(kTD + TI + (M − 2)TP )

]

. (18)

Now, the probabilities of cases C1 and C2 are given by
P [C1] = ρ andP [C2] = 1−ρ, respectively. Combining cases
C1 and C2, the LST of the service time in state S0,Xi,S0, is
then given by

HXi,S0
(s)

= e−s(TP +TD)

[

M−2
∑

k=0

[

(

M−2

k

)

(1 − ρ)k+1ρM−2−k

1 − e−s(kTD+TI+(M−2)TP )

s(kTD + TI + (M − 2)TP )

]

+

i−1
∑

j=0

[

(

i−1

j

)

(1 − ρ)j

ρM+i−2−j 1 − e−s(TI+(M−1)TP +TS+jTD)

s(TI +(M−1)TP + TS + jTD)

]

+
M−2
∑

k=1

[

(

M−2

k

)

(1 − ρ)kρM−1−k 1 − e−s(TI+(M−1)TP +kTD)

s(TI + (M−1)TP + kTD)

]]

.(19)

2) Arrival at a Non-Empty Queue: State S1: Once the
tagged packet comes to the head of the queue and starts its
service, it first waits for the polls and data transmissions of
M−2 nodes and an inter-cluster communication period before
the current cycle ends. In the next cycle, nodei is polled first
and the tagged packet is transmitted immediately. The LST of
the service time for arrivals in state S1,Xi,S1, is then

HXi,S1
(s) = LST [B[M−2, 1−ρ]TD + TI + (M−1)TP + TD]

= e−s(TI+(M−1)TP +TD)(ρ + (1−ρ)e−sTD )M−2. (20)

3) Overall Service Time, Delay Distribution and Loss
Rates: Combining cases S0 and S1, the LST of the ser-
vice time of an arbitrary arrival at nodei, Xi, is given by
HXi

(s) = (1 − ρ)HXi,S0
(s) + ρHXi,S1

(s) whereHXi,S0
(s)

and HXi,S1
(s) are given in Eqn. (19) and (20) respectively.

The waiting time distribution and the loss rates can then be
evaluated using Eqns. (14) and (13) and the methodology of
Section II-A3.

III. E NERGY CONSUMPTIONMODEL

The energy consumption of the MAC protocols depend
on the time spent by each node in transmitting, receiving
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or in the sleep period, in addition to the energy dissipation
characteristics of the radios used by the nodes. To model
the radio power usage at the nodes, we use the radio energy
dissipation model in [5]. The model assumes that the radio
dissipatesEelec Joules/bit (J/bit) to run the transmitter or
receiver circuitry andEamp J/m2 for the transmitter amplifier
to achieve an acceptable signal to noise ratio. Assumingd2

energy loss in the channel, to send ak bits message to a
distanced, the radio expends

ETx(k, d) = kEelec + kd2Eamp, (21)

where the first term is the energy spent in the transmitter
electronic circuits and the second part represents the energy
consumed by the transmitter amplifier and includes the radio
transmit power. To receive this message, the radio expends

ERx(k, d) = kEelec. (22)

where we only need to account for energy spent in the receiver
circuits. To obtain the energy consumption rate, for each of
the two polling schemes, we first evaluate the average cycle
time. If k nodes transmit data in a cycle withk > 0, we have
TC = TI + (M − 1)TP + kTD. The expected cycle time is
then

E[TC |k > 0] = TI + (M − 1)TP +
M−1
∑

i=1

[

iTD

(

M−1

i

)

(1 − ρ)iρM−1−i 1

1 − ρM−1

]

= TI + (M − 1)TP +
(M − 1)(1 − ρ)

1 − ρM−1
TD.(23)

If k = 0, the length of the cycle isTC = TI +(M−1)TP +TS .
Thus the expected cycle length is

E[TC ] = ρM−1(TI + (M − 1)TP + TS) + (1 − ρM−1) ×
[

TI + (M − 1)TP +
(M − 1)(1 − ρ)

1 − ρM−1
TD

]

= TI +(M−1)TP + ρM−1TS + (M−1)(1 − ρ)TD.(24)

At any instant, a leaf node may be either in the polling, data
transmission, inter-cluster or sleep period. During the polls
in a cycle, each leaf node spendskP UL(Eelec+Eampd

2) +
kP DLEelec J on its own poll and(M−2)kP Eelec J listening
to the polls of other nodes. Since polls occur every cycle,
this energy is expended everyE[TC ] seconds. Also, the rate
at which packets are accepted in the queue of each node is
λ(1−Pb) where the packet blocking probability,Pb, is given
by Eqn. (13). In a stable system, the rate at which packets
depart is thus alsoλ(1−Pb). For each packet transmitted, a
leaf node expendsEeleckD + EampkDd2 J. Finally, a node
does not spend any energy during the inter-cluster and sleep
periods. Using the expression forE[TC ] from Eqn. (24), the
total rate at which a leaf node spends energy is

Eavg =
(M − 1)kP Eelec + kP ULEampd

2

TI + (M − 1)TP + ρM−1TS + (M − 1)(1 − ρ)TD

+λ(1 − Pb)(EeleckD + EampkDd2). (25)
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Fig. 2. Average packet delay at leaf node 5 in a cluster with 9 leaf nodes.

Note thatρ and Pb for the two polling schemes is different,
leading to different energy consumption rates.

IV. SIMULATION RESULTS

The two polling based MAC schemes were implemented in
the NS-2 simulator and this section presents simulation results
to verify our analysis and compare their performance against
decentralized protocols. The length of each simulation runwas
2000 seconds, and each result is the average of 20 runs. The
channel data rate is 20Kbps,TP = 0.004sec, TI = 0.4sec
andTD = 0.0256sec. There are 9 leaf nodes in each cluster,
and results for other cluster sizes are similar and omitted due
to space constraints. A 2-state MMPP with transition rates of
σ12 = 3.15 and σ21 = 1.94 and the ratioλ1 = 1.6λ2 was
used [6] for the arrival process. The radio parameters were
Eelec = 50nJ/bit andEamp = 100pJ/m2 [5].

Figures 2 and 3 show the close match between the ana-
lytic and simulation results for the packet delay and energy
consumption rate for different traffic loads and sleep periods.
Figure 2 shows that the minimum delay is not achieved at
low arrival rates but at moderate loads. At low data rates, a
large fraction of the arrivals occur when the system is in the
sleep state. These arrivals need to wait for the relatively large
sleep period to finish before they can be transmitted. As the
arrival rate increases, the probability that an arrival occurs in
a sleep period decreases, thereby reducing the delays due to
sleep periods. At high arrival rates, the queuing delay becomes
dominant and the packet delay increases again. Consequently,
there exists an unique arrival rate, typically at moderate loads,
where the overall delay is lowest.

Figure 3 shows that increasing the sleep time reduces the
energy consumption in both polling schemes. However, this
decrease cannot continue unboundedly because as the sleep
time becomes longer, each sleep period has a larger number of
packet arrivals. These arrivals will queue up and consequently,
the subsequent active periods also become longer. Also, at high
loads, the system does not enter the sleep period and each node
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Fig. 4. Comparison of packet delays between SMAC and polling based
MAC protocols. The channel data rate was 2Mbps and we used SMAC with
a duty cycle of 10% andTP = 0.00004 sec,TI = 0.4 sec,TS = 1 sec,
andTD = 0.000256 sec for the polling based schemes.

almost always transmits a packet in a cycle. Thus cycle lengths
are almost constant and the energy consumption rates saturate
for both polling schemes and all sleep periods.

Table I shows the results for packet loss rates of the two
polling schemes forTS = 1 sec. Scheme 2 has slightly lower
loss rates (specially at lower arrival rates) because it does
not poll all nodes at the beginning of the intra-cluster phase,
allowing later arrivals to get served in the same round. At
larger arrival rates the performance of both polling schemes is
almost the same since the systems are saturated.

Finally, we compare the polling based schemes with a popu-
lar decentralized protocol with sleep-wake cycles: SMAC [2].
In the SMAC protocol nodes periodically alternate between
two modes: sleep and wake. Nodes turn off their transceiver
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Fig. 5. Comparison of energy consumption between SMAC and polling
based MAC protocols. The parameters used are the same as those for Figure
4.

in the sleep period, thereby saving energy. The nodes wake-
up at the end of the sleep period and use carrier sense
multiple access with collision avoidance (CSMA/CA) to send
and receive packets. The period length and duty-cycle values
are system parameters to be set by the network manager.
We compare the performance at low data rates since the
contention based SMAC has high collision rates at high traffic
loads and its performance degrades. The results are shown
in Figures 4 and 5. To compare the protocol performance in
similar settings, parameters (see figures) were selected such
that the packet delays of the protocols are similar. Both polling
strategies outperform SMAC in terms of the delay as well
as the energy consumption. Interestingly, the polling based
schemes have at least 100% lower energy consumption as
compared to SMAC and the difference is larger at higher loads.
This is because SMAC: (1) does not adapt to the changing
traffic conditions, resulting in energy wastage and (2) wastes
energy through the collisions due to its contention based MAC
protocol.

V. CONCLUSION

This paper presents models to evaluate the delay, loss rates
and energy consumption of polling based MAC protocols with
sleep-wake cycles. The performance of polling based MAC
protocols is compared against similar decentralized protocols
and is shown to be superior in terms of both delay and energy.
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