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ABSTRACT us are assumed to have low computing support, the decentral-

In an effort to conserve energy, mobile hosts wake u erilz-ed strategy must be as simple as possible.
9 P P The rest of this paper is organized as follows. In section

odically to serve incoming traffic. This gives rise to atrade-oiTI we describe the arrival process we have used. In section
between energy consumption and delay. However, the dettﬁr‘- :

S . . .11, we discuss the channel models we have considered. We
ministic strategy of current systems might not yield .th.e de3|reg1$o outline our wake-up scheme. Sections IV and V, contain
perfor mance. we ;how th?t knowledge of the stafistical ChéVéspectively, the analyses for delay and energy efficiency, when
acteristics of incoming traffic can be used to better meet the efy-

. . .the channel is perfect. We provide some results in section VI
ergy and delay requirements of the mobile node. We conS|dgrr]d conclude in section VI
buffered models under different channel assumptions. We pro- '

pose some strategies to improve energy efficiency and study the II. MARKOVIAN ARRIVAL PROCESS

related trade-offs. We also introduce a new metric for energy . . .
efficiency and derive explicit expressions for the same. O F\/Iwe mogel the arrival process as a Markovian Arrival Progess
results prove that significant gains accrue by employing intelllt AP)' The MAP process is ver_satlle enough to model a wide
gent wake-up schemes. variety of processes su.ch as arbitrary renewal processes and the
Markov Modulated Poisson Process. Adding two MAP pro-
cesses results in another MAP process. Furthermore, the MAP
process lends itself to a degree of analytical tractability. Algo-
As wireless technologies mature, we envision a scenario iithmic techniques have been devised to estimate performance
which a large number of mostly dormant mobile nodes conmetrics for queues fed by MAP [5] [6] [7].
municate with each other. Examples include Radio FrequencyThe MAP process can be thought of as @d + 1) state
Identification Devices (RFID’s), ad hoc networks and wirelesMarkov chain. States 1,.,M are transient. Staté/ + 1 is
Internet devices. These low power mobile nodes will be powan absorbing state. Arrivals occur whenever the chain enters
ered by batteries. Consequently it would not be energy effihe absorbing state. Once an arrival occurs, the process restarts
cient for the mobiles to be awake when they are not receivirfgpm one of the transient states. The probability law governing
any data. Energy can be conserved by operating the mobilbe state after absorption is dependent on the state immediately
in an intermittent fashion. Current systems [1], [2], employ &efore absorption. By controlling the restart mechanism, sev-
centralized controller which determines the wake-up scheduteal arrival processes can be modeled.
for the mobile nodes. Clearly, such a centralized scheme wouldLet ¢;; be the transition probability from stat¢o j without
be too complex to implement for a large number of nodes. Agoing to the absorbing state. Lgt be the transition probabil-
obvious alternative would be to allow the mobiles to wake uty from states to j through the absorbing state (resulting in an
independently and check for pending packets. The mobile goasgival). Then, the transition structure of the MAP process can
to sleep whenever it has no pending traffic at the base statiba decomposed into two matric&s,andD. C represents the
and wakes up periodically to check for incoming traffic. Packtransitions without any arrival and is given I6%; = ¢;;. D
ets which arrive at the base station and find the mobile devicepresents the transitions with a single arrival and is given by
asleep are queued up for later retransmission. D;; = p;j. The time spent in the absorbing state is infinitesi-
We define, mal. The stationary probability vector of the MAP process,
Energy Efficiencyas the fraction of the total energy spent inis given by
serving incoming packets. There exists a natural trade-off be- ©n(C+D) = = (1)
tween energy efficiency and delay. Assume that arrivals oc- me = 1
cur every 100 seconds. If the mobile wakes up every 10 segis the column vector consisting of all ones. The arrival rate,
onds, we note that 9 out of 10 times, the mobile is wastefully, is given by
expending energy. On the other hand, each packet is not de- A = @De 2)
layed more than 10 seconds. If instead, the mobile were o this paper, we model the arrival process as a discrete-time
wake up every 50 seconds, its energy efficiency and would bersion of the Markov Modulated Poisson process (MMPP). In
much higher; however packets would experience greater dearticular, we assume that the arrival process can be in either
lays. Hence wake-up schemes should not be designed indepeitwo states. In each state, the inter-arrival times are given
dently of arrival traffic. Since the mobile devices of interest tby a state dependent geometric distribution parameterized by

I. INTRODUCTION



pi,i = 1,2. We assume that arrivals occur more frequently in

state 1 61 > p2). TheC andD matrices are given by ‘ 2 b‘ ‘ m d‘ \ ‘ el f ‘ | ‘ ‘ g‘ h‘
o - [(=p)l-a) (1-p)a
(1=p)8  (1-p)(1-0) S “n—
D = { pr 0 } (3) Fig. 1. A Sample Path : Vertical half-lines denote slot boundaries, rectangular
0 po pulses represent slots when the server is awake, downward arrows represent

arrivals,a, . . . , f represent state of the system

IIl. CHANNEL MODELS AND SAMPLING SCHEMES

We first assume ideal channel conditions. Packets which find ] ) o ]
the mobile asleep are queued up at the base station. We asslifhe? discrete-time MAP model with independent vacations has
that the buffer is infinite. When the mobile wakes up and findg€€n analyzed. - _
packets in the queue, it serves all the packets until the queue jdiowever, the decomposition property fails when the vaca-
empty and the mobile goes back to sleep once again. In qudi@ns are dependent on the arrival process. In our specific
ing parlance this is called the Exhaustive Service with Multipl80del, it turns out that the waiting time distribution can be ob-
Vacations model. We assume that one unit of energy is cofined by a direct analysis of the underlying Markov chain.
sumed per unit time when the mobile is awake. In the deter- . .
ministic setting, the sleep periods of the mobile are constart; Detailed Analysis
In our scheme, we make the sleep times dependent on the statghe state space of our model is given By= {i,7,k,1 :
of the arrival process. When the queue becomes empty, and the {0,...,maxT;,Ty) + 1},j € {1,2},k € {0,1,2},] €
arrival process is in state 1, the mobile host takes a vacatiog(), ...,maxTy,T»)}}, where,
of durationT’. At the end of the vacation, if the queue is still, ; : number of packets in the system
empty, the mobile host takes another vacation of durafion , ; : state of the arrival process
This procedure is repeated till the mobile host finds packets n : state of the vacation process

the queue. A similar procedure is adopted with vacations Qf; : time elapsed since the mobile host was last awake
durationT; if the arrival process was in state 2 at the end of. — 0 means that the system is in a busy peridgd= 1(2)

a busy cycle. Since arrivals in state 2 are scarce compared{R ans the mobile host is taking vacations of duratibri).
state 1, we mak; greater tharf. The service time of each |, figyre (1), we provide a possible evolution of a sample path.
packet s one unit. _ The states, . . ., f are described as follows.

We next study the trade-off under imperfect channel condi- a=(0,1,0,0):

. N . . . L
tions for the arrival process described earlier. We consider t e queue is empty, arrival process is in state 1, the system is

ghannel r_nodels.. For the first modgl, we assume that the Ch"ﬁq'a busy period and the mobile host is awake in the current
nel state is described by a Bernoulli process. A packet transmjt-

fot.
ted by the base station is corrupted with probabilitindepen- ot

. > . o« b=1(0,7,1,1):
dent of previous transmissions. We then consider a two st : ; ‘e ; :
; : . e gueue is empty, arrival process is in state j, the mobile host
Gilbert-Elliott channel model. In this model, the channel stat: q by P J

. . . on a vacation of duratiof, and it was awake in the previous
is assumed to be described by a two state Markov chain. dfh P

assume that a packet is successfully received when the chan.nec}': (0,7,1,0) :
Is in thegoodstate and completely corrupted when the channq.lhe gueue is empty, arrival process is in state j, the mobile host

SN t.h.ebadstate. The packet remains at thg head of the queVsetaking vacations of duratidfi, and it is awake in the current
until it is successfully received by the mobile host. When thglot

mobile wakes up and finds the channefj®od it operates as . d.:
in the perfect channel case. If it finds that the channleai it
takes a vacation of duratidfs independent of the arrival state.

(0,4,1,1) :
This is the same state as
* €= (l’ja ]-,Tl) :
IV. DELAY ANALYSIS The queue has one packet, the arrival process is in state |, the
) mobile host is taking vacations of durati@h and it was awake
A. Prior Work T, slots before.
Queues with vacations have been analyzed in the past using’ = (1, 5,0,0) :
the decomposition property [4]. For the GI/GI/1 queue withThe queue has one packet, the arrival process is in state j, the
independent and identically distributed vacations, the decormobile host is busy and it is awake.
position property states that v 9=1(0,4,2,2):
Wy 4 w4+ Ry (4) The queue is empty, the arrival process is in state j, the mobile
Wy is the random variable with the steady-state waiting timBost is taking vacations of duratidi and it was awake 2 slots
distribution of the GI/GI/1 queue with vacatiori§, is the ran- before.
dom variable with the steady-state waiting time distribution oft is clear from the above discussion that some combina-
the same GI/GI/1 queue without vacations dhdis the resid- tions of (i, j,k,l) are not valid states. The only possible
ual waiting time of the vacation process. This property hastates aréi, 5,0,0), (i,7,1,0),..., (4,4,1,T1), (¢, 4, 2,0), ...,
been shown to hold even when the arrival process is MAP. i, j,2,T%),i € {0,T> + 1}, j € {1, 2}.



Let P(i,j,k,0)(i',7',k',I") be the transition probability V. Energy Analysis
from state(s, j, k, 1) to state(i’, j', k',1’). Thenon-zerdransi-

. > i In this section we provide an analysis of the energy effi-
tion probabilities are given by P y ay

ciency of our sampling scheme. We have assumed that the
mobile is aware of the state of the arrival process at the instant

P(0,7,0,0)(0,5",5,1) = g the queue at the base station becomes empty. We define energy
j i’ q = piq efficienc as: . —
‘ . P(O,.]y 0, 0)(]—7] yJs ]-) pJJ ICI Z@) o Enel’gy Spent SerV|ng paCketS in tlm?lto)
P(0,7,k,0(0, 5 k, (I + Dmod(Ti, + 1)) = gjjr, = B Total energy spent Pym bile 'hn time't .
(k € {1,2}) Let p be the utilization of t au ue. Itis clearthat the mobile
. . ’ does useful work fop% of the time. Lep;,i = 1, 2 be the sta-
! p—y s Al . g - v . ) .
P(0,,k,)(L,5' k, (1 + Dmod(Ty +1)) = pjj, tionary probability of the arrival process being in stat the
(k € {1,2}) beginning of a vacation period. L&t be the random duration
P(i,7,0,0)(i — 1,7',0,0) = gjj, of the vacation period starting with the arrival process in state
(i>1) i. Then,the energy efficiency is given by:
P(i,j,0,0)(i,j',0,0) = Djj, n = p+(1_p) Zzp o T (11)
o -, (6>1) Proof: Consider the starting ihstafits of tHe'idle periods with
P, j, k, 0, 5" k, (I + Dmod(Ty + 1)) = gjjr, the arrival process in state= {1,2}. These instants constitute
(i>1),(ke{1,2}) (5) renewal epochs and the corresponding idle period constitute a

The transition probability matrixi¢) given above is of the enewal procestl; }, i = {1,2}. Thus the idle periods can be
M/G/1 type described in [nuets2]. The M/G/1 type matrix is 0:phought of as the superposition of two renewal processes. Let

the form vy be the fraction of times the mobile wakes up to do unneces-
sary work in the vacation periods belongingfo We note that
By, B B, Bs By ... the mobile does useful work when it wakes up for the last time
C A, Ay, As A, ... in an idle period. Then, using the Renewal-Reward theorem
[9], we have _
Pely W a w e , _ H-
0 1 2 - vy = BV,
For our model, we note thaB, represents the transitions = (- ) i=12 (12)

Hence, the long term time avérage of wasteful energy spent

from level® 0 to level 0. A, represents the transitions from o . .
starting in stateé, W; is

levelitoi—1. A; represents the transitions from levébi. A,

represents the transitions from leveb i + 1. The dimension (Prob. that mobile is in vacation stateJ)
of these matrices i8(1 + Ty + 1) x 2(1 + Ty + Ty). W, = lim Tit 0
t—00
A—ppi ; .
c = A() = WZ - 7.’1}0 1= 1, 2 (13)
B, = 0 i>2 Consequently, the total average amount of wasteful energy
A = 0 i>3 @) spent in both the states is
It remains to determine the stationary probability distribu- W = Wi+ W,
tion,  of the system given by 2 i T
_ = (1- —(1-—=
z = aP W o= (1-p) Y 7050
rze = 1 (8) =1 p
We think of ¢ as (20,21, ..., 7147,), Where eachy; is a =n = O BT (14)
row vector denoting the system probabilities at levelet y; It remains to computéEVi. Lor’sﬁ}nfflicity, K&will derive

be the steady-state probability of being in levdlet W be the 4 expression foEV; only. EV, can be derived in an exactly

mean waiting time and be the mean number of packets in thejmilar fashion. We first define a few quantities of intefest
system. Then, using Little’s law, we have

yi = m@e I(n) = Prob{Vi =nT}
147> . a; = Prob{Atleastone arrival if; slots
L = Z Y given the arrival process started in staje 1
fl ay = Prob{Atleastone arrival irf; slots
W= 2\ ©) given the arrival process started in staje 2

where ) is obtained from equation(2). We used the software

; ; LS a = Jo al
package TELPACK [8] to obtain the stationary distribution.

Llevel refers to the number of packets in the system 2 At is the transpose of the matrik
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Fig. 2. Perfect Channel Model

Let (x), denote the first element of the column vectoilhen,
using the above notation, it is easil seen that
a = € — e
(a)1
(CTl a)1

(C"1a), (15)

(16)

Hence, we have

EV, Z nTil(n)
n=1

Tl([.[ - CT1]7204)1
VI. RESULTS

In this section, we provide some simulation results. In Fig.
(2) and (3), we assume that the channel is perfect. Fig. (4) and
(5) were obtained under the Bernoulli and Gilbert-Eliot channel
assumptions, respectively.

For the perfect channel case, we have considered two arrival
scenarios. In Fig. (2), the parameters wepg:= 0.4, py =
0.008, =0.1 and3 = 0.001. For Fig. (3), they werg;; =0.9,
p2 =0.1,a = 0.1 ands = 0.001. The latter arrival process was[1]
also used to obtain Fig. (4) and (5). In Fig. (4), we assumed
that the channel was good with probability 0.99 in any time
slot. In Fig. (5), the channel transits from the good to the bad
state with probability 0.001 and from the bad to the good stafg]
with probability 0.9.

7)

VII. CONCLUSION 13]

In this paper, we have proposed a simple wake-up scheme
for improving the performance of mobile networks comprising4]
of low power nodes. We have analyzed a queuing system with
correlated arrivals and dependent vacations. We have derivédl
an explicit expression for the energy efficiency of our scheme.
We obtained an improvement of around 10% for the arrival pro-
cesses we considered.
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