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Improving Energy Saving in Wireless Systems by
Using Dynamic Power Management

Carla-Fabiana Chiasserjmilember, IEEEand Ramesh R. Ra&enior Member, IEEE

Abstract—in this paper, we develop a novel approach to con-  In synchronous paging protocols, the broadcast transmission
serving energy in battery-powered communication devices. There from the base station (BS) and the nodes’ waking-up time

are two salient aspects to this approach. First, the battery-powered jgiants are synchronized. Examples of such protocols are the
devices move through multiple, progressively deeper, sleep states in

a predictable manner. Nodes in deeper sleep states consume |Owerfollowing. The POCS_AG scheme [4] us.es. a codilng format
energy while asleep, butincur alonger delay and higher energy cost Pased on batches, with each batch consisting of eight frames.

to awaken. Second, the nodes are woken up on demand through aA node can be paged at only one of the eight frames so that
paging signal. To awaken nodes that are in deep sleep, the pagingjit may power down during the other seven to save energy. A

signal has to be decoded using very low power circuits such as gimilar approach is used in the FLEX [5] system where data
those used in radio frequency tags. To accommodate this need, in a.

manner that scales well with the number of nodes, the number of intended for a particular pager is scheduled in a predefined time

distinct paging signals has to be much less than the number of pos- Slot. In the MOBITEX data system [6] and in IEEE 802.11 [7],
sible nodes. This is accomplished through a group-based wakeup nodes in power saving mode wake up in time for a broadcast
scheme, which initially awakens the targeted node along with a transmission from the BS that notifies which nodes have
number of other similarly disposed nodes that subsequently return - yoging data. In high-performance radio local area network
to their original sleep state. Tradeoffs among energy consumption, . e
delay as well as overhead, are presented; comparisons with other (HIPERLAN) [8], the v_wre!ess LAN standard_ spemﬂgd by
protocols show the potential for 16% to 50% improvement in en- European Telecommunications Standards Institute, radio nodes
ergy consumption. that need to save power, so-caljedavers communicate their
Index Terms—Dynamic power management, energy efficiency, own sleep—awake schedule to the so-cajieslipporternode.
wireless quality of service (QoS). The p-supporter queues all the packets destined to the p-savers
and transmits these packets during the p-saver’s active time.
Onthe contrary, asynchronous paging schemes do not require
system synchronization and each node is free to paneand
INIMIZING energy consumption in battery-poweredorr its receiver based on the battery status. An asynchronous,
devices is crucial to the design of wireless communic#i-band (IB) protocol is presented in [9]. There, as the node
tion networks. Several protocol solutions have been proposgalversoN, it keeps listening to the radio channel for a short
in the literature to reduce the energy expenditure of portalilene period. If a paging message is received, the node sends an
communication nodes in transmit and receive mode. In [1], tlkeknowledgment to the BS; otherwise, it switclues again.
authors present energy-aware access protocols minimizing Baging and acknowledgment messages are transmitted in-band,
time period during which radio frequency (RF) identification.e., within the node data flow. As shown in [9], such a method
devices need to be active. In [2], a medium access contmltperforms the synchronous approach for light traffic loads.
(MAC) scheme based on traffic scheduling and radio resourceBoth synchronous and asynchronous paging schemes cause
reservation is proposed, which allows a network node to entegtwork nodes to become unavailable for reception from time to
low-power operational states when idle. A study of energime, making any communication with them impossible. While
consumption of MAC protocols from the tranceiver usagthis allows for energy saving, it raises several problems related
perspective is presented in [3]. to quality of service (QoS) provisioning. Therefore, a crucial
A power conservation technique that has been generally régsue in designing energy-efficient paging protocols is to opti-
ognized as effective is discontinuous reception, whereby inanally trade off between energy savings and QoS requirements
tive nodes power down and tuem their receiver at some future on packet delay. To achieve this balance, we introduce a novel
time instant. Paging schemes based on discontinuous recepsiolution which employs discontinuous reception in combination
can be classified as synchronous or asynchronous. with a power management policy at the network node. In par-
ticular, we make an asynchronous paging scheme and a power
Manuscript received June 28, 2001; revised May 13, 2002 and August @g,anagement al_gorithm interact and jointly operate to meet the
2002; accepted August 27, 2002. The editor coordinating the review of tigystem constraints.
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a method for the remote activation of a communication node
through an RF signal, ideally at negligible energy cost.

RF tags technology offers good examples of low power
or totally passive devices that use RF power received from
Il. COMBINING PAGING WITH POWER MANAGEMENT the BS to drive the logic and transmission parts of the circuit
17]-[20]. RF tags have been used as transmitter—receiver de-
es (transponders) for remote localization and identification
animals, cars, and other items [20]-[22]. The schematic

Fig. 1. Network scenario.

We focus on the packet data transfer between a BS, tha
connected to the wired network, and mobile nodes. Other ngl—

work scenarios, where a node is elected to be the master M Eresentation of a switch that can be used to remotely activate

respec_t to the other nodes in the vicinity, can be_ con5|deredtﬁl device is shown in Fig. 2. Whenever the communication
well. Fig. 1 shows the reference network scenario where com

.2 . ) . . e becomes idle, it enters a sleep state, i.e., the standard
munication nodes, either mobile or fixed, access the fixed r%?

K and icat h other th h the BS é'ceiver—transmitter and parts of the device electronics are
work and communicate among €ach otner through the 5. t'&?ned OFF. Paging signals are received and demodulated
BS is responsible for collecting the uplink traffic generated

. S ; y the remotely activated switch (RAS). Then, the signal
the nodes in th? CPT” and for delivering the downl!nk data_1 flo formation is passed to the logic circuit that detects the bits
to the communication nodes. We focus on downlink traffic be-

cause it is envisioned that in future wireless svstems the tra equence. If the received sequence matches the node’s paging
use it VIS In future wi y Igquence, the device tursn the standard receiver. Notice

pattern will be highly asymmetrical, with 50/1 or greater rati(ﬂqat the RAS receiver may be either totally passive (e.g., an

favormg the dgwnllnk .[10]' L . amplitude demodulator) or supplied by the battery source
During the idle periods, communication nodes can SWIIC[ rough Connection 1

OFF parts of their circuitry (e.g., display, RF component, dig-
ital component, etc.) and enter a sleep state. Various sleep states
are identified based on the associated power consumption and [ll. PRELIMINARIES

time to wake up; the deeper the sleep state, the less the POWEE . assume that a communication node can b different

consumed and larger the delay overhead. In electronic syStes'Ttﬁtes depending on the operational status of the system compo-

such as portable _computers a_nd personal d!gltal aSS'Sta.mtS'neﬁ“ts. Each state is characterized by a certain power consump-
evolution of a device through different operational states is ustso denoted by, (I = 1 L), such thatP, < P, < <
) 1 — Ly ’ 1 2 ot

ally controlled by a dynamic power management (DPM) polic _Every transition from statéto statef (I, f = 1, ... I and

A DPM technique automatically detects the system compone : :

: : . J # 1) has a cost in terms of power consumption, denoted by
t?itflrlefsldl_?r?nd_de_te:mmg whether they have tct). be S\(\t/;wt;ohted_ P, ¢, and of delay overhead, denoted By ;. The cost associ-
[.f.] [ " ].d ea(;m 'Str? rz uce powfer consumpltion Without St o § with transitions from stateto fywithl =2,...,L, and
n :catr;]_y egrading de Tzwce per o:m?n%e. f r{ < [, is usually much lower than the cost associated with the

N tiS paper, we develop a way 1o tradeolt energy savir, o ge transition, and for the sake of simplicity is neglected.
and traffic QoS degradation by exploiting the synergy betweenNOW consider a device for which the only possible opera-

the power management policy, executed at the communlcau[?&nal states areN andoFF, and moving from staten to state

node, and the scheduling of downlink traffic at the BS. We P requires a significant amount of energy. It is clear that the
pose a scheme_ whe_.\re_z the BS. tracks fche power stat_e qf eﬁ§5ice should be shut down only when its idle period can be
node and exploits this information to adjust the transmission I%ng enough so that the saved energy compensates for the tran-
downlink traffic to the node’s energy constraints. If necessany energy expenditure. Let us defifeg as the minimum
paging is delayed in order to let nodes stay in sleep state Ionq{eane that the device has to’ spend in stk to compensate for

and hence, increase their energy saving, provided that thetlheé wakeup overhead. We must have
quired QoS is still guaranteed. Nodes do not need to poner '

to see whether they have pending traffic at the BS. Instead, the

BS wakes nodes when necessary. To implement this, we need  PogZogt + Potr.on Wott.on = Pon(Zott + Wott.on)- (1)
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In (1), the left term is the sum of the energy spent by the device IV. PROPOSEDSCHEME
while being in stateFFand the cost due to the transition from
stateoFF to stateoN. The right term is the energy expenditurqi
corresponding to the device being in stateall the time. From
(1), it follows that

The objective of all DPM policies is to allow communica-
on nodes to save energy by entering a sleep state while still
meeting the QoS requirements on packet delay. Unlike the pre-
vious DPM policies, the proposed scheme achieves this goal by
adjusting the node’s idle time through an appropriate scheduling
Zog = max (0_ (Pon — Poﬂ7on)Woff7on> . (2) of the downlink traffic. Idle times are extended by delaying the

’ Pogg — Pon waking-up events as long as traffic delay constraints are still sat-
isfied. The proposed scheme combines a predictive power man-
agement technique executed at the node with a paging protocol.

The time periodZ.s + Wog,on is defined as theminimum
break-even timei.e., the minimum length of the device’s idle

period tq save energy [12]. . . A. Predictive Power Management Policy
The discussion above can be easily generalized to the case

L > 2. Consider a node moving from stdtéo statef (I, f =  Letus firstassume. = 2, with oN andoFF being the de-
L,...,Landl # f); we have vice’s two possible states. The adopted DPM policy operates as
follows.
(P; — PLp)Wis Communication nodes are grouped idfodifferent service
Zif = max <07 P —YPf : ) (3) classeslepending on their battery status and QoS requirements

on packet delay. Nodes belonging to different service classes
whereZ, ; is the minimum time that the device has to spend iﬂre assigned differe_lsteep patternsConsider the_generic node
statel to save energy, andy ;+ W, s is the associated minimum// belonging to service clags The sleep pattern is represented
break-even time. Note that, since we assufiie to be equal PY the following values.
to zero forf < I, we haveZ; ; = 0 for f < . 1) The timeout (i.e., the idle time) after which nogleur-
Clearly, a device should enter a sleep state only if this al- ~ rently in stateon enters stat®Fr, and the timeout after
lows for energy saving, i.e., if the device’s idle period can be ~ Which j can move from staterr back to stateoN. We
greater than the minimum break-even time associated with the ~ denote these values Wiﬁ’)f,q]?og andT(ng),on' respectively.
sleep state. To make this happen, a DPM technique is often ap2) The minimum time period thathas to spend in staterrF
plied to control the device’s operational state [11]-[16]. ADPM before moving to stateN. We denote this value wit}’io(g)
policy must take into account the cost of a transition fromanop-  and impose thaYO(g) is equal to or greater thaH,g. It
erational state to another, and should be able to foresee for how follows that
long a device will remain idle. Depending on the approach that
is used, DPM policies are classified as predictive or stochastic Téé),on > T(ffl?oﬂ + Yo(f‘f) > To(z?oﬂ + Zogt- (4)
policies.
A widely used predictive technique consists in turniorr @ o andYo(g) are chosen in such a way

the system components if an idle time greater than or equal h% y , :
i . . . that (4) holds, and th d t ket del d
a timeout valu€l is detected. This approach is based on thee (4) holds, and the nodes' requirements on packet delay an

. . ) N . ehergy savings are satisfied. For example, if a node has little bat-
assumption that if the idle time is greater tH8n the system is 9y g P

. L (q) . .
likely to remain idle for a time period long enough to save er%t-ary capacity left, it will se;,, . to be small so that it quickly

ergy. A more accurate method is proposed in [11], where tRBIErs staterr, and select a largi{#’ to increase energy sav-
upcoming idle time is predicted by using an exponential-a{?9s- Inthis case, the node saves more energy, although the delay
erage approach. If the predicted idle time is sufficiently long, trRenalty to get back to statan may be significant. On the con-
system component is switchegiFat once. However, predictive frary, if a node is concerned mainly about QoS requirements
techniques have a few limitations: they assume only two staf¥fs Packet delay, it will use a lar «:Ez,)oﬂ to rarely enter state
for the system@n and oFF), they cannot provide an accurateorFand a smaIYO(f‘;) to be more reactive. Moreover, the values
tradeoff between energy saving and performance degradatipff)  should be selected by taking into account the traffic ar-
and they do not deal with a generic system architecture whefgl process. For instance, in the case of bursty traffic, we may
service requests can be queued. want a node to quickly enter deep sleep states as it becomes idle,
A stochastic policy has been proposed in [23] to overcomnce it is likely to remain so for a long tinte.
these limitations. The considered system can eht#ates with  For each network node, the sleep pattern can be chosen either
L > 2, and it is composed of service provideraservice re- py the node itself or by the BS, according to the QoS require-
quester a power managerand arequest queueThe service ments on packet delay of the downlink connection. An appro-
provider and requester are represented as Markov processespajade message exchange can be defined to let the BS and the
the power manager determines the device state of operatiomeywork node agree on the sleep pattern to use. However, both

issuing commands to the service provider. In this case, the @Re node and the BS should be able to renegotiate the sleep pat-
timal policy strictly depends on how the system is modeled afgn if necessary.

on the abstractions that have been made. Moreover, the amount

of energy consumed by the power manager remains to be aggje deriving the performance results, we will assume that the downlink
counted for. packet traffic arrives at the BS according to a Poisson distribution, as in [9].

The valuesr'? . 79
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The above discussion can be generalizedIfor 2 as fol- TABLE |
lows. USEFUL OPERATIONAL STATES FOR ASENSORNODE. THE MICROPROCESSOR
PoOwWER MODES ARE ACTIVE, IDLE, AND SLEEP. THE MEMORY CAN BE
» We denote the sleep pattern associated to service €lass N AcTivE 0rR SLEEP MODE. THE MEMS AND ANALOG-TO-DIGITAL

by E(’I). The timeout values can be defined by means of CONVERTER CAN BE ON OR OFF THE RF QRCUITRY POWER MODES
. . (q) . ARE TRANSMIT (tx), RECEIVE (rx), AND OFF
a matrix, whose entries; ; = {7,/ } represent the time

period after which a node belonging to service claasd State | StrongARM | Memory | MEMS and A/D converter | RF
currently in statd can enter stat¢, forl, f = 1,...,L 1 sleep sleep off off
andg = 1,...,Q. For every staté, the next power state — 3 sleep sleep on off
with power consumption lower thaft;, entered by the 3 sleep sleep on e
communication device, is deterministically assessed. T — idle sleep on -
valuesTl@ related to impossible transitions are set to in— 5 active active on iz, 1z

finity. We indicate withr; the period elapsed since the lasc
time instant the generic nodewas paged. We have that
transitions from statéto statef, with f < [, occur when
T = T,(j’c); transitions from statéto statef, with f > [,
can take place anytime, provided thgt > Tl(’}) We
highlight that this approach leads to an extremely simple
power management technique atthe communication node.
In fact, given the sleep pattern matrix, the node follows a
deterministic pattern through the sleep states.

» Upon receiving a paging message, a device moves from
its current state to a state associated with a higher power
consumption. If there is only one less deep power state to
which the device can move, this is uniquely determined
by the sleep pattern matrix. Otherwise, it has to be speci-
ﬁe_d_ by j[he BSin the_ paging message. For the sake of S'E?@ 3. Example of sleep pattern for a sensor node.
plicity, in the following we assume that when a node is

paged, it always_enters stal_e i.e., the operational staterpq corresponding sleep pattern evolution is shown in Fig. 3,
where the node is fully working. where arcs connecting the sleep states to state- 5 are

Equation (4) can be easily generalized by considering, o4 with the associated values of transition delay overhead
a node in service clasg moving through power states g power consumption

{b,1, f}. For any staté with P, > P;, the time period
that the node has to spend in statbefore moving to B. Paging Scheme
state f must be at least equal uqu), with Ylf:{) subject

The objective of the proposed scheme is to page communica-
to Yzf? > Z),f- We have tion nodes that are following their sleep pattern at proper time
Tl(c}) > Tb(‘i) + Yz(;)- 5y instants such that the tradeoff between energy saving and delay
S ’ overhead is optimized.
Observe that it > vaTz(,(}) is the timeout value after e assume that the BS knows the service class associated
which the deeper sleep statg,is entered from staté  wijth each node, and for each node in sleep state records the
Instead, if;, < Py, condition (5) ensures that a nodqast time instant at which the node was awake (i.e., in stite
exits its current power stateonly if its idle period has The BS is, therefore, able to predict the current power state of
been sufficiently long to save energy. every node under its control. Let us focus on the generic fiode
1) An Example:Consider a sensor node consisting of Belonging to service class The node’s current state, denoted
StrongARM microprocessor, a memory, an RF circuitry, andigy /, is such that the time; elapsed since the last time instant
microelectromechanical SyStem (MEMS) with analog—d|g|tql was in statd/, iS greater than or equal fq((i), but IeSS than
converter. As described in [16], by taking into account thake timeout value corresponding to the next deeper power state
each component can have different power modes, the usefihe sleep pattern evolution.

operational states are those reported in Table | [16]. Statesye also assume that the BS pages nodes in the same ser-

with increasing (I = 1,...,5) correspond to a higher poweryjce class by using the same set of paging signals, denoted by
consumption and a smaller delay overhead. xl(q)(l =1,..., L;q =1,...,Q). The reason for this is that a
We consider the following sleep pattern matrix: device in sleep state can detect a paging signal through a passive
00 ) ) 00 Tl(qo) RAS receiver only if the sequence is transmitted at low rate [18].
Tz(_q1) 00 00 00 Tz(_qa) Thus, in order to keep the signaling ovgrhead small, pgging se-
; 7@ T(IQ) ©) quences must be short (hamely, 5-8 bits long depending on the
o 3,2 O(O) e 3(0) ’ technology used), and their number may be not large enough
o0 o0 T4,q3 o0 T4,q5 to uniquely address all the nodes in the same area. As a conse-
00 e e Té_ﬂ) 00 quence, nodg wakes up whenever it has spent in stadetime
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Fig. 4. Diagram of the paging scheme.

equal to or greater thanl(%) (e, 1; > Tl(qL))2 and either one

of these two events takes place:jljs intentionally paged by

the BS or 2); detects a paging signal destined to another node
which belongs to the same service class and is in the same sleep
state.

A diagram of the waking up scheme is shown in Fig. 4, where
nodes; and; are assumed to belong to the same service glass
and both may be awakened by the same paging sizgfﬁ)aIAs
illustrated in the diagram, nodewill receive data packets only
if it becomes active upon the paging signal arrival and sends
back to the BS an acknowledgment.

Remarks:

1) Note that nodes in the same sleep state do not necessarily _
. Fig: 5. Evolution of the sleep pattern of reference.
all wake up at the same time, nor do they move as a grou
to the next sleep state although they follow the same sleep
pattern. traffic and is currently in sleep stafeonly if the node
2) From the diagram in Figs. 4 and 5, one can infer that a  has been in for at least a time period equal ﬁq(q);
paging signal is transmitted by the BS only if the node otherwise, the paging transmission is delayed.
to be paged will save energy by waking up at that time 3) Since the aim of the proposed protocol is to let the nodes
instant. In fact, the BS pages a node that has pending be in sleep state as often as possible, the problem of
) . , . o . tracking the nodes’ location may arise. Consider for ex-
Recall thatr; is the period elapsed since the last time insgawas in state . .
L. Thus, by considering (5), the fact thahas spent in statea time equal to or ample a C(?llUlar e_nvwonment where the geographic area
greater thar¥,(¢) is equivalent to having; > T,'%. is divided into various location areas, each of them cor-
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responding to a cluster of cells. Let each location area be -t _ o

identified by a local area ID (LAI), as in global system = Z i - P {paging for; arrives at BS when

for mobile communication [24]. A node that is not trans- =0 ]

mitting—receiving packets can determine its current loca- T =T+ Yi—i|Ti <7 <Ty}

tion by periodically listening to the LAI broadcast by the il ) —

BS and update its position if necessary. In the proposed = Z iPa(1 = Fa)™ : ()
paging protocol, nodes that are in sleep state and enter =0

a new location area will not update their position, thug;°m (7). we find that

causing an unacceptable increase of signaling traffic and D =Y, + P Y(1-P)Y —1]. (8)

packet delay. To avoid such inefficiencies, the follpwin%g deconditioning on the sleep state assumed by the node and
solution can be implemented. Each BS can transmitan ansidering that the propagation time over the radio channel is
ditional signal (namely, a pilot tone at a given frequencyegiigible, the total average delay from the time instant when

or a short bits sequence) to identify the location area {ge paging signal has to be transmitted to the time instant when
which the BS belongs. Such a signal can be detected PYS awake is

the node through the RAS receiver shown in Fig. 2, so

that the node does not need to wake up. All location areas _ L P{s=1}

in the network can béocally identified through a small Dy = Z(Dl +Wir)- L pla— b ©)
number of different signals by adopting a reuse scheme. =1 2k=1 Pls =k}

Clearly, fast nodes will not significantly benefit from the |n order to compute probability’{s = I}, we first eval-
presented approach since they have to either wake e the average number of nodes in staie= 1,...,L). By

often, and therefore, they can never reach a deep sleRffininga’(n) as the number of nodes in stdtat time instant
state, or seldom update their position, hence, suffering thewe have

inefficiencies described above. It is our opinion that the
fact that fast nodes will consume more energy than slow  a'(n + 1) = a'(n) + (no. nodes irs = b
nodes should be seen as a price to pay for accessing the moving tos = [ at timen)

network services at a higher mobility rate. _ (no. nodes ins = I

moving tos = f at timen)
— (no. nodes irs =1
waking up at timen). (10)

V. PERFORMANCEANALYSIS

Let us focus on one group &f nodes belonging to the same

service class and which are assigned the same set of pagings@rder to further understand (10), note that: 1) The term (no.
quences and the same sleep pattern. We assume that the figifes ins = b moving tos = [ at timen) is equal to the number
scale is discretized into time slots of unit duration and that th# nodes among thé (n) nodes, whose time spent in sleep state
paging signal arrival at the BS is an independent identically digt timen is equal tdl}, provided that no node is paged in state
tributed (i.i.d.) process with the same distribution for all thg at timen; otherwise, it is equal to zero. Similarly, for the term
nodes in the group. We denote @, the probability that a (no. nodes irs = I moving tos = f at timen). 2) The random
paging signal arrives at the BS for a certain node in a time sl@iriablesr; (j = 1, ..., U) have the same distributiofy since

by 7;(n), the time elapsed from the last time instant the genetige paging arrival process is i.i.d. and the same for all the nodes.
node; was awake to time instant and bys the current power Thus, we can suppress the subscyfif) The event that none is

state of the generic node. Also, to make the notation simpler,gaged in state at timen and thatr(n) is equal to a given value
the following, we indicate the timeout value after which a sleegre independent.
statel (I = 1,...,L — 1) is entered withl;, and we replace  Therefore, we write
v, with v, 2
We defineD; as the delay from the time instant when a paging a'(n+1)
signal for the generic nodearrives at the BS to the time instant =a!(n) + a®(n)P{none paged in stateat timen |
when the paging signal is transmitted gpconditioned onj s =b}P{r(n) =Ti|s =b}
being in statd. D, is greater than zero if, at the time instant

1 i i —
at which the paging signal fgrarrives at the BSg; is less than — a (n)P{none paged in stateat timen | s = I}

Ti + Y;. We compute the average valuelof (I = 1,..., L—1) - Pr(n) =Ty[s =1}
as — (no. nodes irs = [ waking up at timen),
Yi—-1 1<i< L. (11)
D, = Z i - P {paging forj arrives at BS when ) o
=0 Equation (11) can be computed by considering that fari <
ri=Ti+Y—i|s=1} L, we have

3The simplified notation will not cause ambiguity since the precedessor é#{none paged in stateat timen |s = [}
any sleep staté(! # L) is unique, and only one service class is considered . al (n)
here. = (1 - Pl(n)) (12)

p
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whereP)(n)
pendix for the derivation of}(n)], and

P{r(n) =Ty |s =1} = P{r(n) = T | T) < 7(n) < Ty}

= (1 - P,)Tr—T-1, (13)

The number of nodes in sleep stathat wake up at time are
them nodes among the (n) nodes that are intentionally paged a
= 1,...,a'(n)), plusu among the remaining
— m) that have been in statefor a

by the BS(m
nodes(u = 0, .. .,a’(n)
time period equal to or longer thah + Y;. By definingr, =

= P{node paged attime | s = [} [see the Ap-

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 2, NO. 5, SEPTEMBER 2003

From (17)—(18), we can derive the average number of nodes
instatel ({ = 1,...,L) as

1 N
- _ 1
a’ = N 712::0(1 n
whereN is a sufficiently large integer number. The probability
that a node is in statkeis

(19)

Pls=1}= —l (20)

By using (9) and (20), we obtam the total average delay from
the time instant when the paging signal has to be transmitted to

P{r(n) > T, +Y;|s = I} (see the Appendix for the derivationthe time mstant when the node is awake as

of r;), we have

(no. nodes ins = [ waking up at timen)

:af)a(g: m+u< ()>(P]§(n))m

(=P

p

(7Y (= g

u

a(n) l m (Lln—m
PHLZ(‘”‘) (1-pH™

. Tl(al(n) —m)

= al(n)P]l) + a'(n)m {1 —(1- Pl)al(n)] —a'(n)r P!,

p p

(14)
Then, by writing
w'(n) = P!+, [1 ~-(1- Pj,)“l(") - P;} (15)
we get

(no. nodes irs = I waking up at timen) = a'(n)w!(n)

(16)
where w!(n) represents the probability
P{node wakes up attime|s = [}.

Finally, by using (13)—(16) in (11), we obtain
al(n+1) = al(n) + a’(n) (1 - P1)* ™ (1 = p,)T1=T-1

—d(m) (1= P (1= P al(m)u ().
(17)

Similarly, for! = L, we have
a"(n) —a™(n)(1 - P,)

-1
+ Z al(n — Wl,L)wl(n - Wi). (18)
=1

a“(n+1) =

Notice that the total number of nodes that are in the transition

periodsW; ¢ (I = 1,...,
L
i dl(n).

L—1andf > [)is equal toU —

Z{Yz—i—P

al

- Ei:l a’_k .
By knowing the expression del and P{s = [}, we derive
the channel occupation due to the transmission of paging signals
as

- P - 1]+ W, L}

(21)

L
—S P Ue Pls=1) (22)
=1

wheree is the paging signal duration.
By considering the generic period of timewe derive the
average power saving per node as
L-1
=7 Z{(power saved i) - (time spent in)
=1
— [(power cost of transition frorhito L)

— (power consumed ifh)] - W; 1,
-(no. times node wakes up while beinglin
— [(power cost of transition fromto f)

— (power consumed ifh)] - W ¢
-(no. times node moves favhile being inl)}.

(23)
We write
(no. times node wakes up while beinglin
t o1
- Z al(n) (24)
n=0 U

(no. times node moves froirto f)

—Z

therefore
L—-1

PS :% 2 {(PL —R)-t-Pls=1}—(Pr—Pr)-Wir

" ('”) (1 _ Pa)Tf—Tl—l (25)

l(n

'ZU

t l(n
Z i

n=

Q

—(Prg—Pr) - Wiy

o

3

S]

a (n) (1 Pa)Tlel} )
(26)

o
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TABLE I 05 450
TIMEOUT VALUES OF THE CONSIDERED SLEEP PATTERNS (EXPRESSED IN
MILLISECONDS) 0.45
(@) . ! : 1 0.4 350
T4 1 1 1 1
9 | 108 50 50 80 0.35
9 || 10t | 200 200 300 F)
wn 1] =
YOI 24 | 2Zus | Zia+20(4—1) | Zia+60(4—1) a 03 2% =
0.25
VI. RESULTS 0 150
Through the analysis carried out in Section V, we derive the
performance of the proposed scheme in terms of power gail 0.15
(denoted by PS) average delay of the paging sighalsand
channel occupation due to paging. 0-101 02 03 04 05 06 07 o8 0950
We assume that the number of nodes is equal to ten an ‘ : ’ ) P’ ' ) ) )
L is equal to four; the considered sleep pattern evolution is a

shown in Fig. 5. We compute the system parameter val |S 6. Power gain and paging delay versus paging signal arrival rate for two
based on the data reported in [12]. We consider that the povgé’egre'nt sleep Ff]attem& baging cetay paging sig

consumed at the node in a sleep state is normalized with respect
to the power consumed while the node is in receiving mode;

thus, we haveP, = 1,P; = 0.63,P, = 0.31,P; = 0.057, 160 T T T T T 1
andP 4 = (1.2)L~! for I = 1,...,3. The time to wake up i P :
from every sleep state is assumed to be constant and equal to: 140
Ws 4 = 10 ms, Wy 4 = 100 ms, andiW; 4 = 150 ms. Results
were obtained also for uniformly distributed delay overheads 120
with average equal to the above constant values; in this case, | 00[
Ziy (I,f = 1,...,4) was derived from (3) by using the |~
average delay overheads. However, no significant difference >Q< 30
was observed between the two sets of results. 4
The results shown in the following are derived by considering 60
four different sleep patterns(®) with ¢ = 1, ..., 4, whose pa-
rameters are reported in Table Il. The parameﬂq@ (I = 40
1,...,3) can be derived from (5) by using the values in Table II.
We note that sleep pattedi(!) lets nodes remain awake with
high probability, while pattern&(®) with ¢ = 2,...,4 allow o
nodes to enter sleep states more quickly, relatively #9. As 0 — L . i :
the sleep patterns vary from® to @, v, 9 (1 = 1,...,3) 01 02 03 04 05 06 07 08 09
increases and the time spent by the nodes in deep sleep states P,

is longer. Also, the transition timeEf_?)_1 (Il =2,...,4) are _ _ o _
|0nger fOI’q — 4 than fOI’q =2,3. The values shown in Table Il Fig. 7‘. Power gain—paging delay product versus paging signal arrival rate for
. . . two different sleep patterns.

were arbitrary chosen as examples of different operational con-
ditions. The derivation of optimal sleep patterns depending on
the required QoS and hardware constraints will be subjectlofd vary. Similar results are shown in Fig. 7, where the product
further research. between the power gain and the paging delay is plotted as a func-

Fig. 6 presents the behavior of PS aligd as the arrival rate tion of the arrival rate of paging signals.
of paging signals varies, for sleep pattéf?) andX®). The Channel utilization due to paging signals transmitted by the
plot shows that power saving decreases as paging arrival fafg is presented in Fig. 8. The paging signal duratide as-
increases because nodes characterized by a higher pagingsaieed to be ten times less than the packet transmission time. As
enter deep sleep states with lower probability. However, Fig v vary the sleep pattern frorf!) to (), we get higher values
shows that significant power gains can be achieved even fofoa ij) (I =1,...,3), and nodes are forced to stay longer in
high downlink traffic load (i.e., high values @t,) if a delay in the sleep states. In this case, the downlink traffic transmitted by
the node’s reaction is allowed. On the other hand, if the notiee BS becomes more bursty and, therefore, channel occupation
has tight delay constraints, a significant power gain can be ahie to paging decreases. For a fixed sleep pattern, the number
tained only in the case of low downlink traffic load. The plot canf paging signals sent by the BS and of acknowledgments sent
be used to evaluate the tradeoff between the average delay lapthe paged nodes increase as the paging signal arrivaPyate

the power saving experienced by the nodes as downlink trafficreases.
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Fig. 8. Channel occupation due to paging signals. 01 02 03 04 05 06 07 08 09
offered traffic
1 T I f ] H
0.45 iy : ZEZ; _ Fig. 10. Mean packet delay due to the proposed scheme compared to the mean
§(3) _":" N packet delay obtained through the IB protocol.
0.3
0.35 - v=i0.3D —— 1
g U=20, 5 ---x=-
03 £ 025 FU=10, T3 %
3 3 U=20, "7 {8~
g 025 £ U=10,IB |--®--
o 02 _U=20, 1B T A
0.2 g ' L
0.15 é 0.15
0.1 §
0.03 i i i i i i i '?[3]
01 02 03 04 05 06 07 08 09 =
offered traffic g 0.05
Fig. 9. Power gain obtained through the proposed scheme. 0.01

01 02 03 04 05 06 07 08 09

. . . . offered traffic
Figs. 9-11 present results obtained through simulation by as-

suming the same scenario as presented in [9] for comparisgg 11. Normalized downlink power consumption due to the proposed
purposes. In [9], the downlink packet traffic is assumed to aotocol compared to the power consumption due to the IB paging scheme.
rive at the BS according to a Poisson distribution. The length of
each packet is geometrically distributed and the time unit durereasing timeouts and/or vaIues}qﬁ‘q); thus, we obtain greater
tion is chosen equal to the mean packet transmission time (p@ver gain and higher packet delay as we pass fEf to
set the mean packet transmission time equal to 10 ms). The BS). For a low value of PS (i.e., when patt€gfil) is used), we
gueues the downlink traffic in an infinite buffer and exhaustivelgchieve a mean packet delay comparable to the results obtained
serves the node that sent an acknowledgment. If more than éorethe IB paging scheme; patterii$?), ©) andx(®) imply a
node sent an acknowledgment at the same time, they are setaege delay, but also a high power gain.
in a random order. (Please, refer to [9] for further details on theFig. 11 shows the average downlink power consumed by a
simulation scenario.) node while being awake, i.e., the average power spent to receive
Figs. 9 and 10 show the power gain and the mean packet detigwnlink traffic and transmit acknowledgments back to the BS.
respectively, as the downlink traffic load varies. Packet delayAss in [9], the transmission power is set equal to 100, the paging
measured from the time instant when a packet arrives at the 88nal duratiore is assumed to be ten times less than the mean
to the time instant when the packet is delivered to the node. Tpacket transmission time, and the acknowledgment duration is
IB protocol presented in [9] gives a lower packet delay than tlset equal t@.02 - e. Curves are obtained for a number of nodes
proposed solution; in [9], however, the possibility to increase eagual to 10 and 20. As the traffic load increases, the number
ergy savings by entering different sleep states is not considerefireceived packets increases, as well as the number of trans-
(Note, in fact, that in Fig. 9 the performance in terms of powenitted acknowledgments; thus, the power consumption grows.
saving is not reported for the IB protocol.) For the proposed ay¢/hen the number of nodes varies from 10 to 20 while the of-
proach, we consider different sleep patterns corresponding tofiered traffic is held constant, performance improves since the
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terns associated with different service classes have to be defined.
Also, a probability of error in the BS estimation of the nodes’
operational state should be introduced. This would enable a
performance study of the proposed scheme in the presence of
sleep patterns with probabilistic transitions. Finally, the problem
of optimally trading-off between power saving and QoS pro-
visioning for uplink traffic has to be addressed. In this case,
each network node should compute its scheduling policy for
packet transmission based on the node’s QoS requirements, en-
ergy constraints, and the network traffic load. The possibility to
use stochastic dynamic programming for optimally solving the
problem should be explored.

APPENDIX A

a Recall that the arrival of paging signals at the BS is assumed

to be ani.i.d. process with the same distribution for all the nodes
Fig. 12.  Channel occupation due to paging signals. The proposed schemejgnghe group. Foi = 2 L — 1. we have
. RN ,

the IB protocol are compared.

r

downlink traffic load per node decreases. A comparison with the
IB scheme shows that the proposed protocol gives better perfor-
mance for any of the considered sleep patterns.lFce 10

and an offered traffic equal to 0.9, the obtained improvement is
roughly equal to 16% in the case®f!), and to 53% in the case
of ), An even greater improvement is achieved §be= 20.
However, as shown in Fig. 10, such a great reduction in power
consumption with respect to the IB scheme is achieved at the
cost of a much higher mean packet delay.

Finally, Fig. 12 compares the channel occupancy due to
the proposed paging protocol with the performance of the IB
scheme. The improvement reached with the proposed scheme
with respect to the IB scheme is significant for any valué’pf
and is almost equal to one order of magnitude Ryrtaking
values in the range between 0.3 and 0.8. The behavior of the
channel occupancy due to paging signals in the IB protocol can
be explained as follows [9]. As the offered traffic grows, the

channel occupancy increases since more paging messages are

delivered. However, at a critical value of offered traffic, where

the BS pages several users with the same paging message, the

channel occupancy starts decreasing. Moreover, paging tends
to vanish as the traffic load increases.

VIlI. CONCLUSION AND DISCUSSION

In this paper, we have proposed a new paging scheme theﬁ]
allows nodes to wake up only when necessary. The paging pro-
tocol is combined with a power management policy maximizing
the node power saving while still meeting the QoS requirements[zl
on packet delay. Results showing the tradeoff between power
gain and traffic delay were obtained through both analysis and?!
simulation. Compared to the IB protocol, the presented scheme
performs better in terms of both power consumption and paging4]
channel occupation. 5]

We would like to emphasize that there are several related is-
sues that still need to be solved. For example, with wireless de-
vices supporting a variety of traffic, further work has to be done 6]
in order to develop a system that dynamically adapts to the ap-
plications. In particular, optimal timeout values for the sleep pat-

1=P{r(n) >Ti+Y[s =1}

XP{T(TL)ZT[-F}/HZTZ ST(TL)<Tf}
Ty—T,—1

S Pl = P = P = (1 PP
i=Y;—1

(27)

P!(n) = P{node paged at time | s = [}

= P{node paged attime|7(n) < T; + Y1, s =}
-P{r(n) < T +Y|s=1}
+ P{node paged attime |7(n) =T, + Y;,s =}
P{r(n) =Ty + Yi|s =1}
+ P{node paged attime|n(n) > T; + Y;,s = [}
-P{r(n) >T+Y|s=1}

YioryN
0+;<il>Pg(1—
“P{r(n) =T+ Y |T; < 7(n) < Ty}
+ Py -P{r(n) >Ti + V1| T; < 7(n) < Ty}
1 Ty — (i +Yi+1)

P,
Tf—T[+ Tf_Tl

PN

=[1-(1-P)"]
(28)
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