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Abstract

The power management scheme in IEEE 802.11 protocol has three severe challenges: beacon contention, timing syn-

chronization, and reliable neighbor maintenance. These challenges are more serious in large and dense multi-hop

mobile ad hoc networks (MANETs). To overcome these challenges and improve the energy efficiency as well as network

throughput, we propose three new power management protocols. Especially, our solutions offer the network designers

full flexibility in trading energy, latency, and neighbor maintenance�s accuracy versus each other by appropriately tun-
ing system parameters. Analyses and simulations show that the proposed protocols attain both the better energy effi-

ciency and throughput than existing protocols.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Thanks to the advancement in wireless commu-

nications and lightweight, small-size, and portable/

wearable computing devices have made the dream
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of ‘‘communication anytime and anywhere’’ possi-

ble. A mobile ad hoc network (MANET) consists of

a set of mobile hosts operating without the aid of

established infrastructure of centralized adminis-

tration (e.g. base stations or access points). Com-
munication is done through wireless links among

mobile hosts by their antennas. Due to concerns

such as radio power limitation and channel utiliza-

tion, a mobile host may not be able to communi-

cate directly with other hosts in a single-hop
ed.
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fashion. In this case, a multi-hop scenario occurs,

where the packets sent by the source host must

be relayed by several intermediate hosts before

reaching the destination host. The applications of

the MANET are getting more and more impor-
tant, especially in the emergency, military, enter-

tainment, and outdoor business environments, in

which instant fixed infrastructure or centralized

administration is difficult or too expensive to in-

stall. However, the finite and non-renewable bat-

tery power of mobile stations represents one of

the greatest limitations to the utility of MANETs.

It is well known that, due to technology limita-
tions, the battery capacity will not be dramatically

promoted in the not-so-distant future. Therefore,

it is essential to investigate power saving strategies

to prolong the lifetime of both individual nodes

and the network. One way to reduce energy con-

sumption is simply to use low-power hardware

components. Another way is to adopt software-

controllable power management protocols that al-
low transceivers to be used in energy-conserving

ways. One of the most common techniques to at-

tain this goal is the discontinuous reception [18];

namely, battery power could be greatly saved by

periodically turning the radio off when not in use

since the network interface may often be idle [6].

However, in such environments, it may take longer

time to activate the link between power saving (PS)
neighbors. Definitely, a good power management

protocol ought to minimize the power consump-

tion without significantly deteriorating the connec-

tivity or capacity of the network.

1.1. Power management protocols with time

synchronous

In the literature, several power management

protocols for wireless networks have been pro-

posed [3,8,12,16,18–20,22]. The authors in [16] pre-

sented TDMA-based birthday protocols for saving

energy during the neighbor discovery phase in sta-

tic wireless sensor networks. The IEEE 802.11

MAC (medium access control) protocol [12] spec-

ifies different power saving mechanisms for use
within the infrastructure wireless LAN and the

independent basic service set (IBSS) respectively.

In an IBSS (also known as a single-hop MANET),
all stations are within each other�s transmission
range and time is divided into fixed-sized beacon

intervals. Clock synchronization by periodic

broadcast of a beacon frame is required to ensure

that all PS stations wake up prior to each target
beacon transmission time (TBTT). If a sender in-

tends to transmit buffered frames to a destination

station that is in a PS mode, the sender should first

announce a directed ad hoc traffic indication mes-

sage (ATIM) frame during the ATIM window, in

which all PS stations are awake. Upon receipt of

a directed ATIM frame, the PS station shall

acknowledge the ATIM frame and remain in the
awake state for the entire beacon interval. The

PS station that neither transmitted nor received a

directed ATIM frame may return to the doze state

at the end of the ATIM window. In the doze state,

the transceivers are powered down and stations are

unable to transmit or receive. Immediately follow-

ing the ATIM window, the pending buffered

frames should be sent using the conventional
DCF (distributed coordination function) access

procedure. Fig. 1 illustrates an example of power

management in an IEEE 802.11 ad hoc network.

The more complete and detailed explanation can

be found in [12]. The authors in [24] discussed dif-

ferent aspects of power saving addressed in IEEE

802.11 and HYPERLAN standards. They further

showed that any fixed size of the ATIM window
can not perform very well in all situations. Hence

the authors in [8] proposed several energy-conserv-

ing optimization techniques, called DPSM, for

IEEE 802.11. In DPSM, each station in an IBSS

can dynamically tune its ATIM window size

according to observed network conditions. Unfor-

tunately, all the above-mentioned protocols

[8,12,16,24] are only suitable for synchronous
environments.

1.2. Challenges

When designing power management protocols

for a large-scale MANET, we will unavoidably

encounter three major challenges:

• Beacon contention: In IEEE 802.11 [12], every

station has to periodically compete with others

to broadcast its beacon at around TBTT. Due
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Fig. 1. Power management operation in an IBSS. A beacon frame is broadcasted after each TBTT. All PS stations stay awake for the

ATIM window as shown in the first beacon interval, and go to sleep again if no frame is buffered for them. In the second beacon
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and both X and Y remain active during the entire beacon interval. After the ATIM window, Y sends the data frame, and X

acknowledges its receipt.
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to the absence of RTS/CTS dialogue, the defi-

ciency of backoff mechanism, and the lack of

acknowledgement, the beacon broadcast proce-

dure defined by IEEE 802.11 is highly unrelia-

ble. Besides, the higher the node density, the
more serious the beacon contention and colli-

sions. As a result, the out of synchronization

problem easily arises even in a small IBSS con-

figuration [10].

• Timing synchronization: It is extremely difficult

(if not impossible) for all nodes to keep syn-

chronized at all times because of severe beacon

contention, unpredictable node mobility, and
heavy traffic of timing information exchange.

Although the Global Positioning System

(GPS) can simplify the synchronization prob-

lem, it is not necessarily true that all future

mobile stations will be equipped with GPS
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Fig. 2. Because of out of synchronization, PS stations, X and Y,
receivers. Once stations get out of synchroniza-

tion, then IEEE 802.11 power saving operation

may completely fail since PS neighbors may for-

ever lose each other�s beacons or ATIM frames.

See Fig. 2.
• Neighbor maintenance: For an active station, it

may be unaware of a PS station at its neighbor-

hood since a PS station will reduce its transmit-

ting activity. For a PS station, it may be

unaware of a station at its neighborhood since

its listening activity is confined to the ATIM

window. Besides, without a consistent common

reference clock, a PS station may wake up too
late to hear neighbors� signals. Such incorrect
neighbor information may be an obstacle to

many existing protocols, such as zone routing

protocol [9] and neighbor coverage-based

broadcasting protocol [23], whose success relies
time
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Table 1

Comparison of power management protocols for ad hoc networks

Protocol Timing synchronization Special hardware support Beacon transmission

IEEE 802.11 [12] Yes No Not scalable

Birthday [16] Yes No Scalable

DPSM [8] Yes No Not scalable

PSPA [18] No Base station Not handled

Chiasserini et al. [3] No Remote activated switch Not handled

STEM [19,20] No Dual transceivers Not handled

Tseng et al. [22] No No Not scalable

Ours No No Scalable
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on an accurate neighbor table. To make matters

worse, since PS stations do not stand much

chance of being detected, if some of them con-

stitute a vertex cutset, whose removal will dis-

connect the network, then the virtual network

partition problem [22] may arise.

Power management protocols (Table 1) intro-
duced in [3,18–20,22] are asynchronous. The

authors in [18] proposed the PSPA protocol for

reducing the power consumption of portable sta-

tions operating in a mobile network with a base

station support. The base station will keep on

sending page messages whenever there are buffered

packets. Each mobile station may control its duty

cycle relative to its current needs. The authors in
[3] assume that a sleeping station can be remotely

activated by a wake-up signal using a remote acti-

vated switch (RAS) receiver. With the aid of RAS,

stations can select different sleep patterns to enter

various sleep states depending on their battery sta-

tus and quality of service. The authors in [19,20]

presented the STEM protocol that trades power

savings for path setup latency in wireless sensor
networks, in which all stations are equipped with

dual transceivers. Unfortunately, these asynchro-

nous protocols [3,18–20] require special hardware

support. In addition, they did not take neighbor

maintenance into consideration.

1.3. Our contributions

Currently, IEEE 802.11 compliant interface

cards are greatly popular. However, three above-

mentioned challenges pose a strong demand of

redesigning IEEE 802.11 power saving mechanism
for asynchronous MANETs, in which the clock

difference between any pair of stations ranges from

zero to any large bounded number. Accordingly,

we will make minor modifications to IEEE 802.11

so that our new protocols have the following char-

acteristics. (i) The delivery of a beacon frame is rel-

atively reliable and insensitive to the nodal density,

thus alleviating the beacon contention problem
substantially. (ii) Our protocols achieve energy

conservation and flexible neighbor maintenance

in an integrated manner. Precisely, given a prede-

fined number 0 6 e�1, our solutions carefully ar-
range the awake/sleep patterns such that any two

PS neighbors, regardless of their clock difference,

are able to discover each other in finite timeT with

high probability 1 � e. (iii) The mechanisms for
delivering data frames to PS stations can perform

high energy efficiency as well as good network

throughput and have no need to rely on clock syn-

chronization or any special hardware support.

More specifically, in our protocols, each PS station

piggybacks its timestamp and awake/sleep pattern

with the beacon frame. Once station X received a

beacon from PS station Y, X is capable of predict-
ing the timing of the Y�s ATIM windows via their

clock difference and Y�s awake/sleep pattern. By
this way, buffered frames destined for PS station

Y will be eventually delivered.

Recently, based on IEEE 802.11, three asyn-

chronous power saving protocols for a multi-hop

MANET have been proposed in [22], whose work

is the most relevant to ours. Compared with their
protocols, two major distinctive contributions are

described as follows. (i) While the beacon conten-

tion problem is completely ignored in [22]; in this

paper, we borrow the idea from the design of
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HYPERLAN [1] to propose a new backoff mecha-

nism such that the probability of successful broad-

cast of a beacon frame is drastically boosted. While

some modified backoff algorithms have been de-

signed for achieving maximum throughput [2] or
real-time transmissions [5]; our backoff scheme is

specifically geared towards scalable beacon broad-

cast. While some proposed MAC-level broadcast

protocols are based on black burst signals [1,21]

or handshaking [4], which are not regular schemes

defined in IEEE 802.11; our scalable beacon broad-

cast protocol is completely compatible with IEEE

802.11. (ii) In this paper, we design three random-
ized asynchronous power management protocols,

called randomized coterie-based, naive cyclic finite

projective plane-based (CFPP-based) and interleav-

ing CFPP-based protocols. In contrast with deter-

ministic approaches [22], our randomized schemes

achieve additional energy saving gains in neighbor

maintenance by also exploiting the accuracy

dimension. Namely, our protocols may fail to dis-
cover a link which joins two PS stations; however,

such a neighbor discovery loss can be bounded to

any predefined small number e. Intuitively, the
higher the neighbor discovery probability, the

more battery power the protocol may consume.

In a nutshell, our protocols can offer the network

designers full flexibility in trading energy, latency,

and accuracy versus each other by appropriately
setting e andT. Especially, the CFPP-based proto-
col always guarantees a 100% neighbor discovery

probability even though it is a randomized algo-

rithm. Above all, we obtain a nearly 75% reduction

in radio active ratio (which will be defined in Sec-

tion 2.2) for the CFPP-based protocol as compared

with the most energy-conserving protocol in [22].

The remainder of this paper is organized as fol-
lows. In Section 2, we present and analyze our

power management protocol. In Section 3, simula-

tion experiments are conducted to evaluate the

proposed protocols. The final conclusions are

drawn in Section 4.
time(b)

window

sleep

Fig. 3. (a) Fully-awake beacon interval. (b) Fully-sleep beacon

interval.
2. Our power management protocols

As mentioned in Section 1.2, three major chal-

lenges exist in designing power management pro-
tocols for a large-scale MANET. To overcome

these challenges and improve the energy efficiency

as well as network throughput, three new power

management protocols are proposed and each of

them is composed of three parts: a scalable beacon
transfer procedure for the beacon contention and

time synchronization challenge, one of three rand-

omized asynchronous power management schemes

for neighbor maintenance challenges, and a data

frame transfer procedure provides the high energy

efficiency and good throughput transmission

procedure.

Fig. 3 shows our two types of beacon intervals:
one is fully-awake beacon interval and the other is

fully-sleep beacon interval as shown in Fig. 3(a)

and (b), respectively. Each fully-awake beacon

interval starts with a beacon window followed by

a data window. During the fully-awake interval,

a PS station always stays awake. The purposes of

the fully-awake beacon interval are (i) for a PS sta-

tion to discover all its neighbors by extending its
listening duration to the maximum in the data win-

dow, and (ii) for a PS station to announce its pres-

ence by trying to send out its beacon during the

beacon window using our beacon transmission

procedure. Each fully-sleep beacon interval starts

with an ATIM window. After the ATIM window

concludes, a PS station may enter the doze state.

The purpose of the fully-sleep beacon interval is
for a PS station to reduce its energy consumption

by condensing its listening activity to the mini-

mum. How a PS station choose one of the two
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type beacon interval is decided by our randomized

asynchronous power management schemes.

The rest of this section is organized as follows.

In Section 2.1, we first review some of beacon

transmission procedures and then give our scalable
beacon transmission procedure. In Section 2.2, we

present and analyze our three randomized asyn-

chronous power management schemes. Finally,

the data frame transfer procedure is given in Sec-

tion 2.3.

2.1. Beacon transmission

2.1.1. Review of some beacon transfer procedures

Beacon frames are mainly used for clock syn-

chronization in an IEEE 802.11 ad hoc network

[12]. Therefore, all PS stations should wake up at

the beginning of a beacon interval, i.e., TBTT.

When perceiving the medium idle after TBTT,

each node contends to send a beacon with each

other. To avoid collisions among beacons, each
station calculates a random delay uniformly dis-

tributed in the range between 0 and CW (conten-

tion window) before sending out its beacon. If a

beacon arrives before the random delay timer has

expired, the pending beacon transmission should

be cancelled. Because of the cancellation of the

beacon transmission, the chance for the PS station

to announce its existence is significantly reduced.
On the other hand, beacon frames play an impor-

tant role for neighbor maintenance in MANETs.

Periodically, a station should advertise its presence

to its neighbors by broadcasting a beacon frame.

Also, a station should maintain its up-to-date

neighbor table according to its newly received bea-

cons. Hence the authors in [22] modified the IEEE

802.11 standard so each station shall persist in
explicitly sending its beacon during the ATIM

window even others� beacons have been heard.
Following this principle, we design and show the

new structure of a beacon interval in Fig. 3 to al-

low multiple beacon frames transmissions and ex-

plain how it work in the next section.

2.1.2. Scalable beacon transfer procedure

To announce its presence for neighbor mainte-

nance, every station should turn its radio on and

broadcast its beacon during the beacon window
in each fully-awake beacon interval. In IEEE

802.11 [12], after each TBTT, all stations contend-

ing for the beacon transmission immediately dive

into the random backoff stage when the medium

becomes idle. However, in our implementations,
as shown in Fig. 4(a), every station should first

wait for the duration of TIFS = PIFS (Priority

InterFrame Space) before performing the backoff

procedure. The design considerations for setting

TIFS are described as follows. (i) Claim TIFS <

DIFS. Various interframe spaces including SIFS

(Short Interframe Space), PIFS, and DIFS (DCF

Interframe Space) are defined in IEEE 802.11 to
provide different priority levels for different types

of frames. Besides, SIFS < PIFS < DIFS. We ar-

gue that beacon management frames should take

priority over normal data frames. (ii) Claim

TIFS > SIFS. Due to a busy medium, the strict

start of the beacon window may begin later than

the nominal start of the beacon window. Such a

phenomenon is called stretching and we show the
stretching event in Fig. 4(b). After TBTT, if a PS

station unaware of the NAV (network allocation

vector) set during the previous beacon interval se-

lects the zero backoff time and transmits a beacon

frame immediately after the medium becomes idle,

then that beacon frame may destroy an on-going

stretching directed data frame transmission, which
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includes the associated ACK and the intervening

SIFS. Therefore, we set TIFS = PIFS to avoid such

an undesired event.

After the PIFS medium idle time, the station

shall then generate a random backoff period Slot-
Time · B, 0 6 B 6 CW, for an additional deferral

time before transmitting a beacon. Definitely, the

station choosing the smallest backoff time among

the competitors will seize the medium. If conform-

ing to the IEEE 802.11 conventional approach, B

will be a random variable with discrete uniform dis-

tribution over the set {0,1,2, . . .,CW}, and we
have

Pr½B ¼ b� ¼ 1

CW þ 1 ; 0 6 b 6 CW : ð1Þ

However, in our proposed scheme, B is a re-

verse truncated geometric random variable with

parameter q, 0 < q < 1. And we assign

Pr½B ¼ b� ¼
qCW ; if b ¼ 0;
ð1� qÞqCW�b; if 1 6 b 6 CW :

�
ð2Þ
2.1.3. Analysis of beacon contention

We follow the analytic model proposed in [1,10]

to compare our beacon transfer procedure with the
IEEE 802.11 approach on the success probability

of a beacon transmission. This metric is our chief

concern since there is no MAC-level recovery on

beacon frames [12]. For tractability and ease of

analysis, we only consider the IBSS configuration

with m stations. Moreover, we assume that the

channel introduces no errors, so frame collisions

are the only source of errors. A beacon transmis-
sion is considered successful if it encounters no

collision.

After TBTT and an elapsed PIFS, each station

i, 1 6 i 6 m, independently generates a random

backoff timer Bi for beacon transmission, where

Bi follows the reverse truncated geometric distri-

bution. Let PG½m� be the probability that at least
one of the m stations succeeds in beacon transmis-
sion by using the scalable beacon transfer proce-

dure. Let mP 2, then the event that there is a

successful beacon transmission in the contention

window [0,CW] if and only if (i) exactly one sta-
tion transmits in slot j, for some 0 6 j 6 CW � 1,
and (ii) all other stations are scheduled to transmit

after slot j. Thus, we have

PG½m� ¼
XCW�1
j¼0

m

1

� �
Pr½B ¼ j�ðPr½B > j�Þm�1

¼
m

1

� �
	
(
Pr½B ¼ 0�ðPr½B > 0�Þm�1

þ
XCW�1
j¼1
ð1� qÞqCW�jð1� qCW�jÞm�1

)

¼
m

1

� �
	
(
qCW ð1� qCW Þm�1

þ
XCW�1
j¼1
ð1� qÞqjð1� qjÞm�1

)
: ð3Þ

To compare with the IEEE 802.11 approach, let

us consider the case that the backoff timer of each

station Bi is independently sampled from a discrete

uniform distribution over the set {0,1, . . .,CW}.
Under the circumstances, let and PU½m� denote
the probability that one of the m stations succeeds

in beacon transmission. By the similar way, we

have

PU½m� ¼
XCW�1
j¼0

m

1

� �
Pr½B ¼ j�ðPr½B > j�Þm�1

¼ m
CW þ 1

XCW�1
j¼0

CW � j
CW þ 1

� �m�1

:

ð4Þ

For the standard value of CW = 31, the functions

PG½m� and PU½m� are plotted in Fig. 5 for various
values of m. We can see that, when q = 0.8,

PG½m� is very close to 0.9 and decreases very slowly
with an increasing number of contending stations.

On the contrary, PU½m� drops sharply and rapidly
as the number of competing stations increases. The

results do confirm that, in contrast with IEEE

802.11, our scheme delivers a more scalable and

reliable performance, thus relieving the beacon
contention problem remarkably.

2.2. Three randomized power management schemes

In this section, we present three randomized

power management schemes, which allow stations
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operating in a PS mode to save a great deal of en-

ergy by periodically entering the doze state, while

also allowing PS stations a high probability of dis-

covering their neighbors in an asynchronous

MANET. Although, in the beginning of this sec-

tion, we have introduced two general types of bea-

con interval, each of these schemes has a slight

different awake/sleep pattern for PS stations. In
other words, the structure of a beacon interval

may vary for different schemes. Note that all sta-

tions are assumed to have the same clock rate,

although this is not true in the real world. Fortu-

nately, the solution of the problem has been pro-

posed in [10] by adjusting station�s clock to the
fastest one in all stations at each beacon interval.

Besides, in all our settings, the lengths of the bea-
con window and ATIM window remain constant

in every beacon interval. The notations used to
BB DA SA S A SA S

0 1 2 3 4 5

12 0 1 2 3 4

station
 Y

station
X

Legend: beacon windowB A

B D B D A S AA SA SB D
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Fig. 6. A snapshot of the worst case sc
facilitate the forthcoming presentation are listed

below:

• BI: the length of a beacon interval,

• BW: the length of a beacon window,
• AW: the length of an ATIM window,

• DW: the length of a data window,

• actW: the length of an active window.

2.2.1. Randomized coterie-based scheme

We design two types of beacon intervals for this

scheme; one is the fully-awake beacon interval, and
the other is the fully-sleep beacon interval, which

are same as our previous defined in the beginning

of this section. The active window actW is defined

as actW = BW + DW = BI in fully-awake beacon

interval or actW = AW in fully-awake beacon

interval.

Take Fig. 6 for example, for the PS station X,

0th, 1st, 2nd, and 9th beacon intervals are fully-
awake while the remaining beacon intervals are

fully-sleep. We can find that, for a PS station,

the fully-awake beacon intervals take on the bur-

den of announcing its presence and detecting the

existence of neighbors. As a result, the chance

for two PS neighbors to discover each other relies

on the overlaps of their fully-awake beacon inter-

vals. With the intersection property, a coterie sys-
tem [7] is expected to be a powerful tool in

developing power management schemes. The defi-

nition of a coterie [7] is formally given below.

Definition 1. Let U be the universe set of finite
objects. A collection of subsets (quorums) L ¼
fL1; . . . ; Lmg, where Li � U, is called a coterie if

and only if (i) For any two quorums Li and Lj in
B DA SD B D A S A S A

6 7 8 9 10 11

5 6 7 8 9

time

time

ATIM window data windowD sleeping stateS

A S B DA S A S A SS

enario for coterie-based scheme.
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L, Li \ Lj 5 ;. (ii) There are no two quorums Li

and Lj in L such that Li � Lj.

Example 1. A set of coteries can be obtained by

letting U = {0,1, . . . ,12} and L ¼ fL0 ¼ f0; 1; 2;
9g; L1 ¼ f0; 3; 6; 10g; L2 ¼ f0; 4; 8; 11g; L3 ¼ f0; 5;
7; 12g; L4 ¼ f3; 4; 5; 9g; L5 ¼ f1; 4; 7; 10g; L6 ¼ f1;
5; 6; 11g; L7 ¼ f1; 3; 8; 12g; L8 ¼ f6; 7; 8; 9g; L9 ¼
f2; 5; 8; 10g; L10 ¼ f2; 3; 7; 11g; L11 ¼ f2; 4; 6; 12g;
L12 ¼ f9; 10; 11; 12gg. It is easy to verify that

Li \ Lj 5 ; and Li 6� Lj for all i 5 j and 0 6 i,

j 6 12. Although the coterie techniques have been

widely used in distributed systems [7,14], such as
mutual exclusion and data replication, a coterie

without any proper modifications may not be

directly applicable to the power management

schemes especially in asynchronous environments.

For instance, let us consider an coterie-based

power management scheme which formally works

as follows. When a station decides to switch to the

PS mode, it randomly selects a quorum Li fromL
as the set of fully-awake beacon intervals within a

pattern repetition interval R, where R is a global

parameter. The remaining beacon intervals are

all fully-sleep beacon intervals. The pattern repeti-

tion interval is defined as the consecutive R beacon
intervals that comprise some different awake/sleep

patterns repeat at regular intervals. Fig. 6 shows

an example of the coterie-based scheme, in which
station X chooses jth beacon intervals, for all

j 2 L0 = {0,1,2,9}, as its fully-awake beacon inter-

vals from a pattern repetition interval R (13 con-

secutive beacon intervals); while station Y selects

beacon intervals in L4 = {3,4,5,9} as its fully-

awake beacon intervals. Obviously, when two PS

neighbors, X and Y, are perfectly synchronized,

i.e., their clock difference DT = 0, they may dis-
cover each other in the 9th beacon interval since

L0 \ L4 = {9}. However, as shown in Fig. 6, if

X�s clock is ahead of Y�s clock by BI + Dt, where

max{BW,AW} < Dt < BI � max{BW,AW}, then

they forever lose each other�s beacons.

To mitigate the asynchronism problem, we re-

lax the non-empty intersection property and intro-

duce a randomized coterie, in which every two

distinct quorums intersect with high probability.

The randomized coterie is in essence a special case
of the probabilistic quorum systems [14]. The

randomized coterie-based power management

scheme operates formally as follows. When a sta-

tion switches to the PS mode, it selects k beacon

intervals randomly and uniformly from a pattern
repetition interval R as the set of fully-awake bea-

con intervals, while the remaining beacon intervals

are all fully-sleep beacon intervals. With appropri-

ately setting parameters R and k, this simple yet

novel approach guarantees that, even in an asyn-

chronous environment, the fully-awake beacon

intervals of two PS neighbors overlap with high

probability. The more precise result is given in
the following theorem. Moreover, via Corollary

1, we demonstrate the power of the randomized

coterie-based scheme.

Theorem 1. In the randomized coterie-based
scheme, if no collisions in beacon reception, then

the probability P ½R; k� that any two PS neighbors,

regardless of their clock difference, are able to

discover each other within a pattern repetition

interval is given below

P ½R;k� ¼ 1 if bR=2cþ 16 k 6R;

P ½R;k�P

1�

R

k

� �
R� k

k

� �
þ

R

1

� �
R� 2
k� 1

� �
R� k� 1
k� 1

� �
R

k

� �
R

k

� �
if 16 k 6 bR=2c:

8>>>>>>>>>><
>>>>>>>>>>:

ð5Þ

Proof. In the randomized coterie-based scheme,
the chance for two PS neighbors, X and Y, to dis-

cover each other relies on the overlaps of their

fully-awake beacon intervals. By using the well-

known pigeonhole principle, it is easy to verify

that P ½R; k� ¼ 1 when k P bR=2c þ 1.

Now, let us consider the case that k 6 bR=2c.
Without loss of generality, we can assume that the

worst case scenario (refer to Fig. 6) occurs when

X�s clock is faster than Y�s clock by

DT = h · BI + Dt, where max{BW,AW} < Dt <

BI � max{BW,AW} and h P 0 is an integer. In

the following derivation, we use X�s clock as a
reference clock to derive Y�s clock. Note that other
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cases can be derived via the similar way. We define

i� h � i� h modR. Thus X can receive Y�s
beacons within a pattern repetition interval if

and only if both hiiX and hi � hiY are fully-awake
beacon intervals, for some 0 6 i 6 R� 1, where
hiiX denotes the ith beacon interval in X�s pattern
repetition interval. Let us denote by X Y the

event that X hears the beacons issued from Y

within a pattern repetition interval. And we have

Pr½X Y� ¼ 1�

R

k

� �
R� k

k

� �
R

k

� �
R

k

� � : ð6Þ

On the other hand, X�s beacons can be received
by station Y during a pattern repetition interval if
and only if both hjiX and hj � (h + 1)iY are fully-
awake beacon intervals for some 0 6 j 6 R� 1.
Let us denote by X! Y (X9 Y) the event that

Y can (cannot) receive X�s beacons during a pat-
tern repetition interval. By exploiting conditional

probabilities, P ½R; k� can be expressed as
P ½R; k� ¼ Pr½ðX! YÞ \ ðX YÞ�

¼ Pr½X! Y j X Y� 	 Pr½X Y�
¼ ð1� Pr½X9Y j X Y�Þ 	 Pr½X Y�:

ð7Þ

In what follows, we derive the probability

Pr[X9YjX Y]. The event X Y can occur in

any of

R

k

� �
R

k

� �
�

R

k

� �
R� k

k

� �

possible ways. Given that the event X Y has oc-
curred, we want to determine the number of possi-

ble outcomes in which the event X9Y also

happens. First, there are R
1

� �
ways for station X
Fig. 7. The event that, during a pattern repetition interval, X ca
to arbitrarily select a fully-awake beacon interval,

say hiiX. In order to guarantee that X can hear Y�s
beacons, Y must choose hi � hiY as its fully-awake
beacon interval. At this moment, X cannot select

hi + 1iX as the fully-awake beacon interval, other-
wise the event X!Y will take place. Then station
X has R� 2

k � 1

� �
ways to choose its remaining k � 1

fully-awake beacon intervals from a pattern repeti-

tion interval, excluding hiiX and hi + 1iX. We label
these k � 1 beacon intervals h‘1iX, h‘2iX, . . ., h‘k�1iX
respectively, as illustrated in Fig. 7. To avoid the

event X!Y, station Y is forbidden to choose

h‘1� (h + 1)iY,h‘2 � (h + 1)iY, . . .,h‘k�1 � (h + 1)iY.
As a result, Y has only R� k � 1

k � 1

� �
ways to select its

remaining k � 1 fully-awake beacon intervals.

However, we may not obviate the possibility of

counting the redundant outcomes. Thus, we have
Pr½X9Y jX Y�6

R

1

� �
R�2
k�1

� �
R� k�1
k�1

� �
R

k

� �
R

k

� �
�

R

k

� �
R� k

k

� � :

ð8Þ
By substituting (6) and (8) in (7), we can derive

the inequality (5). h

Corollary 1. In the randomized coterie-based

scheme, if every PS station randomly selects b
ffiffiffiffi
R
p

fully-awake beacon intervals from a pattern repeti-

tion interval R, where 1 6 b 6

ffiffiffiffi
R
p

=2, then we have

P ½R; b
ffiffiffiffi
R
p
�P 1� ð1þ b2Þe�b2 : ð9Þ

For example, P ½R;
ffiffiffiffiffiffiffi
3R
p

�P 0:801, P ½R; 2
ffiffiffiffi
R
p
�P

0:908, and P ½R; 3
ffiffiffiffi
R
p
�P 0:999.

Proof. See Appendix A. h
n receive Y�s beacons, while Y cannot receive X�s beacons.
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Remark 1. The choice of R and k demands the

tradeoff among power consumption, neighbor dis-

covery probability, and neighbor discovery time.

For instance, by Corollary 1, we can obtain

P[10000,300]P 0.999. This means that each PS
station can be awake only about 3% of the time,

yet it can discover neighbors with probability at

least 99.9%. However, if we require that neighbor

discovery probability must be 100%, then, by The-

orem 1, each PS station should stay awake at least

50% of the time. This implies that, in the random-

ized coterie-based scheme, if we can tolerate a little

more neighbor discovery loss, then we can earn a
significant energy saving. We defer the power con-

sumption analysis until Section 2.2.3. If the

designer demands the probability that a PS neigh-

bor can be discovered within the durationT P R
shall be at least 1 � e, then the value of P ½R; k�
must satisfy the following inequality:

1� ð1� P ½R; k�Þb
T
Rc P 1� e:

Remark 2. To simplify our theoretical analysis
and presentation, the assumption of collision-free

beacon reception is made only in this section. Obvi-

ously, collision is inevitable in any random-access

networks. However, when 0 6 Dt 6 BW, a high

success probability of a beacon delivery is guaran-

teed via scalable beacon transfer procedure; when

BW < Dt < BI � BW, the asynchronism is also of

help in relieving the beacon contention. In our
simulations, we will remove this assumption.
2.2.2. Cyclic finite projective plane-based schemes

Although the randomized coterie-based scheme
is simple, flexible, and easy implementable, it does

not always guarantee a 100% neighbor discovery

probability (especially when k �
ffiffiffiffi
R
p

). In this sec-

tion, on the basis of the cyclic finite projective

plane, we propose new randomized power saving

schemes, in which a PS station is able to discover

its neighbors with probability 1, while it sends bea-

con frames only d
ffiffiffiffi
R
p
e times in a pattern repetition

interval R. The finite projective plane (FPP) [15] is
formally defined as follows.

Definition 2. Let U be a finite set, and let L be a
system of subsets of U. The pair ðU ;LÞ is called a
finite projective plane if it satisfies the following

properties. (i) There exists a 4-element set F � U

such that jLi \ Fj 6 2 holds for each set Li 2L.
(ii) Any two distinct sets Li; Lj 2L intersect in

exactly one element; i.e., jLi \ Ljj = 1. (iii) For any
two distinct elements ui,uj 2 U, there exists exactly

one set Lk 2L such that ui 2 Lk and uj 2 Lk.

An example of an FPP can be found in Example

1. The FPP is a finite analogy of the so-called real
projective plane (an extension of Euclidean plane

and all elements are real numbers) studied in

geometry. Therefore, if ðU ;LÞ is an FPP, we call
the elements of U points and the sets of L lines.

The following two theorems [15] are useful in the

presentation of our algorithms.

Theorem 2. Let ðU ;LÞ be an FPP. Then all its

lines have the same number of points; i.e., jLij = jLjj
for any two lines Li; Lj 2L.

Accordingly, we can define the order of the FPP

as the number one less than the number of points

on each line; i.e., jLij � 1, where Li 2L.

Theorem 3. Let ðU ;LÞ be an FPP of order n P 2.

Then the following statements are equivalent. (i)

Every line contains n + 1 points. (ii) Every point is

on exactly n + 1 lines. (iii) There are exactly

n2 + n + 1 points in U. (iv) There are exactly

n2 + n + 1 lines in L.

However, as illustrated in Example 1, the FPP-

based power management scheme may fail when

operating over asynchronous environments. Thus

we call for the cyclic FPP (CFPP).

Definition 3. Let R ¼ n2 þ nþ 1 and U ¼
f0; 1; . . . ;R� 1g. An FPP ðU ;LÞ of order n is

called a cyclic FPP of order n if and only if, for any
line Li ¼ f‘0; ‘1; . . . ; ‘ng 2L and an integer h, the

coset h� Li ¼ fhþ ‘j mod R j for all ‘j 2 Lig is

also a line in L.

An example of the CFPP of order 2 can be ob-
tained by letting U = {0,1, . . ., 6} and L ¼ fL0 ¼
f0; 1; 3g; L1 ¼ f1; 2; 4g; L2 ¼ f2; 3; 5g; L3 ¼ f3; 4;
6g; L4 ¼ f4; 5; 0g; L5 ¼ f5; 6; 1g; L6 ¼ f6; 0; 2gg.
3� L0 ¼ f3; 4; 6g ¼ L3 2L and �3� L0 ¼ f4; 5;
0g ¼ L4 2L. The CFPP is in essence a special case
of Abelian difference sets [11]. By Singer�s theorem



Fig. 8. The event that stations X and Y are able to discover

each other within a pattern repetition interval.
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[11], we can conclude that if nP 2 is a power of a

prime, then there exists a CFPP of order n. By

Theorem 3 and Definition 3, we can obtain the fol-

lowing important corollary.

Corollary 2. Let ðU ;LÞ be a CFPP of order n and

R ¼ n2 þ nþ 1. Then for any two lines Li; Lj 2L,

(i) j Li j6 d
ffiffiffiffi
R
p
e and (ii) (h1 � Li) \ (h2 � Lj) 5 ;,

for any two integers h1 and h2.

The naive CFPP-based randomized power man-

agement scheme operates formally as follows.

When a station switches to the PS mode, it selects

a line Li randomly from L as the set of fully-
awake beacon intervals within a pattern repetition

interval R, where the parameter ðU ;LÞ is globally
maintained. The remaining beacon intervals are all

fully-sleep beacon intervals. The following theo-

rem is used to guarantee that any two stations

can meet each other in every pattern repetition

interval.

Theorem 4. The naive CFPP-based scheme guar-

antees that, assume no collisions in beacon recep-

tion, any two PS neighbors, regardless of their clock

difference, are able to discover each other in every

pattern repetition interval.

Proof. We prove this theorem by showing that,

given any two PS neighbors X and Y, at least

one X�s entire beacon window is fully covered by
Y�s active windows during a pattern repetition
interval, and vice versa. We assume that X and

Y randomly select the lines Lx and Ly respectively

from the same CFPP ðU ;LÞ as the set of their
fully-awake beacon intervals within a pattern rep-

etition interval, and R ¼ n2 þ nþ 1. Without loss
of generality, we can assume that X�s clock is faster
than Y�s clock by DT = h · BI + Dt, where

0 6 Dt < BI and h P 0 is an integer. In the follow-

ing derivation, we use X�s clock as a reference
clock to derive Y�s clock. Note that other cases
can be derived by the similar way.
As illustrated in Fig. 8, X can receive Y�s

beacons within a pattern repetition interval if and

only if both hiiX and hi � hiY are fully-awake

beacon intervals, for some 0 6 i 6 R� 1. Since
Lx \ {�h � Ly}5 ; (by Corollary 2), there must
exist an element i such that i 2 Lx and
i 2 {�h � Ly}. This implies that both hi iX and
hi � hiY are fully-awake beacon intervals. On the
other hand, X�s beacons can be received by Y if

and only if both hjiX and hj � (h + 1)iY are fully-
awake beacon intervals, for some 0 6 j 6 R� 1.
Since Lx \ {�(h + 1) � Ly}5 ; (by Corollary 2),
there must exist an element j such that j 2 Lx and

j 2 {�(h + 1) � Ly}. This implies that both hjiX
and hj � (h + 1)iY are fully-awake beacon
intervals. h

In what follows, we employ the interleaving

technique such that the power consumption of
the CFPP-based scheme can be further reduced.

We design three types of beacon intervals: the for-

ward half-awake beacon interval, the backward

half-awake beacon interval, and the fully-sleep

beacon interval. The structures of the half-awake

beacon intervals are defined as follows:

• Each forward half-awake beacon interval starts
with a beacon window followed by an ATIM

window. After the ATIM window finishes, a

PS station may enter the doze state. Impor-

tantly, we set actW = BW + AW + DWP
BW + BI/2.

• Each backward half-awake beacon interval

starts with an ATIM window, but the active

window is terminated by a beacon window.
After the active window ends, a PS station

may enter the doze state. Importantly, we set

actW = AW + DW + BWP BW + BI/2.

The interleaving CFPP-based randomized

power management scheme operates formally as

follows. When a station switches to the PS mode,

it selects a line Li randomly from L as the set of
half-awake beacon intervals within a pattern repe-
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tition interval R, where the CFPP ðU ;LÞ is a glo-
bal parameter. The remaining beacon intervals are

all fully-sleep beacon intervals. It is worth noticing

that the sequences of pattern repetition intervals

are alternatively labelled as forward and backward
pattern repetition intervals, as illustrated in Fig.

9(c). During the forward (backward) pattern repe-

tition interval, all half-awake beacon intervals

should be forward (backward) half-awake beacon

intervals. Fig. 9(a) and (b) depict an example

where PS station X schedules its awake/sleep pat-

terns according to the interleaving CFPP-based

scheme. Via the interleaving approach, we obtain
a nearly 50% reduction in the radio active ratio

(which will be defined in the next section) as com-

pared with the naive CFPP-based scheme. The

correctness of the interleaving CFPP-based scheme

is given below.

Theorem 5. The interleaving CFPP-based scheme

guarantees that, if no collisions occur when receiving

beacons, then any two PS neighbors, regardless of

their clock difference, are able to discover each

other in every other pattern repetition interval.

Proof. See Appendix B. h
2.2.3. Power consumption analysis

Three yardsticks (beacon transmission ratio,
radio active ratio, and neighbor discovery time)
station
X

B A D S B A D S B A DSA

0 1 2 3

(a)

station
X

SAB SA D B SA D BA D

0 1 2 3

(b)

station
X

backward forwarforward

(c)

Legend: beacon windowB ATIM windowA sdata winD

forward pattern repetition intervalforward ba

Fig. 9. With the PS mode enabled, station X chooses the line L0 = {0,1

intervals. (a) The awake/sleep pattern in a forward pattern repetitio

repetition interval. (c) The sequence of pattern repetition intervals.
have been proposed in [22] to judge the goodness

of the power management schemes for ad hoc net-

works. Beacon transmission ratio indicates the

average number of beacons that a station needs

to transmit in a beacon interval. Radio active ratio
is defined as the ratio of the total time that a PS

station turns its radio on in a pattern repetition

interval to the length of the pattern repetition

interval. Namely, radio active ratio denotes the

proportion of time in a beacon interval that a sta-

tion needs to stay awake when operating in the PS

mode. Neighbor discovery time signifies the average

time duration that a PS station takes to detect a
neighboring station. Table 2 summarizes the char-

acteristics of our proposed power management

schemes and compares them to IEEE 802.11 and

the most power-conserving scheme (grid quorum-

based protocol) in [22]. The beacon transmission

ratio of IEEE 802.11, p(m), is equal to the proba-

bility that a station sends out its beacon frame in a

beacon interval, where m is the number of con-
tending stations in a single-hop cluster. The

approximate value of p(m) can be calculated as

follows:

pðmÞ ¼
XCW�1
j¼0

Pr½B ¼ j�ðPr½B P j�Þm�1

¼
XCW�1
j¼0

1

CW þ 1

� �
CW � jþ 1
CW þ 1

� �m�1

:

S SA SA SA

time

4 5 6

SA SA SA

time

S

4 5 6

time

forwardbackwardd

leeping stateSdow

backward pattern repetition intervalckward

, 3} from the CFPP of order 2 as the set of its half-awake beacon

n interval. (b) The awake/sleep pattern in a backward pattern



Table 2

Comparison of power management schemes for an asynchronous MANET

Scheme Beacon transmission ratio Radio active ratio Neighbor discovery time

IEEE 802.11 [12] p(m) AW
BI 1

Grid quorum-based [22] 2
ffiffiffi
R
p
�1

R
2
ffiffiffi
R
p
�1

R
þ 1� 1ffiffiffi

R
p

� 2
AW
BI

� �
R	BI
4

Randomized coterie-based k
R

k
R
þ R�k

R
AW
BI

� �
R	BI
2	P ½R;k�

Naive CFPP-based 1ffiffiffi
R
p 1ffiffiffi

R
p þ R�

ffiffiffi
R
p

R
AW
BI

� �
R	BI
2

Interleaving CFPP-based 1ffiffiffi
R
p 1

2
ffiffiffi
R
p þ 1ffiffiffi

R
p BW

BI

� �
þ R�

ffiffiffi
R
p

R
AW
BI

� �
R	 BI
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The neighbor sensitivity of IEEE 802.11 is infi-

nitely large since any two PS neighbors never dis-

cover each other when their clock difference DT
satisfies the inequality that h · BI + AW < DT <
(h + 1) · BI � AW, where hP 0 is an integer.

Through the formulas we derived in Table 2,

the settings (R; k) of our schemes can be flexibly
tuned at design time, positioning the network at
the predictably desired operating point in the en-

ergy–delay-accuracy design space. Moreover, Ta-

ble 2 reveals that decreased radio active ratio

generally comes with a penalty of increased neigh-

bor sensitivity. The authors in [13] argue that a

good power management protocol ought to mini-

mize energy · delay metric. We further argue that,
under about the same bounded energy–delay prod-
uct, a power management protocol with a smaller

ratio active ratio is more suitable for energy-lim-

ited applications, in which the stations are subject

to hard constraints on available battery energy.

Clearly, IEEE 802.11 performs poorly in an asyn-

chronous MANET because of its intolerably large

neighbor sensitivity. Compared with the most en-

ergy-conserving scheme (grid quorum-based pro-
tocol) in [22], the interleaving CFPP-based

scheme achieves a nearly 75% reduction in radio

active ratio while keeping about the same radio ac-

tive ratio · neighbor discovery time.

2.3. Data frame transfer procedure

This section presents how a station sends a di-
rected data frame to a PS neighbor. Since the PS

station is not always active, the sending station

has to predict when the PS destination will wake

up; i.e., the timings of the receiver�s data windows
or ATIM windows. To attain this goal, each bea-
con frame should contain a MAC address, a time-

stamp, awake/sleep pattern number, and other

management parameters. The timestamp records

the current time of the sending station and is used

by a neighboring station to calculate their clock

difference. We know that each station has its

own line Li. Thus, only i is sufficient for the PS sta-

tion to convey its awake/sleep pattern. Only the
interleaving CFPP-based scheme needs one more

bit for judging whether the current pattern repeti-

tion interval is forward or backward. Table 3 sum-

marizes the timings of data windows and ATIM

windows in the proposed power management

schemes, where a, b are integers and aP 0,

1 6 b 6 R� 1. We assume that the PS station se-
lects the set {‘1, . . ., ‘k} (f�‘1; . . . ; �‘R�kg) as its awake
(sleep) beacon intervals in a pattern repetition

interval.

Our directed data frame transfer procedure is

similar to [12,22] and operates as follows. Assume

that station X is intending to send a data frame to

the PS neighbor Y. Once X has already received a

beacon from Y, X can correctly predict Y�s awake/
sleep pattern according to Y�s awake/sleep pattern
bits and their clock difference. If Y�s current data
window does not expire, X can directly transmit

a data frame to Y since Y is known in active state.

Otherwise, X should buffer the data frame and

wait for Y�s data or ATIM window of the next

beacon interval. During Y�s data window, X can

send a directed data frame to Y immediately. Dur-

ing Y�s ATIM window, X sends a unicast ATIM
frame to Y. Upon reception of X�s ATIM frame,

Y shall reply an ATIM-ACK and remain active

for the entire beacon interval. After Y�s ATIM
window concludes, X begins to transmit the buff-

ered data frame and Y has to acknowledge its re-



Table 3

Timing of data/ATIM windows of the proposed power management schemes

Scheme Data windows�s timing

Randomized coterie-based ½ðaRþ ‘iÞBI þ BW ; ðaRþ ‘i þ 1ÞBI �
Naive CFPP-based ½ðaRþ ‘iÞBI þ BW ; ðaRþ ‘i þ 1ÞBI �

Interleaving CFPP-based

Forward awake interval ½ðaRþ ‘iÞBI þ BW þ AW ; ðaRþ ‘iÞBI þ actW �
Backward awake interval ½ðaRþ ‘iÞBI þ AW ; ðaRþ ‘iÞBI þ AW þ DW �

Scheme ATIM windows�s timing

Randomized coterie-based ½ðaRþ �‘iÞBI; ðaRþ �‘iÞBI þ AW �
Naive CFPP-based ½ðaRþ �‘iÞBI; ðaRþ �‘iÞBI þ AW �

Interleaving CFPP-based

Forward awake interval ½ðaRþ ‘iÞBI þ BW ; ðaRþ ‘iÞBI þ BW þ AW �
Backward awake interval ½ðaRþ ‘iÞBI; ðaRþ ‘iÞBI þ AW �
Fully-sleep interval ½ðaRþ �‘iÞBI; ðaRþ �‘iÞBI þ AW �
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ceipt. A PS station that neither transmits nor re-

ceives an ATIM frame during the ATIM window

may enter the doze state after the end of the active

window. Note that transmission of these frames
except beacons shall be done using the normal

DCF access procedure. Recall that beacon frames

are delivered by our scalable beacon transfer

procedure.
Table 4

Energy consumption parameters used in the simulations

Parameter Value

Unicast send 420 + 1.9 · bytes (lJ)
Unicast receive 330 + 0.42 · bytes (lJ)
Broadcast send 250 + 1.9 · bytes (lJ)
Broadcast receive 56 + 0.5 · bytes (lJ)
Idle 808mW

Doze 27mW
3. Performance evaluation

3.1. Simulation setup

We have developed an event-driven simulator

to evaluate the performance of the proposed

power management protocols and compare our re-

sults to the grid quorum-based protocol. The nota-

tion ðR; kÞ used in the simulation means that a
station selects k fully-awake and R� k fully-sleep
beacon intervals from a pattern repetition interval

R. In order to compare with the grid quorum-
based protocol with ðR; kÞ ¼ ð16; 7Þ in [22], we
also set randomized coterie-based scheme with

ðR; kÞ ¼ ð16; 7Þ; for the CFPP-based schemes,

due to the constraint of Definition 3, we cannot

choose ðR; kÞ ¼ ð16; 7Þ, so let ðR; kÞ ¼ ð13; 4Þ
which has the most closed ratio k=R ¼ 7=16 of
the grid quorum-based protocol. Each simulation

run is executed for a duration of 30 · 107 ls in a
single-hop ad hoc network with 30 (70 for Fig.
12) mobile stations and each receiver of each frame

is randomly selected from the sender�s discovery
neighbors. Note that, in such a dense network,

the out of synchronization phenomenon easily
arises [10]. Hence we assume that the clock differ-

ence between any two stations ranges from 0 to

1000ls. Initially, all stations are in the PS mode.
However, once a PS station has a data frame to

transmit, that station will switch to the active

mode and remains awake until it successfully sends

out the pending frame or until it drops that frame

when the DCF retry limit is reached. We assume
that the arrival of data frames from higher-layer

to MAC sublayer at each PS station follows the

Poisson distribution with mean rate k between

0.1 and 10 frames/sec/station. The energy con-

sumption model shown in Table 4 adopts the spec-

ifications suggested in [6], which are obtained by

real experiments on Lucent WaveLAN IEEE

802.11 cards. Notice that, when sending a frame



Table 5

System parameters used in the simulations

Parameter Value

Channel bit rate 2Mbps

Beacon window 10ms

ATIM window 20ms

DIFS 50ls
PIFS 30ls
SIFS 10ls
Slot time 20ls
Data frame size 2048bytes

Beacon frame size 61bytes

ATIM frame size 28bytes

Data/ATIM-ACK frame size 14bytes 0
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Fig. 10. Average beacon energy consumption in a beacon

interval versus different beacon interval length (k = 0.1 frames/
sec/station).
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of the same size, unicast consumes more energy
than broadcast since it requires extra cost to han-

dle RTS, CTS, and ACK frames. The system

parameter values are summarized in Table 5.

3.2. Beacon energy consumption

From Table 4, we notice that the energy cost of

beacon broadcast is relatively expensive since its
fixed cost (send: 250lJ. receive: 56lJ.) is much
greater than the incremental cost of sending or

receiving (send: 1.9 · 61lJ. receive: 0.5 · 61lJ.)
In addition, the total cost of receiving beacon is

much greater than the cost of sending beacon since

the simulated network is dense. Hence we first

evaluate the average beacon energy consumption

in a beacon interval during the entire simulation
time when using different power management pro-

tocols. Since we focus on beacon energy consump-

tion, the arrival rate k is set to 0.1 (frames/sec/
station) the lowest data traffic in our simulations.

Fig. 10 presents the average beacon energy con-

sumption in a beacon interval. The results show

that, in each protocol, the average beacon energy

consumption is almost the same no matter how
BI is varied. The reason is that only the beacon

transfer procedure and the number of stations in

a beacon can affect the average beacon energy con-

sumption. We further observe that, under the same

BI, the average beacon energy consumption of the

four protocols is interleaving CFPP-based ffi naive
CFPP-based < randomized coterie-based < grid

quorum-based. There are two factors which may
cause the above consequence: one is radio active

ratio, the other is beacon transfer procedure. Be-

cause of using our scalable beacon transfer proce-

dure, all of our protocols with different schemes

are less than grid quorum-based. Although our
three schemes have the same beacon transfer pro-

cedure, the interleaving CFPP-based and naive

CFPP-based scheme have the lower radio active

ratio than the randomized coterie-based scheme

so the interleaving CFPP-based ffi naive CFPP-
based < randomized coterie-based.

3.3. Neighbor discovery time

Fig. 11 reports the neighbor discovery time ver-

sus the beacon interval length when data traffic

load is fixed at k = 0.1 frames/sec/station. As ex-
pected, the neighbor discovery time increases as

the beacon interval enlarges. However, the grid

quorum-based protocol has smoother curves than

CFPP-based protocols. Specifically, we find that
the neighbor discovery time of CFPP-based proto-

cols grow more suddenly and rapidly. The reasons

are as follows. In an asynchronous MANET, a PS

station may not hear neighbors� beacons because
(i) beacon collisions occur, or (ii) that PS station

is sleeping when the beacon frame is being broad-

cast. However, such events occur less frequently in

the grid quorum-based protocols. This may be
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because it has double radio active ratio and its

fully-awake beacon intervals spread more uni-

formly in a pattern repetition interval. Further-
more, because of the nature of random in

random-coterie scheme, we do not guarantee that

any two stations have an meet in a given time per-

iod. Therefore, the line in random-coterie protocol

presents an unpredictable trend.

In order to see that if the traffic load will affect

neighbor discovery time, we increase total mobile

station number to 70 and Fig. 12 illustrates the re-
sult. We have two observations as follows. First,
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more stations cause more beacon frame collisions

so that all presented protocols need more time to

discover all neighbors in the MANET. Second,

the grid quorum-based still has better performance

because, comparing with CFPP-based protocols,
nodes have more fully-awake time and two times

to meet other nodes� beacon frames in a pattern
repetition interval R. According to Figs. 10–12,
they tell us that there is tradeoff between power

saving and neighbor discovery time in designing

an energy efficient protocol.

3.4. Throughput

Since the data frame length is fixed, the

throughput could be defined as the average num-

ber of data frames successfully sent by all stations

per second. Definitely, a good power manage-

ment protocol ought to minimize the power con-

sumption while not remarkably degrading the

throughput. Fig. 13 compares the throughput per-
formances of different power management proto-

cols under various data load when beacon

interval = 300ms. Generally, all of these protocols

are the same trend that, as the data load in-

creases, the throughput generally increases mono-

tonically and is finally saturated at a certain

point. Compared with the grid quorum-based
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protocol, which saturates at about k = 4 frames/
sec/station, the naive CFPP-based protocol satu-

rates at about k = 6 frames/sec/station. Also, the
naive CFPP-based protocol can deliver a through-

put almost 2.5 times than the grid quorum-based
protocol when 6 6 k 6 10. Although the grid quo-

rum-based and randomized coterie-based protocol

have the same beacon transmission ratio and

radio active ratio, the gap between their through-

put performances is quite large. This is mainly

because, in the grid quorum-based protocol,

transmitting a data frame to a PS station requires

a prior ATIM/ATIM-ACK frame exchange; how-
ever, in the randomized coterie-based protocol, if

source station perceives that the PS destination is

currently in the fully-awake beacon interval, then

it will directly issue the data frame via DCF with-

out first performing an ATIM/ATIM-ACK frame

exchange. By this way, we can reduce a significant

control frame overheads especially when data

load is heavy.
In addition, we also notice that the throughput

of randomized coterie-based is little better than na-

ive CFPP-based. It is because although random-

ized coterie-based protocol has to send more

beacons than CFPP-based protocols, the more

fully-awake periods also let nodes don�t need to
send/receive ATIM frames before sending/receiv-

ing data frames. Therefore, they have almost the
same performance. When k > 4, interleaving

CFPP-based protocol obviously performs worse

than the randomized coterie-based and naive

CFPP-based protocol since the former consumes

some overhead in ATIM/ATIM-ACK transmis-

sions.

3.5. Energy-based throughput

The energy-based throughput is defined as the

amount of successful data delivered per Joule of

energy. It is obtained by dividing the total number

of data frames successfully sent by total energy

consumption over all stations during the entire

simulation time. Using the energy-based through-

put to judge the goodness of a power management
protocol is much fairer than using the total energy

consumption since some power management pro-

tocols may consume very little energy, but also
achieve very little throughput. Fig. 14 shows the

energy-based throughput performances of differ-

ent power management protocols under various

data load when beacon interval = 300ms. The fig-

ure shows that all of our protocols have the better

performance and especially when the traffic load k
is higher than 6 frames/sec/station, the random-
ized coterie-based can outperform the grid quo-

rum-based about three times. This is because

our protocols possess the superior throughput

and the less power consumption overhead in

ATIM/ATIM-ACK traffic. We also notice that,

when k 6 4, the interleaving CFPP-based protocol

outperforms the naive CFPP-based protocol. This

is because when data load is slight, almost all gen-
erated data frames can be successfully delivered

both in naive and interleaving CFPP-based proto-

cols. However, in this case, the radio active

ratio of the interleaving CFPP-based protocol is

only about half that of the naive CFPP-based

protocol.
4. Conclusions

Currently, IEEE 802.11 wireless LAN cards are

greatly popular on the market. However, when

IEEE 802.11 power management protocol oper-

ates in a large-scale ad hoc wireless network, it will

face three severe challenges: beacon contention,

clock synchronization, and reliable neighbor main-
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tenance. To conquer all these challenges, we pro-

pose the novel asynchronous power management

protocols, which consist of three key components:

the scalable beacon transfer procedure, the energy-

conserving neighbor maintenance schemes, and
the energy-efficient data frame transfer procedure.

The scalable beacon transfer procedure offer a

high success probability of a beacon broadcast,

regardless of the number of contending stations,

thus alleviating the beacon contention problem

significantly. The energy-conserving neighbor

maintenance schemes ensure that any two PS

neighbors are able to discover each other (via bea-
con frames) in finite time with high probability, no

matter how much time their clocks drift away. The

energy-efficient data frame transfer procedure pro-

vides the high energy efficiency as well as good net-

work throughput.

Attractively, our power management protocols

offer the network designers full flexibility in trad-

ing energy, latency, and neighbor maintenance�s
accuracy versus each other by appropriately tun-

ing system parameters. In comparison with the

grid quorum-based protocol, our cyclic finite pro-

jective plane-based protocol also guarantees a

100% neighbor discovery probability while achiev-

ing a nearly 75% reduction in radio active ratio un-

der about the same energy–delay product.

Accordingly, the CFPP-based protocols are very
suitable for energy-limited applications. Extensive

simulation results do confirm that our protocols

much outperform the grid quorum-based protocol

especially in terms of time-based throughput and

energy-based throughput.
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Appendix A. Proof of Corollary 1

To prove Corollary 1, we claim that, when

k ¼ b
ffiffiffiffi
R
p

and b P 1, the following inequality

holds:
R

k

� �
R� k

k
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þ

R
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R� k � 1

k � 1
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� �

6 ð1þ b2Þe�b2 : ðA:1Þ

For the proof, we take advantage of the following

well-known results [14,17].

Lemma A.1. For integers n, c, and i,

n� c

c� i

� �
n

c

� � 6
c
n

� i n� c
n� i

� c�i
:

Lemma A.2. For every positive constant c
(0 < c < n), the sequence (1 � c/n)n) is monotoni-

cally increasing and

lim
n!1

1� c
n

� n
¼ 1
ec
:

Applying Lemmas A.1 and A.2 to the first term

in the left hand side of (A.1), we have
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On the other hand,
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The first inequality in (A.3) follows from Lemma

A.1; the second inequality in (A.3) is due to
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R� 2k þ 1
R� k

6
R� 2k þ 1þ ðk � 1Þ

R� k þ ðk � 1Þ ¼ R� k
R� 1 :

Combining (A.3), Lemma A.2, and the fact that

R� 2
k � 1

� �
R

k

� � ¼ kðR� kÞ
RðR� 1Þ ;

we have
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Consequently, (A.2) and (A.4) combined lead to

the inequality (A.1).
Appendix B. Correctness of the interleaving CFPP-

based protocol

We prove the correctness of the Interleaving

CFPP-based protocol by showing that any two
Fig. 15. The case that 0 6 Dt < BI/2. (a) For PS station Y, one of its be
the X�s active window. (b) For PS station X, one of its beacon windo
active window.
PS neighbors, X and Y, are able to discover each

other, regardless of their clock difference. We as-

sume that X and Y randomly choose two lines

Lx and Ly respectively from the same CFPP

ðU ;LÞ as the set of their half-awake beacon inter-
vals in a pattern repetition interval, and

R ¼ n2 þ nþ 1. Let actW = BI/2 + BW. Without

loss of generality, we can assume that X�s clock
is faster than Y�s clock by DT = h · BI + Dt, where
0 6 Dt < BI and hP 0 is an integer. In the follow-

ing derivation, we use X�s clock as a reference
clock to derive Y�s clock. We claim that at least

one X�s entire beacon window is fully covered by
one Y�s active window within two consecutive pat-
tern repetition intervals, and vice versa. Note that

other cases can be derived via the similar way. The

analysis is divided into two cases.

Case 1: 0 6 Dt < BI/2. As illustrated in Fig.
15(a), X can receive Y�s beacons in Y�s forward pat-
tern repetition interval if and only if (i) both hiiX
and hi � hiY are half-awake beacon intervals, for
some 0 6 i 6 R� 1, and (ii) the beacon window
in hi � hiY begins later than the start of the active
window in hiiX, and terminates earlier than the
end of the active window in hiiX. In other words,
t1 6 t2 and t3 6 t4. Since Lx \ {�h � Ly}5 ;,
there must exist an element i such that i 2 Lx and
i 2 {�h � Ly}. This implies that both hiiX and

hi � hiY are half-awake beacon intervals. Without
loss of generality, we can assume that t1 ¼ aR	
BI þ ði� 1Þ 	 BI , where aP 0 is an integer.

Hence, t1 6 t1 þ Dt ¼ aR	 BI þ ði� 1Þ 	 BI þ
acon windows in a forward pattern repetition is fully covered by

ws in a backward pattern repetition is fully covered by the Y�s
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Dt ¼ aR	 BI þ ði� h� 1Þ 	 BI þ h	 BI þ Dt ¼
aR	 BI þ ði� h� 1Þ 	 BI þ DT ¼ t2. In addition,
t3 ¼ t2 þ BW ¼ aR	 BI þ ði� h� 1Þ 	 BI þ DT þ
BW ¼ aR	 BI þ ði� h� 1Þ 	 BI þ h	 BI þ Dtþ
BW < aR	 BI þ ði� 1Þ 	 BI þ ðBI=2þ BW Þ ¼ t4.
On the other hand, as depicted in Fig. 15(b), X�s

beacons can be received by Y in X�s backward pat-
tern repetition interval if and only if (i) both hjiX
and hj � hiY are half-awake beacon intervals, for
some 0 6 j 6 R� 1, and (ii) the beacon window
in hjiX begins later than the start of the active win-
dow in hj � hiY, and terminates earlier than the
end of the active window in hj � hiY. That is,
t2 6 t3 and t4 6 t5. Since Lx \ {�h � Ly}5 ;,
there must exist an element j such that j 2 Lx and
j 2 {�h � Ly}. This implies that both hj iX and
hj � hiY are half-awake beacon intervals. Besides,
t1 ¼ bR	 BI þ ðj� 1Þ 	 BI , where b 2 {a � 1,a,
a + 1}. Hence, t2 ¼ bR	 BI þ ðj� h� 1Þ 	 BI þ
DT ¼ bR	 BI þ ðj� h� 1Þ 	 BI þ h	 BI þ Dt <
bR	 BI þ ðj� 1Þ 	 BI þ BI=2 ¼ t3. t4 ¼ t1 þ BI=
2þBW 6 t1þBI=2þBW þDt¼ bR	BIþðj�1Þ	
BIþBI=2þBW þDt¼ bR	BIþðj�h�1Þ	BIþ
BI=2þBW þðh	BIþDtÞ¼ bR	BIþðj�h�1Þ	
BIþBI=2þBW þDT ¼ t5.
Case 2: BI=2 6 Dt < BI . Let Dt ¼ BI=2þ Dd

and 0 6 Dd < BI=2. As illustrated in Fig. 16(a),
X can receive Y�s beacons in Y�s backward pattern
repetition interval if and only if (i) both hi 0iX and
hi 0 � (h + 1)iY are half-awake beacon intervals,

for some 0 6 i0 6 R� 1, and (ii) the beacon win-
dow in hi 0 � (h + 1)iY begins later than the start
of the active window in hi 0iX, and terminates ear-
Fig. 16. The case that BI/2 6 Dt < BI. (a) For PS station Y, one of its b
by the X�s active window. (b) For PS station X, one of its beacon win
active window.
lier than the end of the active window in hi 0iX. In
other words, t3 6 t4 and t5 6 t6. Since

Lx \ {�(h + 1) � Ly}5 ;, there must exist an ele-
ment i 0 such that i 0 2 Lx and i 0 2 {�(h + 1) � Ly}.
This implies that both hi 0iX and hi 0 � (h + 1)iY are
half-awake beacon intervals. Besides, t1 ¼ cR 	
BI þ ði0 � 1Þ 	 BI , where c 2 {a � 1,a + 1}.
Hence, t3 ¼ cR	 BI þ ði0 � 1Þ 	 BI 6 cR	 BI þ
ði0 � 1Þ 	 BI þ Dd ¼ cR	 BI þ ði0 � h� 2Þ 	 BI þ
ðh	BI þBI=2þDdÞ þBI=2¼ cR	BI þ ði0 � 1Þ	
BI þDT þBI=2¼ t4. t5 ¼ cR	BI þ ði0 � h� 2Þ	
BIþBI=2þBW þDT ¼ cR	BIþði0 �h�2Þ	BIþ
BI=2 þ BW þ ðh 	 BI þ BI=2 þ DdÞ < cR 	 BIþ
ði0 � 1Þ 	 BI þ BI=2 þ BW ¼ t6.
On the other hand, as depicted in Fig. 16(b), X�s

beacons can be received by Y in X�s forward pat-
tern repetition interval if and only if (i) both hj 0iX
and hj 0 � (h + 1)iY are half-awake beacon inter-
vals, for some 0 6 j0 6 R� 1, and (ii) the beacon
window in hj 0iX begins later than the start of the
active window in hj 0 � (h + 1)iY, and concludes
earlier than the end of the active window in

hj 0 � (h + 1)iY. That is, t2 6 t3 and t4 6 t5. Since
Lx \ {�(h + 1) � Ly}5 ;, there must exist an ele-
ment j 0 such that j 0 2 Lx and j 0 2 {�(h + 1) � Ly}.
This implies that both hj 0iX and hj 0 � (h + 1)iY are
half-awake beacon intervals. Besides, t1 ¼ dR 	
BI þ ðj0 � 1Þ 	 BI , where d 2 {a � 1,a,a + 1}.
Thus, t2 ¼ dR	 BI þ ðj0 � h� 2Þ 	 BI þ DT ¼
dR 	 BI þ ðj0 � h � 2Þ 	 BI þ ðh 	 BI þ DtÞ <
dR	 BI þ ðj0 � h� 2Þ 	 BI þ h	 BI þ BI ¼ dR 	
BI þ ðj0 � 1Þ 	 BI ¼ t3. t4 ¼ t3 þ BW 6 t3 þ BWþ
Dd ¼ dR	 BI þ ðj0 � 1Þ 	 BI þ BW þ Dd ¼ dR	
eacon windows in a backward pattern repetition is fully covered

dows in a forward pattern repetition is fully covered by the Y�s



84 S.-L. Wu et al. / Computer Networks 47 (2005) 63–85
BI þ ðj0 � h� 2Þ	BI þBI=2þBW þ ðh	BI þBI=
2þDdÞ¼ dR	BIþðj0 �h�2Þ	BIþBI=2þBWþ
DT ¼ t5.
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