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ABSTRACT

IEEE 802.11 specifies a Power Saving Mode (PSM) in order to save the consumption of energy or power
for mobile stations in wireless ad hoc networks. Following the standard of PSM, a number of studies [1-
5] further discussed the wake-up/sleep scheduling of beacon intervals based on Quorum systems so that
any communication pair of stations has common awake intervals for data exchange. However, most of
them did not take into consideration the fact that non-neighbor stations did not require common wake
up intervals since they were unable to communicate with each other. Hence, the energy conservation and
the transmission delay could not be significantly improved. This paper utilizes the location information
and proposes a location-aware power saving mechanism. In the proposed scheme, the network area is
partitioned into regular hexagon cells and every station determines the basic quorum intervals based
on its cell location information such that only neighboring cells have common beacon intervals for data
exchange. In addition, a collision avoidance strategy is proposed to improve the network throughput.
Experiment results reveal that the proposed scheme outperforms existing approaches in terms of energy

conservation and transmission delay.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

A Mobile Ad-hoc Network (MANET) which comprises mobile
stations can construct a low cost wireless network anywhere and
anytime without infrastructure. Since the mobile stations are bat-
tery powered, how to save their energy is one of the most im-
portant issues in the MANETs. A number of studies [1-9, 23-
25] have proposed energy conservation mechanisms for mobile
stations based on IEEE 802.11 PSM [10]. The concept of IEEE 802.11
PSM [10] is given as follows.

1.1. IEEE 802.11 power saving mode (PSM)

In PSM, each station is assumed to be synchronized with each
other. The time is partitioned into beacon intervals. Each beacon
interval contains two sub-intervals, called ATIM and Data windows,
as shown in Fig. 1.

In the ATIM window, a sender intending to communicate with
its neighboring station can send an ATIM packet to ask its neigh-
bor. Upon receiving the ATIM packet, the receiver replies with an
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ATIM-ACK packet which indicates the agreement of data transmis-
sion in the Data window. Then the sender and receiver should keep
awake in the Data window and compete for a transmission op-
portunity based on the DCF (Distributed Coordination Function),
as defined in IEEE 802.11 standard. All of the other stations that
do not play the roles of sender and receiver can sleep in the Data
window for energy conservation.

However, a station in the IEEE 802.11 PSM must wake up at
every beacon interval. This causes significant energy consumption,
even though the station did not demand to exchange data. On the
contrary, when the traffic is heavy, each station stays awake and
competes with all the other stations, leading to significant con-
tentions and collisions.

To overcome the energy inefficiency problem of IEEE 802.11
PSM, an intuitive solution is to allow some stations to sleep for a
long time when its traffic load is light. However, this might intro-
duce the rendezvous problem where two stations do not have any
common awake intervals. To cope with the rendezvous problem,
a number of studies [1-5] further discussed the wake-up/sleep
scheduling of beacon intervals based on Quorum systems so that
any communication pair of stations has common awake intervals
for data exchange. The following briefly introduces the concept of
the quorum system.
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Fig. 1. The illustration of beacon intervals applied in the power saving mode of
[EEE 802.11.

1.2. The concept of quorum system

In the quorum system, time is divided into several equal-length
beacon intervals. Let n denote a global parameter. Each continuous
n? beacon intervals are called a quorum array and these n? inter-
vals are arranged in a two dimensional array with n x n entries.
Each station can randomly select one row and one column of in-
tervals in the quorum array as its awake intervals. Based on the
quorum’s properties, each pair of neighboring stations is guaran-
teed to have the at least two rendezvous opportunities where they
can communicate with each other in a distributed manner.

Fig. 2 gives an example of quorum system with n=3. As shown
in Fig. 2(a), the quorum arrays of station A is arranged in a two di-
mensional array with 3 x 3 entries. The number labeled on each
entry of quorum array denotes the sequence number of beacon
interval. Station A selects the 3rd row and the 1st column as its
awake intervals. Similarly, station B depicted in Fig. 2(b) selects the
3rd row and the 2nd column of the array as its awake intervals.
This means that station A wakes up in beacon intervals 0, 3, 6, 7,
and 8 while station B wakes up in beacon intervals 1, 3, 4, 5, and
7. As a result, the common beacon intervals for stations A and B
communicating with each other are beacon intervals 3 and 7, as
shown in Fig. 2(c).

Adopting the quorum system in MANET not only simply ex-
ploits the rendezvous and communication opportunities for any
pair of stations in a distributed manner but also saves the en-
ergy consumption. However, the quorum size cannot be dynami-
cally changed according to the traffic loads. Furthermore, they do
not take into consideration the fact that non-neighboring stations
do not require any common quorum interval since they are un-
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(a) The quorum intervals applied in station A.

able to communicate with each other. The common quorum inter-
vals assigned for non-neighboring stations will increase the colli-
sion rate, increasing energy conservation and transmission delay.

This paper proposes a Location-Aware Power Saving mecha-
nism (LAPS), which adopts a location-aware quorum and takes
into account the problem of hidden terminal avoidance within
the neighborhood relationships to improve the energy conserva-
tion and transmission delay. In the proposed scheme, the network
area is partitioned into regular hexagon cells and each station is
assumed to be aware of its own location information. Every station
determines the basic quorum intervals based on its cell location
information such that only neighboring cells have common beacon
intervals for data exchange. In addition, a collision avoidance strat-
egy is proposed to improve the network throughput. Performance
results reveal that the proposed scheme outperforms the existing
approaches in terms of energy conservation, end-to-end delay, and
packet loss ratio.

The remainder of this paper is organized as follows.
Section 2 discusses the related works. Section 3 specifies the
network environment and problem formulation. The detail of the
proposed LAPS is presented in Sections 4. Section 5 discusses
the quorum system developed by the proposed scheme, while
Section 6 investigates the performance study. Section 7 concludes
this work.

2. Related works

The quorum systems are widely applied to develop mechanism
for mutual exclusion, data replication, and power-saving in the dis-
tributed systems [3,11]. Previous work proposed by Tseng et al.
[1] assumed that each station in MANET is with unsynchronized
ATIM windows and wakes up at different times. This protocol in-
tends to increase the active time of stations and hence provides
more overlapping awake intervals. However, prolonging the active
period of stations, that consumes extra energy, is not necessary
since some distributed synchronization mechanisms are provided
in [16,17,26,27]. Furthermore, literature [5] identified a rotation clo-
sure property for quorum systems to ensure that the quorum sys-
tem satisfying the property can be translated to the asynchronous
power-saving protocol [1] for MANETs. A new e-torus quorum sys-
tem is also proposed in [5] to demonstrate that a station with
higher mobility may have more common beacon intervals with its
neighbors so as to be more environment-sensitive. In fact, neigh-
bor discovery with high sensitivity means that much energy will
be consumed in the listen intervals.

Study [2] proposed a traffic-aware quorum scheme, called
Adaptive Quorum-Based Energy Conserving Protocol (AQEC), to ad-
just the quorum size according to the traffic load. In AQEC, the
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(b) The quorum intervals applied in station B.
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(c) The illustration of the common beacon intervals by applying the quorum system for stations A and B.

Fig. 2. An example for illustrating the common beacon intervals of stations A and B determined by the v/9 x +/9 quorum set.
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quorum size will be decreased in order to increase the number of
the beacon intervals in the following quorum cycles when the traf-
fic load grows. Similarly, the adaptive traffic-aware power-saving
protocols [3,12] dynamically adjust the length of the quorum cycle
by considering the network utilization during its previous quorum
cycle. OFPM [4] proposed the Factor-hereditary quorum system and
the closed-loop listen interval adjustment scheme such that each
power-saving station can adaptively adjust its listen interval ac-
cording to flow timeliness requirements. However, the global quo-
rum size proposed in [2-4,12] will be difficult to control for the
local burst traffic. Also, all pairs of stations will have equal oppor-
tunities of common quorum intervals which are only required by
the neighboring stations.

Clock synchronization is fundamental and important problem in
multi-hop mobile ad hoc networks. Unsynchronized stations may
wake up at different times, leading to low efficiency of power
saving and network throughput. Although the IEEE 802.11 stan-
dard provides a clock synchronization protocol, it suffers from
the scalability problem due to it provided inefficiency contention
mechanism. In literature, several studies have proposed efficient
clock synchronization mechanisms [16,26,27]. Study [16] proposed
the ATSP protocol, which aims to achieve time synchronization
in MANETs. Let term fastest station denote the station that has
the largest instantaneous clock frequency. The major idea of ATSP
is that it assigns the fastest station with the highest priority for
transmitting beacons by increasing its beacon transmission fre-
quency. Meanwhile, the transmission frequencies of other stations
will be reduced. By applying the ATSP, the problem of asyn-
chronous time can be mitigated. However, the performance highly
depends on the factors such as mobility and scalability. In [26], an
extension, called TATSP, was further proposed to improve the con-
straint of ATSP. However, both ATSP and TATSP are developed for
single hop MANET, which cannot be efficiently applied in multi-
hop MANET.

Study [27] proposed the ASP protocol, aiming to achieve time
synchronization for multi-hop MANET. The ASP mainly consists of
two tasks. First, successful transmission probability for faster sta-
tions must be increased. To achieve this, the ASP increases the bea-
con transmission priority of a faster station and decreases the pri-
orities of the other stations. Second, the faster timing information
must be spread throughout the whole network. When the slower
stations collect enough timing information, it executes synchro-
nization by applying the faster time and hence its beacon trans-
mission priorities will be increased. By applying the ASP proto-
col, the time synchronization problem can be resolved for multi-
hop MANET. In addition, the power saving protocols that adopt the
semi-asynchronous method are also proposed in [28] for multi-hop
MANET. The major idea of [28] comprises two tasks. First, stations
are clustered. Inside each cluster, stations adopt a synchronous
power saving protocol in order to conserve energy. Then, an asyn-
chronous power saving protocol is executed among clusters. That
is, within each cluster, some stations are selected to execute the
asynchronous power saving protocol.

Table 1 investigates the characteristics of the proposed scheme
compared to the related schemes. The proposed scheme intends to
address a novel location-aware quorum system for improving the
network performance in terms of energy conservation and trans-
mission delay.

3. Network model and problem formation
3.1. Network model
Let the service region for MANET N be geographically parti-

tioned into a number of equal-sized hexagon cells. The service
region is called Cellular-based Partitioning Network (CPN) G. A

Table 1
The characteristics of the proposed scheme compared to the related studies.

Schemes Quorum system  Clock  Traffic-aware Hidden
terminal
avoidance

PSM [10] No Sync.  No No

PowerMac [1] Grid-based Async. No No

AQEC [2], [3,12] Grid-based Sync.  Adaptive No

OFPM [4] Factor-hereditary Sync.  Adaptive No

[5] E-torus Async. No No

LAPS Location-aware Sync.  Adaptive Yes

grouping scheme is applied on the partitioned cells so that each
group consists of seven neighboring cells. In each group, the cen-
tral cell is labeled with cell number 0 and the other cells are la-
beled with numbers 1 to 6 in a clockwise order. Let G* and C}‘
denote the group k and the cell i in GK. That is, the service re-
gion is partitioned into the groups G!, G, ..., G"~land G™, where
GiING'=® for 1 <i#j<m and each group, say G¥, consists of seven
cells labeled by C¥, ¥, ..., Ckand C¥, where 1<k<m. The groups
will be indexed in the order left to right and then top to down.
Fig. 3(a) shows a CPN G={G!, G?, ..., G13} with 13 disjoint groups
while Fig. 3(b) depicts that group G¥, 1 <k <m, consists of the cen-
tral cell C§ and its surrounding cells C¥, ..., CX and Ck. Similar to
studies [1-4,12], herein, we assume that the clocks on the stations
are well synchronized [13]. In addition, the stations are assumed
to be location-aware and know the location of central point of cell
cl.

° Let r be the communication range of mobile stations. So that
any station can communicate with another station located in the
same cell or the neighboring cell, the farthest distance from one
point of a given cell to another point of the neighboring cell should
be smaller than r. Hence the edge length, say e, of each hexagon
is e = r/+/13, as shown in Fig. 4. The total transmission time of the
Data Window will be partitioned into T slots with the same inter-
val of time. This means that all stations will compete for transmis-
sion opportunities in T slots. The positioning information of each
station can be acquired by GPS device, or by applying some GPS-
less positioning systems [18-20].

3.2. Problem formulation

Given a CPN G and a universal set U={0, 1, ..., n}, a quorum
system over U will be arranged by using an array A. Each group in
G applies the same quorum array A. Let Q; denote the quorum set
i whose elements are assigned from the elements of the resultant

m
quorum array. Let Ci* denote the union set J C,F, where 1<k<m

t=1
and 0<i<6. In LAPS, the stations in cells C; will apply the quo-

rum intervals assigned in Q;. This means that Qp, Qy, ..., Qg will
be constructed into the quorum system Q in the proposed scheme.
Let N4(x) denote the d-hop neighboring cells of cell x, where Ny(x)
specifies the cell x itself. The packets sent by a station in cell x
will be forwarded to the station located in the cell Ny(x), d >0, in
a manner of cell by cell. Let Hi" denote the set of stations located
in C}‘. Following defines the Neighbor Common Intervals (NCI) and
Hidden Terminal Avoidance (HTA) requirements before introducing
the proposed Location-Aware Quorum System.

Definition. Neighbor Common Intervals (NCI) and Hidden Terminal
Avoidance (HTA) Requirements

To satisfy the NCI and HTA requirements, the constructed quo-
rum sets have the following constraints.

(1) Neighbor Common Intervals (NCI) constraint: QNQ; # ¢,
where 0 <i#j<6.
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The area of Network N

(a) An example of the CPN G = (G',G*, ...,

G13 }

(b) An example of group G* combined by C(’)c ,
Cf,..., Ckand C}.

Fig. 3. The MANET N is assumed to be partitioned into regular hexagon cells and groups.

Fig. 4. The length e of each cell edge can be evaluated by the communication range
r, where e=r//13.

(2) Hidden Terminal Avoidance (HTA) constraint: Each station in
H{‘, 0<i<6 and 1 <k<m, should avoid the packet collisions
due to hidden terminal problem. That is,

QNQj=¢. VYCIeN(CH), 1< h#k<mO0< j<6
(1

The Location-Aware Quorum System Identification (LQSI) problem
refers to the assignment problem that elements in U should be as-
signed to array A such that the NCI and HTA requirements can be
satisfied. Furthermore, the quorum array A also aims to achieve
the minimal transmission delay when the stations in cell C,.k in-
tend to communicate with their neighbors located in Nl(Cf‘), where
1<k<m and 0<i<6. In the CPN G, the proposed quorum should
satisfy the NCI and HTA requirements. First, the NCI requirement
refers to the demand that stations in Hi"and stations in Nl(C}‘) have
common quorum intervals for data exchange, where 1 <k <m and
0<i<6. Second, the HTA requirement reflects the need that the
quorum intervals used by Hl." have to avoid the hidden terminal
problem from the stations located in Nz(C}‘), where 1<k<m and
0 <i<6. Take Figs. 3(a) and (b) as examples. The sets N1(Cg) and
Ny(C8) are {C§, C5, C§, C§, 8, C8} and {C2, G2, G2, G5, T, CZ, CI9,
0, &, ¢}, 3, G}, respectively. If station x in C§ and station y in
Nz(Cg) are assigned with the same quorum intervals for c y, the
hidden terminal problem might occur since stations x and y in the
two cells are two hop neighbors. For example, the hidden terminal
problem might occur in HS or H® when HS and H? are assigned to
the same quorum intervals.

Definition. Delay(Q;, Q;)

Let U and g;; be a universal set {0, 1, ..., n} and the ith bea-
con interval assigned in Q;, respectively. Function Delay(Q;, Q;) is
used to measure the transmission delay time from the sender us-
ing Q; to the receiver using Q;. Let Q; and Q; be {g;1, G2, - Giv}
and {qj1, gj2, - qju}, respectively, where 0<q;; <@jp <..<@p <n
and 0 <¢j; <¢j2 <.. <qj, <n. When the sender intends to transfer

data at q;;, where 1<t<v, the value of Delay(Q;, Q;) is defined by
Eq. (2)
Delay(Q;, Qj) =
0, if gy = qjr, where 1 <r <u,
n—qy+4q;, if gic > qju. (2)
min{qjr — Gie|qjr > qie. T <}, if G < Gju.
This paper aims to cope with the LQSI problem. The goal of this

work is to minimize the maximal transmission delay Delay(Q;, Q;)
under satisfying the constraints NCI and HTA. That is

Minimize(max .(Delay(Q;,Q;))),0 < i # j < 6. (3)

The design of quorum system Q associated with U={0, 1, ..., n}
can determine the value of Delay(Q;, Q;). Let a round represent the
period of n+1 intervals. A quorum system Q with a large value n
implies a large value of round length, which increases the average
transmission delay. Therefore, a large value of n is not appreciated
since Eq. (3) aims to minimize the maximal transmission delay.
However, a small value of n might lead to the situation that the
numbers assigned to Q have several duplicates, resulting in heavy
collisions and contentions. This occurs because the stations in cell
Ck and Ny(CK), 0<i<6, and 1<k <m, might have hidden terminal
problem due to several common awake beacon intervals. Therefore,
the main challenge for achieving the goal depicted in Eq. (3) is to
design an appropriate quorum system Q associated with U.

4. Location-aware power saving mechanism

The proposed location-aware power saving mechanism consists
of the Interval Scheduling (or IS) phase and the Cell Identifying (or
CI) phase. The IS phase introduces the procedure on how to con-
struct the location-aware quorum system which assigns the awake
beacon intervals to the cells. All stations in each cell should stay
in an active state in the awake beacon intervals assigned to that
cell. Then, in the CI phase, each station has to identify the IDs of
its cell where it locates such that it can apply the assigned awake
intervals. The following presents the design of each phase of LAPS.

4.1. Interval scheduling phase

Since the CPN G has been regularly partitioned into several
groups, the sleep/awake scheduling rule applied on each group will
be identical. Thus we will focus on how to schedule the awake
beacon intervals for each cell in a group G. Recall that each group
consists of seven cells, as shown in Fig. 2(b). The main concept is
that two neighboring cells should be assigned with one common
beacon interval for satisfying the NCI requirement while two-hop
neighboring cells should be assigned with different beacon inter-
vals for satisfying the HTA requirement. In general, a smaller size
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Fig. 5. The initial grid-based quorum over U will be arranged by applying the pro-
posed scheme.
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Fig. 6. . The initial awake beacon intervals assigned for C(’]‘, T<k<m.

of U applied in the quorum system can achieve better performance
in terms of transmission delay. However, a small size of U also in-
creases the opportunities of packet collision among the stations in
the neighboring cells. The minimal size of U is discussed in the
next section.

The following discusses the proper size of quorum array A. Ac-
cording to an intuitive observation, each group G¥ consists of seven
cells Ck, 1 <k <m and 0<i<6. Take C} as an example. Cells C¥ and
Ck are neighboring cells of Ck. In cases where Ck and CX are as-
signed with the same awake interval to communicate with the sta-
tions in C¥, a hidden terminal problem will occur since C¥ and C¥
are two-hop neighboring with each other. Therefore, stations in C{;
should use different beacon intervals to communicate with each of
its neighboring cells. From this observation, we conclude that each
quorum set will include at least six awake beacon intervals. Given
a group GK, 1<k <m, stations in C¥ will apply Q; to communicate
with the stations in Nl(C}‘), where 0 <i<®6. Since there are exactly
seven cells in each group, the proposed quorum system requires at
least seven quorum sets, where there are six beacon intervals as-
signed for the neighboring cells existing in each set. Consequently,
the following uses Ag » 7 as an initial quorum array design.

Next, we discuss how to construct the quorum array Ag x 7. Ini-
tially, let U={0, 1, ..., 35}. The elements of U will be assigned to
the first six columns of Q in a row-major order, as shown in Fig. 5.
The last column will be reserved without any assignment since
the proposed LAPS aims to minimize the value of n. The proposed
LAPS applies Eq. (4) to assign the beacon interval t in the first six
columns to element A[p, i], where 0<p<5 and 0<i<5. For ex-
ample, the initial awake beacon intervals assigned for Cg, 1<k<m,
are 0, 6, 12, 18, 24, and 30, which are the numbers assigned in the
Oth column of array A as shown in Fig. 6 .

Alp, i]=A[{éJ,(t mod 6)] =t, for eacht e U. (4)
The Interval Scheduling Phase mainly consists of intra-group and

inter-group scheduling procedures. The intra-group scheduling pro-
cedure aims to replace the beacon intervals for satisfying the NCI

constraint. The assignment of common beacon intervals for two
cells that neighbor with each other but belong to different groups
is achieved in the inter-group scheduling procedure. The following
presents each procedure in detail.

4.1.1. Intra-group scheduling procedure

This procedure is designed to replace the intervals given in
Fig. 6 for satisfying the NCI constraint. The Intra-group Schedul-
ing Procedure mainly consists of two steps. For each group G,
1 <k <m, the first step assigns one common awake interval for Cg
to communicate with each of cells Ny (C’é), as shown in Fig. 7(a). As
shown in Fig. 7(a), step 1 aims to achieve the goal that two cells
pointed by an arrow should have one common awake interval. Let
u(i) be the function for Cl." e Ny (Cg)to map the common awake in-

tervals with C{f(i) € N1 (C¥). The value of u(i) will be i+ 1, where
1<i<5.If i is equal to 6, u(i) will be one. In the second step,
C{‘ and Cﬁ(l.), 1<i<6, are considered to have one common awake
since they are also neighboring to each other in group GX. Fig. 7(b)
depicts awake interval adjustment operated in step 2. As shown
in Fig. 7(b), step 2 focuses at achieving the goal that C¥ and Cl’j(i)
should have one common awake interval for each i, where 1 <i<6.

To satisfy the NCI constraint, C¥ and C¥, 1<i<6, should have
one common interval. To achieve this, the element A[p-1, p] is re-
placed by A[p-1, 0], for each p, where 1 <p <®6. Since the replace-
ment operation will cause replaced number A[p—1, p] to disappear,
which causes these beacon intervals to be idle without any data
exchange, the original value of A[p—1, p] will be moved to A[p—1,
6] before they are replaced. In addition, the element A[5, 6] is re-
placed by A[5, 0]. Fig. 8(a) and (b) show the steps of intra-group
scheduling. In each group, say G, since cell C¥ neighbors to cell C¥,
the element A[0, 1] will be replaced by the element A[0, 0] =0, re-
sulting in a common beacon interval between cells Cg and Cf. Thus
H(’)< and H{‘ have opportunities for communicating with each other
since they are awake at the beacon interval 0. Before the replace-
ment, a shift operation that moves the element A[0, 1] to A[O, 6]
should be executed because the element A[0, 1] will not be used
by cell Cf. The similar replacement operations will be applied by
considering C(’)‘ and each C}‘, 2 <i<®6. Fig. 8(a) depicts the resultant
replacement after the step.

In the second step, the proposed LAPS further considers C}‘ and
le(l.), 1<k<mand 1<i<®6, since cells Ci" and Cl’j(l.) are neighboring
cells in group G¥. That is, C¥ and CK . should also have one com-
mon interval. Let v(x) be the cell indexing function to assign the
common awake intervals for C’;()o in the row x of array A. If x is
equal to zero or one, v(x) is set to x+ 5. The value of v(x) is (x-1),
where 2 <x <5. To achieve this, the element A[i, v(i)] is set to A[i,
u(v(i))] for each i, 0 <i<5. As a result, the elements A[O, 5], A[1, 6],
Al2, 1], A[3, 2], A[4, 3], and A[5, 4] are set to A[O, 6], A[1, 1], A[2,
2], A[3, 3], A[4, 4], and A5, 5], respectively. Fig. 8(b) shows the af-
fected elements of array A in this procedure. Herein, each cell has
at least one awake beacon interval to communicate with its neigh-
boring cells in the group. The remainder elements of array A, as
shown in Fig. 8(c), will be assigned for inter-group scheduling.

4.1.2. Inter-group scheduling procedure

The Inter-group Scheduling Procedure further considers the com-
mon awake beacon intervals between those cells that belong to
neighboring groups. The following introduces the dual properties
of CPN which will be applied in the procedure.

Recall that a group in a CPN has at most six neighboring groups.
Consider a certain group G¥, 1<k<m, as shown in Fig. 9(a). In
Fig. 9(a), assume that six groups are neighboring with G, say G¢,
Ga+1, Gkl Gk+1 Gb and GP*+!, where the cells in a group are
marked with the same color. As shown in Fig. 9(b), 18 arrows,
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Fig. 7. An example to illustrate the neighboring cells for the interval replacements in the intra-group scheduling procedure.
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(a) Step 1 of the intra-group scheduling.
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(b) Step 2 of the intra-group scheduling.
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(c) The remainder elements after executing the intra-group scheduling.

Fig. 8. The procedure of assigning awake beacon intervals achieves the neighboring cells of C,.", 1<i<6, having a common awake beacon interval with C(’)‘ for any group k.

each representing an awake interval assigned by the two neigh-
boring cells, will be needed for the inter-group scheduling proce-
dure. Since the stations in cells C; will apply the quorum intervals
assigned in Q;, some awake intervals needed in Fig. 9(b) will be
duplicated. For example, the awake intervals assigned for C§ and
¢k, ¢d and ¢k, 21 and C¥ will also be used for C§¥ and CP*+1,Ck
and €+, ¢k and C?, respectively, as shown in Fig. 9(c). As a re-
sult, there are at most nine awake intervals needed for the inter-
group scheduling procedure, as shown in Fig. 9(d). The following
property aims to be applied for reducing the number of interval
replacements in the procedure. The property is described below.

Property 1. Dual neighboring relationship among inter-group
cells

Recall that the CPN G are regularly partitioned into the groups.
The fact that cell c, where 1 <i<6, neighbors with C;f, 1<j<6,
between groups means that, for a group G¥, 1<k<m, if cell Cf
neighbors with C}‘, where 1<x#k<m, there exists a group G
neighboring with G¥, where 1<y#k<m and 1<y#x<m, which
implies the fact that cell C}‘ neighbors with Cf’ .

Fig. 10(a) shows a part of the remaining intervals depicted in
Fig. 8(c) which are available to be assigned for the inter-group
neighboring cells for communication. The unassigned intervals in
Q1, Qs3, Q4, and Qs can be further assigned to inter-group cells C{‘

and (§, C{‘ and Cj, C{‘, anng“, giving them rendezvous opportu-
nities for data exchanges. Consider the interval replacement in Q;
and Qs. In order to minimize the waiting time between columns,
the element A[j, 3] will be replaced by A[i, 1] such that [A[i, 1] -
A[j, 3]| is minimal, where 3 <i<5 and je{0, 1, 5}. Thus, elements
A[1, 3] will be replaced by A[3, 1]. Similarly, element A[2, 4] will
be replaced by A[4, 1] for Q; and Q4 while element A[3, 5] will
be replaced by A[5, 1] for Q; and Qs. The results of the interval
replacements for Cf are shown in Fig. 10(b). Similarly, the interval
replacement for cells C§, C¥, and C¥ in the inter-group scheduling
procedure can be determined like that for Cf. After the execution
of replacement operation, the constructed location-aware quorum
sets are presented in Fig. 11(a). As shown in Fig. 11(a), the quo-
rum intervals Q,, Q,, ..., and Qgwhich will be used for Cj, C3, ...,
and Cg, respectively, defines a collection of quorum sets that the
intersection of any two sets is always non-empty.

When this phase is complete, the minimal set of U can be de-
termined by the quorum size subtracting the number of the un-
used beacon intervals shown in Fig. 11(a). As a result, the value of
|Ul =21 can be applied to develop the proposed quorum system for
satisfying both of the NCI and HTA requirements. Therefore, the re-
sultant quorum system adopts U={0, 1, ..., 20} by reordering the
intervals in array A, as shown in Fig. 11(b). For example, the in-
terval 2 assigned for Q, and Q, in Fig. 11(a) will be changed to 1
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(a) The cells in G*, 1 < k < m and their (b) The assignments of common awake
neighboring cells. intervals needed for the inter-group
scheduling procedure.

(c) An example of the interval replacements (d) The total number of interval replacements
with the dual relationship among inter-group needed in the inter-group scheduling
cells. procedure.

Fig. 9. An example to illustrate the neighboring cells for the interval replacements in the inter-group scheduling procedure.
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(a) The remaining intervals are available to be assigned to the inter-group neighboring
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(b) The results of the interval replacements for Clk .

Fig. 10. The example to illustrate the interval replacement for C¥, 1 <k <m, in the inter-group scheduling procedure.

after removing the unused interval 1 from U then reassigning the Algorithm: Intra-group Scheduling Procedure
interval order such that the original interval 2 becomes interval 1, /| Given a CPN G={G', G?, ..., G"}
as shown in Fig. 11(b). Z"I;;e; tl_r_;e1 universal be U=A{0, 1, h 35}1.4[‘ U 0ie5, 06
. . . : The quorum array Ag 7, where A[i, jleU, 0<i<5,0<j<6.
The algorithm of the lnterval. Scheduling scheme depicts t.he Mark array Mg ..o, where M[i. j] ¢ {0, 1}, 0<i<5, 0<j<6.
procedure to construct the location-aware quorum system which Output: Assign the common intervals between C¢ and C for each group
assigns the awake beacon intervals to the neighboring cells. k 0<i%j<6and 1<k<m. ' !

1. Alp.i] = A[|§]. (t mod 6)] =, foreacht € U; // Initial assignment
2. M[i, j]=0, for all i and j, 0<i<5, 0<j<®6.
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Fig. 11. The resultant quorum intervals for the proposed scheme.

3. for i=1 to 6 {// The common intervals are assigned for C§ and C¥,
1<i<6.

4, Ali-1, 6] =A[i-1, iJ;

5. Ali-1, i]=A[i-1, 0];

6. M[i-1, i]=1; M[i-1, 0] = 1;

7.}

8. for i=0 to 5 {// The common intervals are assigned for cells in
Cke Ny (CK), 0<i<5.

9. A[i, V()] =Ali, u(v(i))];

10. M[i, v(i)]=1; M[i, u(v(i))]=1;

1. }

Function v(x)

/| Compute the cell ID v(x), 0 <x <5, that will be assigned the common
intervals in the row x of A;

1LIf(x=0)or (x=1)

2. return (X +5);

3. else
4,

Function u(x)

/| Compute the cell ID u(x), 1 <x <6, that will be assigned for the
common intervals between C¥ and C{f where C¥, C{f(x) e N1 (Ch);
1. If (1 <x) and (x<5)

return (x—1);

2. return (x+1);
3. else
4. return 1;

Algorithm: Inter-group Scheduling Procedure

/| Given a CPN G={G', G?, ..., G™}. Let the universal be U={0, 1, ...,

Input: The quorum array Ag .7, Where A[i, jleU, 0<i<5, 0<j<6.
Mark array Mg .7, where M[i, j]e{0, 1}, 0<i<5, 0<j<®6.

Output: Assign the common intervals between Cf and C}I e Ny (CF),

T<h#k<m,1<i#j<6.

1. Replacement(1, 3, 5); /[ assign the common intervals between Q, and Q,,

3<i<5.

2. Replacement(2, 4, 6); | assign the common intervals between Q, and Q;,

4<i<6.

3. Replacement(3, 5, 6); /| assign the common intervals between Q; and Q,,

5<i<®6.

4. Replacement(6, 4, 4); [/ assign the common intervals between Qg and Q,.

35).

Procedure Replacement(col, s_row, e_row)

/| Assign the common intervals between Q_, and Q;, s_row <i<e_row;
1. for i=s_row to e_row {

2. if (M[i, col]=0) {

3. d=min. {|A[i, col] - A[i, j]| | M[i, j1=0 and 0<j<5};
4., forj=0to 5 {

5. if (| Ali, col] —A[i, j]|) and (M[i, j]=0) {

6. Ali, j1=Ali, col];

7. M[i, i]=1; M[i, col] =1;

8. }

9. 1}

10. }

11}

4.2. Cell identifying phase

In the previous phase, the LAPS assigns awake intervals to each
cell such that the NCI and HTA constraints can be satisfied. In this
phase, each station has to identify the cell where it locates such
that it can apply the assigned awake intervals. The identification of
cell ID relies on some information, including the location of central
point of cell C(l), the area of the given network N, and the station’s
location information. Recall that the CPN G is partitioned by the
groups, say G!, G%, ..., G™! and G™, and indexed in an order from
left to right and then top to down. The center of group GK is set
at the center point of cell Cg. Let the center point of C(l) locate at
(x1, ¥1)- Let L; and L, denote the set of lines that pass through the
central point of each group, as shown in Fig. 12(a) and (b), respec-
tively. Fig. 12(a) and (b) show the slopes of lines L; and L, are Zf

and — S‘f , respectively. Fig. 13 shows the fact that the horlzontal
distances between two neighboring lines are equal to 4.5e, where
e=r/+/13. As a result, the line sets L; and L, can be derived by
Egs. (5) and (6), respectively. Take Fig. 13 as an example. As shown
in Fig. 13, the line of L; and the line of L, will pass the central lo-
cation of G!, or (x}, y}), when the value of & and  are set to zero.
Similarly, line L; will pass the central locations of G2, G°, and G8
when the value of « is one.

2V3

(y - yo)——(x x0)+456a xeZ (5)

L: sf

¥ —y9) = (x—xp) +45ef. B eZ (6)

The following discusses how to determine the cell where sta-
tion v locates. There are two steps to calculate the location of the
cell where the station locates. Let (xf.‘, yf.‘) be the central location of
cell C}‘ where station v locates, where 1 <k <m. The central loca-
tion of G, or the central location of cell C¥, is (x&, yk). According
to Eqgs. (5) and (6), the central location of cell Cg can be deter-
mined by calculating the intersection of L; and L, and selecting
the proper integers o and B which can identify the specific lines
crossing (x§, y&). As a result, the central location of cell C¥ can be
measured by Eq. (7).
<9f 7)

(K, yk) = e(B—a)+x), Z(2ﬂ+5a)+y}))

Herein, Eqs. (8) and (9) determine the values of o and § to
satisfy the shortest distance from (x,, yy) to the specific line in L;
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Fig. 12. The slope calculation of line sets L; and L,.
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Fig. 13. An example of determining the indexes of the groups and the group where
the station located by applying the line sets L; and L,.

and L, respectively.

" Vﬁ(xg,—xy)wgy,,—yg)Jo{zﬁ(xa—xu)ﬁ(yu—ya)“

13.5e 13.5e
(8)

_ Sﬁ(xv—x(l))+3(yv—Y6) Sﬁ(xv—x(l))+30’v—Y6)
p= 13.5¢ or 13.5¢

9)
This means that there are four candidate locations (xg, y(’j) ob-
tained from Eq. (7) since both o and B have two possible values.
Let the location (xy, yy) fall in the cell with location (xf, yk). The
distance between (x’(j. y’é) and (xy, yv) should be smaller than %e.
The stations that satisfies constraint (10) fall in Cg.
2 2 33
Job %) + 0 -y = 222 (10)

After obtaining the central location of GK where the station lo-
cates, the following illustrates how to determine the central loca-
tions of Ck, ¥, ¢k, ck, ck, and Ck depending on the location of Ck.
Fig. 14 shows the location relationship between C{‘, 1<i<6, and
Ck. Let (xk, yk) denote central location of CK. Let notation dist de-
note the distance between (x¥, y¥) and (xy, yy). The station with lo-
cation (xy, yy) satisfies constraint (11) and can identify that it falls

(%, % -3 e (%3)

G

3
(15, 3¢ - Te>

i

k k 3e
(x, -1.5¢, Yo+ T)

(. y+fie)

Fig. 14. An example to illustrate how to determine the cell where the station lo-
cates.
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in cell C,.".

dist =/ (< —x,)* + OF —y,) <e (1)

For example, if the center point of CJ, (x}, y}) is (150, 170)
and the communication range is 100, the length e =27.74 of each
cell can be estimated. Then, according to Eq. (7), the location of C(’,‘.
or (xk, yk), can be calculated by

(xk, y&) = (30.88 x (B — ) — 150, 17.83 x (2B + 5a) + 170)

Assume that the station is at (xy, yy)=(160, —30). The central
location of the closest group can be calculated by selecting two
available values of « and B from Egs. (8) and (9) so that the dis-
tance constraint between (x§, yX) and (160, —30) satisfies

\/(x’é ~160)° + (vk — (-30))* < %ge

As a result, the location (128, —8) can be set for (x, yX), where
o and B are set to —4 and 6, respectively. The station can identify
that it locates in the group G®. Then, by checking constraint (11),
the central location of cell C§, or (x§, y§)=(170, —54), can be deter-
mined, which is the closest central location of Cf, 0<i<6, to the
station.

The algorithm of the cell identifying scheme depicts the oper-
ations that the stations should execute to identify the group and
the cell where it locates in the network N.

Algorithm: Cell Identifying Scheme

|/ Let I, and L} denote the location of station v and the center point
location of CJ.

/| Let the communication range and the edge length of the cell denote
by r and e, respectively.

|| Let Ax, =x! —x} and Ay, =y! -y}, where 0<i<6.
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Input: [, =(x,, y,) and L} =(x}, y});

Output: The cell ID where station v locates
273} =xp)+30p-y}) 23} —xp)+3(w-y})

Loag=|—"pm5%—" 111;56 : (: Lag=[—"C 5% 1113’.53 : 10 Ik
5V3(xp—x5)+30w-y5) 5V3(xy—x5)+3w-y5)

2.6 = L%Jﬁz — [%1;

3.

Z={(g8)|g = %2e(B— ) +x},8 = % 2B +50) +y}, @ € {ar, a3},

B e{Bi. B2}
4. Select the only one (gy,g,) € Z that satisfies

J& -3 + @ - < fe

5. fori=0to 6 {

6. Cx=8x+ Ax; and ¢y =gy + Ay;;

7. dist =/ (cx 7x1,)2 + (cy 7y,,)2;

8. if (dist=e) {

9. Station v locates in cell i and the central point of the cell is
(Cx. ¢))s

10. return i;

11. }

12.}

The algorithm of the cell identifying scheme depicts the oper-
ations that the stations should execute to identify the group and
the cell where it locates in the network N.

The following describes how the proposed LAPS maintains the
cellular-based partitioning network in MANETs. In LAPS, each sta-
tion will maintain its current location periodically. Then each sta-
tion applies the Cell Identifying Algorithm to identify which cell it
is located in. In Cell Identifying Algorithm, since each station is as-
sumed to know the location of center point of C& and the size of
regular hexagon cells, it can determine which the center point of
group it is located. After determining the located group, each sta-
tion then determine which cell it is located in by calculating the
vertical and horizontal distances between its location and the cen-
ter point of the located group. As a result, each station can deter-
mine its located cell by itself without exchanging messages with
its neighbors in order to maintain the cellular-based partitioning
network. On the other hand, when a station joins in the MANET
or moves from one cell to another one, it will broadcast a HELLO
message in the well scheduled awake beacon intervals. In addition,
when a station joins in the MANET or moves from one cell to an-
other one, it will also listen to the information of neighbors. There-
fore, each station knows the numbers of stations in its current cell
and its neighboring cells and hence it can exchange message with
its neighbors.

4.3. The extensions of LAPS

4.3.1. Borrowing interval strategy

To handle the problems that some cells are overcrowded and
some others are empty. A station in the overcrowded-cell might
loss the data exchange opportunities because that there are high
traffic demands in this cell. This station might intend to exchange
data in the awake beacon interval that is not assigned to that
cell. We called this station as overcrowded station. The new al-
gorithm allows the overcrowded station to use the interval which
is assigned to the neighboring sparse cell that has low traffics
in the past cycle of quorum intervals. This newly designed strat-
egy is called borrowing interval strategy. To achieve this, each sta-
tion should maintain two predefined thresholds, called high-traffic
and low-traffic thresholds. When a station joins in the MANET or
changes cell, it will broadcast the HELLO message in the awake
beacon intervals of that cell and collect the neighboring informa-
tion. Therefore, each station is able to obtain the number of sta-
tions in its own cell and its neighboring cells. The number of sta-
tions in a cell will be used to simply evaluate the traffic load
of that cell. A station can borrow the awake beacon intervals of
the neighboring sparse cell when its traffic load grows up above

the high-traffic threshold. Besides, the awake beacon intervals of a
neighboring cell can be borrowed if its traffic load is below the low-
traffic threshold. Each awake beacon interval is associated with a
priority, which is decreased with the number of stations stayed in
that cell. The overcrowded station will select the awake beacon in-
terval with highest priority and will try to use that beacon interval.

Based on the borrowing interval strategy, the number of beacon
intervals that can be used by a cell can be dynamically changed.
Although this way can reduce the end-to-end delays for those
overcrowded cells, it might introduce collisions. A retransmission
threshold for controlling the collisions should be predefined. Each
station in the overcrowded-cell will count the total number of re-
transmissions and the borrowing interval strategy can be applied
only when the total number of retransmissions is lower than the
predefined retransmission threshold.

4.3.2. LAPS*

The proposed LAPS scheme can be extended such that it can be
applied to the stations without location information. In the con-
sidered scenario, how to determine the quorum intervals for the
stations without location information from the information of their
neighbors is very important. To achieve that, the extension of the
LAPS, called LAPS*, will collect the central locations of the neigh-
boring cells where the neighboring stations locate.

In LAPS™, the central location of the cell where the station lo-
cates will be included in the IEEE 802.11 beacon payloads. When
the station is not aware its location, it stays in listen state dur-
ing all of beacon intervals and collects the central locations of the
cells where the neighboring station locate. The station will esti-
mate its location by averaging the collected locations. Let Sy = {(x;,
y;) | 1<i<h} be the set including the central locations of the cells
neighboring to station v. The location of station v, say (x’, y’), can
be estimated by

h h
/N Xi Vi
.y = ZH’ZF (12)
i=1 i=1
Then, station v uses the location (x’, y’) to determine the cell
where it locates by executing the cell identifying phase of LAPS. As
shown in Fig. 15(a), stations Sy, Sy, and s3 with location informa-
tion are located in C¥, CX, and C¥, while station a is located in C§.
Assume that station a is not aware of its location. The central lo-
cations of the cell where stations sy, s, and s3 are located are (x’é,
yE), (xk, yk), and (x4, yX), respectively. When station a has collected
the central locations, the location of station a can be estimated by

K pk o oyk ko1 pk ok
®.y) = (Xe X +X Vgt ‘H’z)

3 ’ 3

Station a will estimate that it locates in q‘ as shown in
Fig. 15(a). In Fig. 15(b), when a new-moving station, say s4, op-
erates in C¥ whose central location is located at (x, yK), station a
will collect the central location of the cell where station s4 locates
and modify the cell estimation by calculating
.y = XE A+ XK+ XK 4 xk Yk yk 4 yk 4yk

’ 4 ’ 4

Then, station a will estimate that it is located at cell C’g, as
shown in Fig. 15(b).

5. Discussion of the proposed quorum system

In this section, the validation of the resultant quorum system
constructed in the IS phase will be verified. Firstly, the satisfaction
of the NCI and HTA constraints to the quorum sets constructed by
LAPS will be discussed. Then, the validation of the proposed quo-
rum system is proved in Theorem 1. A smaller size of U applied
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+ Central location of the cell

x Estimated location of host a
O Host with location information

O Host without location information

(a)

+ Central location of the cell

x Estimated location of host a

O Host with location information

O Host without location information

(b)

Fig. 15. An example for illustrating the cell where it is located by the cell identifying phase of LAPS*.

in the quorum system can achieve better performance in terms of
transmission delay. However, a small size of U also increases the
opportunities of packet collision among the stations in the neigh-
boring cells. Herein, the minimal size of U will be discussed for
the proposed quorum system. Finally, the minimal size of U for the
proposed quorum system is presented in Theorem 2.

Lemma 1. The quorum sets constructed by LAPS satisfies the NCI con-
straint.

Proof. The given CPNs are partitioned into disjointed groups where
each group consists of seven neighboring cells. There are 21 differ-
ent relationships between neighboring cells, as the arrows showed
in Fig. 7(a), (b), and 9(d). The IS phase of LAPS assigns different
common awake beacon intervals for each relationship by applying
the intra-group or inter-group scheduling procedures. Therefore,
the intersection of any two quorum sets is non-empty, as shown
in Fig. 11(b). This means that the quorum sets satisfy the NCI con-
straint:

QNQj#¢, where 0<i#j<6

Lemma 2. The quorum sets constructed by LAPS satisfy the HTA con-
straint.

Proof. The given CPNs are regularly partitioned into disjointed
groups where each group consists of seven neighboring cells, as
shown in Fig. 3(a) and (b). The quorum sets, Qp to Qg, are con-
structed by LAPS, as shown in Fig. 11(b). Recall that quorum set Q;
represents the quorum intervals applied for the stations located in
G'. In Fig. 3(a), there exists Cl.WeNz(Ci"), where G" is neighbor to
G* and 0 <i<6. This means that station x in CV and station y in C¥
will use the same quorum set Q; but they can avoid the collisions
due to the hidden terminal problem. As a result, the quorum sets
constructed by LAPS satisfy the HTA constraint. [J

Theorem 1. The proposed quorum sets, Qqg, Q, ..., Qs, and Qg, shown
in Fig. 11(b) organize a valid quorum system.

Proof. A valid quorum system has to satisfy three constraints, in-
cluding (1) No quorum set is empty, (2) Any set cannot be included
in the other sets, and (3) the intersection of any two sets is al-
ways non-empty. The proposed quorum sets over {0, 1, ..., 20} in-
clude Qy={0, 4, 7, 9, 12, 16}, Q; ={0, 5, 8, 10, 13, 17}, Q; ={1, 4,
8, 11, 14, 18}, Q3 ={(2, 7, 10, 11, 15, 19}, Q4 ={1, 6, 9, 13, 15, 20},
Qs ={2, 3, 12, 14, 17, 20}, and Qg ={3, 5, 6, 16, 18, 19}. Since any
quorum set obviously is not empty and cannot be included by the

others, the constraints (1) and (2) hold. In addition, the IS phase
of LAPS assigns the awake beacon intervals between the quorum
sets by applying the intra-group and inter-group scheduling proce-
dures. Therefore, the intersection of any two quorum sets Qg to Qg
is non-empty. O

Theorem 2. The set of U with |U| =21 shown in Fig. 11(b) is the min-
imal set of the proposed quorum system for the CPNs.

Proof. For each CPN, there are 21 neighboring relationships
needed to be assigned with common awake beacon intervals for
communicating between cells, as the arrows showed in Fig. 7(a),
(b), and 9(d). Consider the cells in Fig. 9(a). Let I;; be the com-
mon awake beacon interval between the neighboring cells C{‘ and
Cj?. Assume that there exists two neighboring cells C¥ and Cj that
can be assigned with the same common awake beacon interval, say
Iij=Igp, in the CPN. There exist three conditions considered below.

(1) If Ck is equal to CX, the assumption will obviously con-
flict with the NCI requirement at I;; since CKeN;(CK) and
CeNy(CF).

(2) If C;? is equal to C}, the assumption will also obviously con-
flict with the NCI requirement at I;; since Cl."eNl(Cj?‘) and
CkeN; (Cj?).

(3) If neither C¥=C¥ nor Cj? =C¥, there exists two sub-conditions
in the case. First, when i=0 or a=0 is held, the assumption
will conflict with the HTA requirement at ;; since CK € Ny(C¥)
or CkeNy(Ck) such that CgeNz(Cj?) or CkeN,(CX). Second,
when both of i#0 and a#0 are held, the assumption will
conflict with the HTA requirement at I;; since CK € No(C).

The conditions above will conflict with NCI or HTA requirements
of the proposed quorum system. Therefore, the assumption does
not hold. As a result, the case C}=Cf and C!' =C} will be held. This
means that no common awake beacon interval can be replaced for
the cells in CPN. The set of U with |U|=21 is the minimal set of
the proposed quorum system for the CPNs. OJ

6. Performance study

This section investigates the performance improvement of the
proposed scheme against the 802.11 PSM, PowerMac [1], and AQEC
[2] by using the simulator ns-2 [14]. In the experiments, the
MANET region is set to the area of 1200 m x 1200 m and a num-
ber of stations, ranging from 300 to 1500, are randomly deployed
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Fig. 16. The performance improvement of the proposed algorithm in terms of the
packet loss rate.

in the network. The communication range is 250 m. The Variable
Bit Rate (VBR) from O to 40 kbps is considered as the traffic model
when comparing LAPS with the other schemes. The energy con-
sumption for transmitting, receiving, idling, and sleeping are set to
1400 mW, 1000 mW, 830 mW, and 130 mW, respectively. The com-
munication bandwidth is set to 11 Mbps. There are 10 routes eval-
uated in 120 seconds of simulation time. The DSDV (Destination-
Sequenced Distance-Vector) routing [15] is applied to construct the
route with a length of 4 or 5 hops. The mobility of the stations is
set from O to 20 m/s. The beacon interval is set to 100 ms and the
700 ATIM window size is ranged from 20ms to 50 ms [2,10,22].
The efficiency of energy consumption is used to evaluate the net-
work performance in the metric of the energy consumption per
each success of a byte transmission.

In IEEE 802.11 PSM, a large number of stations exchange ATIM
packets in ATIM Window for contending the transmission probabil-
ities. This results in a large number of collisions and hence signif-
icantly increases the number of ATIM packets retransmissions, es-
pecially when the traffic is heavy. In addition, the IEEE 802.11 PSM
did not handle the Hidden Terminal Problem, which leads to more
retransmissions. Therefore, the packet loss rate and end-to-end de-
lay are increased. Compare with 802.11 PSM, the proposed LAPS
adopts the well-scheduled quorum system to arrange each station
in specific awake beacon intervals for transmissions, which signifi-
cantly reduces the numbers of contentions and collisions. Besides,
two restrictions, including the NCI (Neighbor Common Intervals) and
HTA (Hidden Terminal Avoidance), are further satisfied. This ensures
that each pair of neighboring stations not only has communication
probabilities, but also overcomes the Hidden Terminal Problem. In
addition, we have additionally added the borrowing interval strat-
egy, aiming to reduce the end-to-end delay. A performance com-
parison has been further given to show the improved performance
of the proposed LAPS in terms of end-to-end delay.

The packet loss rate is an important indicator of the degree of
traffic bottleneck of a given network. Fig. 16 investigates the per-
formance improvement of the proposed LAPS against the 802.11
PSM and PowMac in terms of packet loss ratio. As shown in Fig. 16,
the LAPS outperforms both the 802.11 PSM and PowMac. This oc-
curs because that the LAPS arranges disjoint sets of awake beacon
intervals for every two hop cells and thus prevents the occurrence
of hidden terminal problem. Besides, the borrowing interval strategy
is further presented to increase the opportunities of communica-
tions for the traffic unbalance environment. Therefore, the burden
of queue of each station can be mitigated and hence the packet
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Fig. 17. The performance comparison of the compared three algorithms in terms of
average end-to-end delay by varying the number of stations.

loss ratio can be efficiently reduced. Compared with LAPS, both the
802.11 PSM and PowMac did not handle the hidden terminal prob-
lem, which leads to a large number of collisions. In addition, they
did not adaptively change the sleep/awaken ratio according to the
traffic load. Based on these two issues mentioned above, they raise
the problem that the collided packets accumulated in the queue
will be dropped when the buffer overflows. Thus the packet loss
rates of PowMac and 802.11 PSM will be significantly increased.

Another important metric that determines the network
throughput is the end-to-end transmission delay. A packet trans-
mission with smaller end-to-end delay indicates that it consumes
smaller energy. The network throughput will be decreased with
the end-to-end delay. As shown in Fig. 17, the proposed LAPS
outperforms both the 802.11 PSM and PowMac in terms of aver-
age end-to-end delay when the number of stations is larger and
equal to 600. This occurs because that the proposed LAPS adopts
the borrowing interval strategy which increases the opportunities of
communications when the traffic load of some cell is increased.
By applying the borrowing interval strategy, the stations in the
overcrowded-cells can extra borrow the awake beacon intervals of
neighboring cells. It is worth to note that the 802.11 PSM slightly
outperforms the LAPS when the number of stations is 300. This oc-
curs because that both the contention and collision are happened
rarely when the service region has low density of stations. How-
ever, with the increasing number of stations and moving speed,
the impacts on the proposed LAPS are not significant.

Fig. 18 compares the average energy consumption of the pro-
posed mechanism against the 802.11 PSM and PowMac mecha-
nisms. The proposed mechanism outperforms the IEEE 802.11 PSM
and the PowMac mechanisms in terms of average energy consump-
tion. The IEEE 802.11 PSM has a poor performance because all
stations stay awake in each ATIM window regardless of whether
or not they attempt to transmit data. The proposed mechanism
schedules common awake beacon intervals for the neighboring
cells and hence stations can sleep in more beacon intervals as
compared to the PowMac mechanism.

Fig. 19 further investigates the energy efficiency which is mea-
sured by the energy consumption for each byte successful trans-
mission. In general, all three compared mechanisms result in the
fact that the energy efficiency is decreased with the number of sta-
tions. This is because the network traffic increases with the num-
ber of stations and hence the energy consumption required for
successfully transmitting each byte is also increased accordingly.
The proposed mechanism outperforms the other compared mech-
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Fig. 18. The comparison of average energy consumption.
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Fig. 19. The comparison of three mechanisms in terms of energy efficiency.

anisms in terms of energy efficiency. The PowMac mechanism has
higher packet loss rate and thus has lower energy efficiency.

The following experiments further compare the proposed
mechanism with the AQEC mechanism in the traffic model of vari-
able bit rate. The AQEC mechanism proposes a formula to adap-
tively change the awake beacon intervals according to the network
traffic. The threshold for changing the awake beacon intervals pro-
posed in AQEC is given by

Threshold, = 12 x (2”n; 1) (13)
where n denotes the size of a two dimensional array. The pro-
posed mechanism is compared with the AQEC in the traffic model
of variable bit rate. The traffic variance is designed according to
the threshold values designed in Eq. (13). With the substitution of
n=1, 2, 3, and 4 in Eq. (13), four traffics are obtained as shown in
Fig. 20.

As shown in Fig. 20, the traffic is increased with the simulation
time and the maximal traffic is reached at the 60th second. The
peak traffics are 5.25 Kbps at the 15th second, the 6.67 Kbps at the
30th second, and the 9 Kbps at the 45th second and the 12 Kbps at
the 60th second.

Fig. 21 compares the 802.11 PSM, AQEC, and the proposed LAPS
in terms of packet loss rate under the VBR traffic model. The AQEC
reduce the Quorum size to increase the transmission opportuni-
ties when the network traffic increases. The AQEC will degrade to
the IEEE 802.11 PSM that all stations awake in each beacon in-
terval when the network traffic is extremely large. However, the
accumulated packets compete with the current traffic and hence

12
& ||
Z
=2
:
=
o~
2
E 6.67
=
= 5.25 —
0
o 15 30 45 60 75 90 105 120

Simulation Time (sec)

Fig. 20. The variation of Traffic Rate designed according to Eq. (13).
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Fig. 21. Packet loss rate of the compared mechanisms in the traffic model of vari-
able bit rate.
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Fig. 22. Energy consumption of the compared mechanisms in the traffic model of
variable bit rate.

the overall performance of AQEC is worse than IEEE 802.11 PSM in
terms of packet loss rate. The proposed mechanism not only avoids
the packet collision problem but also utilizes the borrowing strat-
egy to increase the opportunities of communications. Therefore,
the burden of queue of each station can be mitigated and hence
the packet loss ratio can be efficiently reduced. As a result, the
proposed LAPS outperforms all the other compared mechanisms in
terms of packet loss rate.

Fig. 22 further compares the performance of the proposed
mechanism with the 802.11 PSM and AQEC mechanisms in terms
of energy consumption. The VBR traffic model is applied in the
simulation. The AQEC has higher energy consumption than 802.11
PSM because the accumulated packets compete for transmission
opportunities with the normal packets, increasing the number of
packet collisions. In general, the proposed mechanism outperforms
the compared mechanisms in terms of energy consumption.
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Fig. 23. The performance comparison of the three compared algorithms in terms of
average end-to-end delay.

Fig. 23 investigates the average end-to-end delay by varying
both the moving speed of station and the number of stations. The
moving speed and the number of stations are ranging from 0 m/sec
to 20m/sec and 300 to 1500, respectively. A random mobility
model is adopted by all stations. As shown in Fig. 23, the end-
to-end delays of the three compared algorithms increase slowly
with the mobility. In LAPS, a station with high moving speed will
increase the chances of crossing cell and the frequency of chang-
ing its awaken-sleeping pattern. As a result, the end-to-end delay
would be increased. It is worth to note that the 802.11 PSM slightly
outperforms the LAPS when the number of stations is 300. This oc-
curs because that both the contention and collision are happened
rarely when the service region has low density of stations. How-
ever, with the increasing number of stations and moving speed, the
impacts on the proposed LAPS are not significant. Each station can
maintain the correct cell ID while the contention and collision can
be efficiently avoided. Therefore, the proposed sleep/wake schedul-
ing can be executed as expected. In general, the proposed LAPS
outperforms the other two algorithms in terms of average end-to-
end delay.

Furthermore, the following further discusses the real case,
where the communication range is not a perfect disc [21]. ased on
the setting of simulation environment in [21], we set up our ex-
periment. Let Ry and rygpe = 0.8Rmax denote the maximum com-
munication range and the stable radio range of each station, re-
spectively. Let notation r denote the communication range of each
station. With the consideration of irregularity of communication
range, we assume that the r is in the range of 0.8Rmnax =71 = Rnax.
As shown in Fig. 24, the shadow region depicts the actual trans-
mission range of station s;. Let yrrszmble denote the reliable commu-
nication zone of each station. Let 7 (R2,,, — rszmble) denote the unre-
liable communication zone of each station. As shown in Fig. 24, the
red region represents the reliable communication zone, while the
shadow region represents the unreliable communication zone.

Two stations with distance dr, where 0.8Rpax = dr = Rypgx, may
or may not be able to communicate with each other directly. There
are two possible impacts when the radio irregularity is taking
into consideration. First, when the communication range 0.8Ryax
is used to partition the hexagon cells in LAPS, the collision and
hidden terminal interference will be slightly increased. This occurs
because that the radio signals fall in the unreliable communication
zone may impact the communications of the neighboring cells. In
this case, the smaller size of the cells will increase the hop count

Reliable communication zone

Unreliable communication zone

Fig. 24. The transmission range of station s; varies ranging from 0.8Rmqax tO Rpax.
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Fig. 25. The performance comparison of the compared three algorithms in terms of
average end-to-end delay by considering the irregularity of communication range.

number of each routing path. Second, when the communication
range Rmax is used to partition the hexagon cells applied in LAPS,
the stations with a distance ranging from 0.8Ryqx t0 Rpmgx may not
be able to communicate with each other directly. The communica-
tion will be relayed by the other stations, which leads to a large
hop count number of each routing path.

Fig. 25 investigates the performance of LAPS in terms of the
average end-to-end delay by considering the irregularity of com-
munication range. The similar performance trends can be found in
Figs. 17 and 23, which apply the regular radio model. In compari-
son, all curves drop about 6% when the irregular radio range is ap-
plied. The major reason is that the reliable communication zone in
an irregular radio range is smaller than that of in a regular radio
range. This results in fewer neighbors that can directly communi-
cate with. Thus the number of average hop count of routing path is
increased, which leads to long end-to-end delay. However, the pro-
posed LAPS outperforms the other algorithms in terms of average
end-to-end delay, as shown in Fig. 25.

7. Conclusions

A number of power saving mechanisms have been developed
by applying the quorum system based on the IEEE 802.11 PSM.
However, they did not take into account the fact that non-neighbor
stations did not did not need to have the common awake intervals
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since they are unable to communicate with each other. In addition,
none of them utilize the location information in the design of the
quorum system. This paper proposes a location-aware power sav-
ing protocol to schedule the sleep/awake beacon intervals for sav-
ing energy and reducing packet collisions due to hidden terminal
problem. In addition, the proposed quorum system provides flat
opportunities of data exchange for the stations between the neigh-
boring cells, reducing the transmission delay. Performance study
reveals that the proposed mechanism improves the performance
of existing approaches in terms of energy consumption and trans-
mission delay.
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