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Abstract—Multichannel media access control (MAC) protocols
can increase wireless network capacities. The rendezvous prob-
lem is the most frequently encountered challenge in developing
multichannel MAC protocols. Some studies have assumed that
each device is equipped with one additional antenna; however,
this increases the hardware cost. Other studies have divided the
timeline of each channel into several beacon intervals. All sta-
tions are awake simultaneously on a predefined channel to enable
rendezvous opportunities; however, this leads to low bandwidth
utilization. This paper presents an efficient staggered multichannel
MAC protocol (SMC-MAC) for ad hoc networks. By using a single
antenna, the proposed SMC-MAC applies a staggered channel
model with a home channel concept for exploiting multichannel
bandwidth resources. Performance results reveal that the pro-
posed SMC-MAC outperforms existing multichannel MAC proto-
cols in terms of network throughput, control packet collision ratio,
packet delay time, packet discarding, packet loss ratio, control
overhead, and robustness.

Index Terms—Ad hoc network, hidden terminal problem, multi-
channel, multichannel medium access control (MAC), rendezvous
problem.

I. INTRODUCTION

ULTICHANNEL medium access control (MAC) pro-

tocols have attracted considerable attention in recent
years because they can increase the capacity of wireless ad hoc
networks. Applying multiple frequency channels immensely
improves wireless network capacities. Efficient multichannel
MAC protocols exploit frequency diversity and utilize net-
work capacity more efficiently than do single-channel MAC
protocols. Although the IEEE 802.11b/g and IEEE 802.11a
standards [1], [2], respectively, define 3 and 12 nonoverlapping
channels that support higher network throughput, the distrib-
uted coordination function (DCF) within the commercial MAC
protocol of IEEE 802.11 is designed mainly for sharing a single
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channel between stations. Thus, the IEEE 802.11 DCF cannot
function in a multichannel environment. In recent years, a large
number of MAC protocols have been developed for exploiting
the transmission opportunities in a multichannel environment.
This paper proposes a MAC protocol that more efficiently
utilizes multichannel resources. Although the 802.11n and
802.11ac protocols increase throughput by using multiple-
input—multiple-output technology, which employs multiple an-
tennas at both of the sender and receiver, a large number of
stations are still equipped with a single antenna. To exploit
the advantages of the single antenna hardware with half-duplex
function, several multichannel MAC protocols have been pro-
posed in recent years.

Two main problems are encountered in multichannel MAC
protocol design, namely, the rendezvous problem and multi-
channel hidden terminal problem [3]. The major challenge in
a multichannel environment is the rendezvous problem. To
exchange data between the sender and receiver, both must stay
on the same channel for reserving the channel and time for data
exchange. The antenna can dynamically switch channels, but it
can only either transmit data or listen to channel information
at the same time. Thus, when stations exchange data on a
particular channel, the channel usage information cannot be
maintained because such information can only be obtained
using another antenna. Consequently, the sender that recently
completed a data exchange operation cannot maintain the cor-
rect channel usage information and may select a busy channel,
thus encountering the hidden terminal problem. Multichannel
MAC protocols must overcome the hidden terminal problem
[4]-{13], [19]{23].

As discussed in the subsequent section, several multichannel
MAC protocols [4]{13], [19]{23] have been proposed for
improving throughput by using multiple channels. However,
most protocols attempt to ensure efficient data exchange on
the basis of one or more of the following assumptions, each
of which raises certain disadvantages.

1) All stations exchange control packets on a dedicated
common control channel. Here, maintaining complete
channel usage information at each station by using one
antenna is difficult, therefore leading to the multichannel
hidden terminal problem.

2) All stations are equipped with multiple antennas. These
approaches clearly increase the hardware cost, size, and
energy consumption.
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3) The station switches its channel frequently. A high level
of channel switching consumes more energy and induces
longer delays.

4) All stations exchange control packets on a predefined
channel during a dedicated control period. Here, the band-
width utilization is low because the control periods of all

channels except the predefined channel are idle and wasted.

This study aims to exploit parallel transmission opportunities
within certain hardware constraints (e.g., single antenna and
half-duplex) through the proposed home-channel-based MAC
protocol (SMC-MAC) designed on the basis of a novel stag-
gered multichannel model. The major objective of this study
is to improve spectrum utilization for substantially increasing
network throughput. In particular, the main contributions of the
proposed SMC-MAC are as follows.

1) Improve spectrum utilization.

The proposed SMC-MAC presents a novel staggered
channel model that operates control and data packet
transmissions concurrently on different channels, thereby
substantially improving spectrum utilization and network
throughput.

2) Alleviate packet collisions.

The control overheads and data transmission are dis-
tributed over all channels, thereby alleviating contention
and collision as well as substantially improving channel
utilization.

3) Parallel transmissions.

By applying the staggered channel model with a home
channel concept and rendezvous policies, multiple trans-
mission pairs can simultaneously communicate over dif-
ferent channels in a distributed manner.

4) Lower control overheads.

Since the proposed SMC-MAC adapts the reserving-
based approach for reserving data transmission, Request
to Send (RTS)/Clear to Send (CTS) handshaking is unnec-
essary before data exchange in the data period. Conse-
quently, the proposed SMC-MAC substantially decreases
the control overheads and improves network throughput.

The rest of this paper is organized as follows. Section II
reviews and compares related literature. Section III presents the
assumptions and problem statement. The channel model and
frame structure are described in Section IV. Section V introduces
the design of the proposed SMC-MAC protocol. Section VI
analyzes the performance of the proposed protocol, and
Section VII investigates the performance evaluation of the pro-
posed protocol. The conclusion is summarized in Section VIII.

II. RELATED WORKS

Several multichannel MAC protocols have been proposed.
According to the rendezvous schemes, these protocols can be
classified into three categories [3]: split phase based (SPB), ded-
icated control channel based (DCCB), and hopping based (HB).

A. SPB

SPB approaches [4]-{7], [19] mainly divide the timeline of
each channel into several beacon intervals, with each beacon in-
terval consisting of two periods: control and data periods. In the
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control period, senders compete for transmission opportunities
and negotiate with the receivers for data exchange on the data
channel. During the data period, a sender—receiver pair switches
to the negotiated data channel and competes with the other pairs
for data exchange. To overcome the rendezvous problem, each
station must switch to the specific channel at the beginning of
the control period.

Although SPB methods avoid the rendezvous problem with-
out increasing the hardware cost and frequent channel switch-
ing, two factors lead to low spectrum utilization. First, several
collisions may occur during the control period because a large
number of stations intending to simultaneously exchange con-
trol packets are on the same channel, causing poor spectrum
utilization during the subsequent data period (i.e., the control
period congestion problem). Second, all channels except the
default channel are idle during each control period because each
station must stay on the default channel during each control
period to get rendezvous opportunities (i.e., the control period
idle problem).

B. DCCB

DCCB [8]-12], [20] protocols divide the frequency into a
narrow channel and several equal-width channels, termed the
control and data channels, respectively. The control channel pri-
marily provides opportunities for control information exchange.
The sender and receiver must first exchange control packets in
the common control channel and coordinate the data channel
for data exchange.

Although such methods overcome the rendezvous problem,
maintaining complete channel usage information at each station
remains difficult because stations that stay on the data channel
for data exchange cannot maintain information in the control
channel, leading to incomplete channel usage information and
the multichannel hidden terminal problem.

To avoid the multichannel hidden terminal problem, some
studies [9], [12], [20] have assumed that all stations are
equipped with two antennas: one stays on the control channel to
maintain the channel usage information, and the other stays on
the data channel for data exchange. Because all stations can use
one antenna to constantly monitor the control channel, they can
track the busy status of neighboring stations and channels, thus
avoiding the multichannel hidden terminal problem. However,
using two or more antennas increases the hardware cost.

C. HB

In HB approaches [13], [21]{23], each station frequently
switches its channel according to the hopping sequence gen-
erated to rendezvous its neighbors. When the sender and re-
ceiver meet on the same channel, they compete with other
transmission pairs for a transmission opportunity for data ex-
change. The channel hopping sequences are estimated based
on either blind, difference-set-based [13], cyclic-based [21],
quorum-based [22], or pseudorandom-based [23] approaches.
In existing studies, channel planning ensures that all stations
rendezvous each other. Therefore, such methods easily solve
the rendezvous problem in a multichannel environment. How-
ever, the large number of channel hops considerably delays
transmissions and consumes more energy.
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TABLE 1
MAIN CHARACTERISTICS OF THE PROPOSED SMC-MAC AND RELATED PROTOCOLS

. Spectrum Time Fairness of Buffer overflow
Studies Type # of antennas . . .
utilization sync. channel access consideration

[4-6] Split Phase Based 1 Low O x x
[7] Split Phase Based 1 Low O O X
[19] Split Phase Based 1 Medium O X x
[8, 10, 11] Dedicated Control Channel Based 1 Low X X X
[9,12] Dedicated Control Channel Based 2 Medium X X X
[20] Dedicated Control Channel Based 2 Medium O X X
[13] Hopping Based 1 Low X X X
[21,22] Hopping Based 1 Medium @) X x
[23] Hopping Based 2 Medium O x x
SMC-MAC Staggered Multi-channel Model 1 High O O O

Table I summarizes the characteristics of the existing proto-
cols and the proposed SMC-MAC. The proposed SMC-MAC
presents a home-channel-based MAC protocol on the basis
of a novel staggered multichannel model. The proposed stag-
gered channel model concurrently operates the control and data
packet transmissions on different channels, thus eliminating
the control period idle problem and substantially improving
spectrum utilization and network throughput. In addition, con-
trol overheads and data transmissions are distributed over all
channels, further improving channel utilization and alleviating
contention and collision. The design of the proposed SMC-
MAC protocol is elaborated in the next section.

III. ASSUMPTIONS AND PROBLEM STATEMENT

This study assumes that there are m independent channels rep-
resented by CH = {c;,ca, ..., ¢y }. Each station is equipped
with a single half-duplex antenna, which allows either sending
or receiving data at the same time. In addition, each station has
a unique MAC address and is aware of its neighbors’ MAC
addresses. Time synchronization is a basic and essential scheme
generally applied in multichannel MAC protocols [3]{7], [13].

This study aims to develop a multichannel MAC protocol that
exploits the multichannel bandwidth resource and overcomes the
rendezvous problem and hidden terminal problem. In this section,
the notations used to represent the objective and constraints of
the multichannel MAC protocol are defined and presented.

Let C; denote the achievable channel capacity of channel
¢;. Herein, the Shannon theorem represented by (1) is used to
measure the channel capacity, where B;, Sav,, and IV; represent
the bandwidth, average received signal strength, and average
noise power of channel ¢;, respectively

C; = B; - log(1 + Savg/Ni). (D

To increase the throughput of a multichannel environment,
the multichannel MAC protocol must improve bandwidth uti-
lization. Let g denote the number of packets successfully
transmitted on channel c¢; during a specific time period 7.
Let lqata denote the packet size. The bandwidth utilization of
channel ¢; during a specific time period 7', denoted by U, is
calculated using

UT _ (g;T X ldata)

! (C; xT) @

In addition, let S = {s1, S2, ..., Sp} denote the set of stations
existing in the environment and N (s, ) be the set of stations
neighboring to station s,. The following presents the purposes
and constraints for developing an efficient multichannel MAC
protocol.

Objective Function
m
Maximize Z ur 3)
i=1
Subject to :
m
Zaf’rj’ =1, Vs, €S, where
i=1
+i )1, if station s, stays on channel : at time ¢
ol = ! )
0, otherwise

t t t _
xsending + xreceiving+xidleﬁlistening =1 ’ v Sz € Sa where

' 1, if station s, is sending data at time ¢
€T . =
sending 0, otherwise
‘ 1, if station s, is receiving data at time ¢
xT P =
recetving 0, otherwise
' 1, if station s, is idle listening at time ¢
xid]eﬁlistening = 0 Otherwise
?
A ‘ ‘ %)
by, — (ab' Nal') <0, Vg, sy €S,
Vsy € N(sz), i € CH, where
1, if sender s is sending data to receiver s,
b;zy = on channel ¢; at time ¢ 6)
0, otherwise
b;zy + 5;2 <1, Vsg,s€8,
Vsy € N(sz),i € CH, where
: i A ot
17 lf Z (a’zz A Zreceiving)
Vs, €N (55)—sy
ti t,i t
61;?! - + Z awl A wsending) >1 ™

VswEN(8y)—5a
0, otherwise.

The objective of designing an efficient multichannel MAC
protocol is depicted in (3), i.e., to maximize the overall band-
width utilization for improving network throughput.

Because we assume that the station is equipped with a single
half-duplex antenna, (4) constrains that each station can only
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Fig. 1. Proposed staggered channel model.

stay on one of the m channels at any given time point t.
Expression (5) further constrains that each station can only be
sending, receiving, or idle listening at any given time point ¢.

Expression (6) identifies the rendezvous constraint wherein
the transmission pair must stay on the same channel at the
same time. Constraint (7) aims to avoid data collision; the
value of 6;’72 is either O or 1, representing whether the stations
neighboring to the sender s, and receiver s, are kept silent or
not on channel ¢; at time ¢, respectively. That is, if the sender
sz is sending data to receiver s, on channel c; at time ¢ (i.e.,
b;’y = 1), the stations neighboring s, and s, must be idle. The
subsequent section presents the proposed SMC-MAC protocol
and aims to achieve the objective stated as (3) while satisfying
constraints (4)—(7).

IV. PROPOSED STAGGERED CHANNEL
MODEL AND FRAME STRUCTURE

This section presents the staggered channel model and frame
structure applied for overcoming the rendezvous problem in the
proposed SMC-MAC protocol.

A. Staggered Channel Model

Each channel is divided into several equal-length beacon
intervals, each consisting of a control period and a data period.

As shown in Fig. 1, the staggered channel model arranges
control periods at different channels such that the periods do not
overlap; the end of the control period in the ith channel is the
beginning of the control period in the (¢ + 1)th channel. Such
nonoverlapping allows the sender to participate in any control
period for exchanging control packets with its receiver.

Let t“F and tPT denote the time durations of the control and
data periods, respectively. Equation (8) represents the relation-
ship between t°P and tPP, where k > m — 1

tPP = | x ¢CF. (8)

This study assumes that each station s has a common built-in
channel mapping function f that determines its home channel
s.home. Equation (9) derives the home channel of station s,
where s.address represents the MAC address of station s as well
as « and [ represent two arbitrary parameters

s.home = [(s.address x a+ 3)%m] + 1. )

Let home stations H' = {s{,s},..., s/} of channel ¢;
represent the set of stations whose home channel is ¢;, and | H*|

denotes the number of home stations in channel c;.
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Fig. 2. Frame structure of the SMC-MAC.

B. Frame Structure

The frame structure of the proposed SMC-MAC is illustrated
in Fig. 2. The control period is further divided into the receiver
declaration window (RDW) and negotiation window (NW). In
addition, the NW and data period are divided into % slots,
called negotiation slots and data slots, respectively. The RDW
is primarily used by home stations to announce their scheduling
established before the beacon interval, which is composed of a
control period and a data period. The scheduling information
ensures that potential senders are aware of the available slots of
the receiver. The control period provides opportunities for the
sender and receiver to rendezvous and negotiate for reserving a
data slot. In the control period, all potential senders compete for
a negotiation slot for reserving a data slot with their receivers.
During the data period, the sender and receiver exchange data
only in the reserved data slot.

The subsequent section presents the proposed SMC-MAC
developed on the basis of the aforementioned staggered channel
model and frame structure.

V. PROPOSED SMC-MAC PROTOCOL

Because SMC-MAC operates in a multichannel environment,
the rendezvous problem must be overcome. In this section, the
rendezvous policies are introduced, and the detailed design of
the proposed SMC-MAC is presented.

A. Rendezvous Mechanism

To overcome the rendezvous problem, we present two rules:
home rule and rendezvous rule. The home rule constrains a
home station to stay on its home channel during the control pe-
riod, thereby enabling rendezvous opportunities for the senders.
For simplicity, let s, and s/, represent the station  (sender) and
station y (receiver), whose home channels are c; and c;, respec-
tively.

Home Rule: Each station sg/ must stay on its home channel
¢; during the control period of every beacon interval. |

The rendezvous rule helps senders switch to the receiver’s
home channel for reserving the data slot.

Rendezvous Rule: 1If station s intends to transmit data to
station s%, it must switch to and participate in the control period
of channel ¢;. u

By applying the home rule, each station stays on its home chan-
nel during the control period of every beacon interval. The
sender s’ can replace the MAC address of sJ, with that obtained
using the channel mapping function given by (9) to derive the
home channel of receiver sJy'. Next, the sender s; switches to
channel c¢; and rendezvous the receiver sg} Subsequently, sta-
tions s¢, and sJy' negotiate during the NW for reserving a data slot.

The main contributions of the rendezvous policies in the
proposed SMC-MAC are as follows. 1) Because all stations



2448

are distributed on all channels by the home channel’s map-
ping function, the control overheads can be distributed over
all channels. Therefore, the control period congestion prob-
lem is considerably improved. 2) Control and data packet
transmissions are concurrently operated on different channels.
Therefore, each channel is fully utilized with no idling at any
given time, thus eliminating the control period idle problem.
The proposed rendezvous policies thus substantially improve
spectrum utilization and network throughput.

B. SMC-MAC Design

This section details the design of the proposed SMC-MAC.
The frame structure of the proposed SMC-MAC is illustrated in
Fig. 2. The control period is mainly designed for the transmis-
sion pairs to reserve a slot for data exchange. As stated earlier,
the control period is divided into the RDW and NW. The RDW,
NW, and data period utilization is elaborated herein.

Let t%“F and t*PP represent a control period and the sub-
sequent data period on channel ¢;, respectively. In addition, let
tHCP(RDW) and #6.CP(NW) denote the RDW and NW of ¢4€F,
respectively. Let tijP(NW) and ¢:;PF denote the uth negotiation
and data slots of channel c¢;, respectively.

The following sections detail the RDW, NW, and data period
designs.

1) RDW: The RDW is mainly designed for home stations to
broadcast their scheduling information, ensuring that potential
senders are aware of the available slots.

When station sjy intends to send data to s, it must stay on
channel ¢, during ¢2°F, which implies that station sJ cannot
receive data on channel c¢; during t¢°CF . If a sender intends to
request station sJy' for a reservation of the uth data slot t{;DP,
which is the same time as duration ¢t%°F, a scheduling collision
occurs at station sé. To prevent such collisions, station s@ must
announce its unavailable data slots by broadcasting its receiver
declaration packet (RDP) during ¢/ CP(RDW)

The RDP of station sjy is denoted as RDP%; it contains the ID
and the home station bitmap Bj, of station s].

Home Station Bitmap Bj: The home station bitmap Bj of
station sJy' is a vector of k binary entries. The value of the uth
entry Bg [u] is either 1 or 0, representing whether the uth data
slot tJ:PF of station sé is available or unavailable, respectively.
That is

1, iftJ;PPof sJ is available

Biu] =
ol 0, otherwise

. 1<u<k. (10

[ |

If BJ [u] is 0, station s/, leaves its home channel ¢; at the uth
data slot tJ:PF; thus, the uth data slot is unavailable for further
reservation. Conversely, if Bg [u] is 1, sé will stay on its home
channel c¢; during the uth data slot t{;DP, i.e., the uth slot of
station sgl is available for reservation.

For example, assume that station s;‘; has negotiated with
other stations at time slots ¢5 and ¢7 on channels ¢o and c3
during t>°F and t>CF (i.e., t, and t3), respectively, as shown
in Fig. 3. Station s* announces that the first and third data

y
slots t‘ll’Dp and tg’Dp (i.e., t5 and t7) are unavailable because
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Fig. 3. Illustration of RDP.

it must stay on channels co and c3 during t‘ll’DP and tg’DP
(i.e., t5 and t7), respectively. Therefore, B,[1] and B, (3] are
set as 0. Consequently, the bitmap announced by station 33 is
B;‘ ={0,1,0,1,1}.

2) NW: In the NW, sender s}, must compete for a transmis-
sion opportunity for reserving one data slot with its receiver s7.
According to the received RDP, and its available slots, sender
s}, selects an available data slot, e.g., t{;DP, common between

sender s; and receiver sgl Therefore, the sender competes for a

transmission opportunity at the uth negotiation slot tfjcp(Nw)

for reserving the corresponding uth data slot ;P

a) Data structure of sender station bitmap R.: To cal-
culate the available data slots common between the sender and
the receiver, the sender must maintain a bitmap representing
its available data slots. The data structure of the sender station
bitmap R, which maintains the available data slots of sender
st is described herein.

Sender Station Bitmap R’.: The sender station bitmap R’ of
station s’ is a vector of k binary entries. The value of the uth
entry R:[u] is either 1 or 0, representing whether the uth data
slot t>PP of station s’ is available or unavailable. That is

1, iftiPP of s¢ is available

Rifu] =
=[] 0, otherwise

Jl<u<k (11

|

For example, assume that station s! intends to send data to
receiver 53, as shown in Fig. 3. Assume that station s; has
negotiated with other stations for data exchange at time slots
t3 and t5. The sender station bitmap R’ maintained by station
sl indicates that the data slots té’Dp and ti’DP (i.e., t3 and t5)
are unavailable. That is, R1[2] and RL[4] are 0. In the sender
station bitmap R, 1 and O represent whether the station s!
is available or unavailable, respectively. In addition, because

station s; intends to send data to the receiver 5;4/, it must stay on

channel c4 during té’DP (i.e., t4) to contend for a transmission
opportunity. Therefore, R1[3] is set as 0, and the sender station
bitmap maintained by station sl is R = {1,0,0,0,1}.

On receiving the home station bitmap Bi announced by
receiver si,
receiver si. To select an appropriate negotiation slot, sender s,
compares its sender station bitmap R’ with the received home
station bitmap Bi by using a bitwise logical AND operation
(discussed later) for identifying the available data slots common

between sender s, and receiver sJ.

sender s’ is aware of the available slots of the
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However, the time slots indicated in the sender station bitmap
R and home station bitmap Bg are asynchronous. For ex-
ample, as shown in Fig. 3, time slot ti’DP represents time to,
but t‘ll’DP represents t5 because the proposed staggered channel
model arranges nonoverlapping control periods at different
channels; the end of the control period in the ith channel is
the beginning of the control period in the (i 4+ 1)th channel.
Therefore, the uth data slots of ¢%PF and /:°F are asynchro-
nous. Therefore, the sender s!, must first adjust its sender station
bitmap R by using bitmap synchronize operations (discussed
later).

The following sections first introduce the bitmap synchronize
operations used by sender s’ to synchronize R’ and Bi.
Subsequently, the bitwise logical AND operation is applied to
identify the available data slots common between the sender
and receiver.

b) Bitmap synchronize operations: Let A; ; denote the
slot offset between channels c; and ¢;; it ; can be obtained using
(12), where (k + 1) is the number of slots in a beacon interval

Aij=0G—9)%Kk+1). (12)

The bitmap synchronize operations are composed of bitmap
shift and bitmap modify operations. The bitmap shift operation
is introduced in the following.

Bitmap Shift Operation LShift(R., A; ;): The bitmap shift
operation LShift(R:, A; ;) shifts R left by A;; bits, and
zeroes replace the discarded bits; the result of LShift(R%, A; ;)
is denoted as R’

. JA<u<k. (13)
0, otherwise

R u]= {Ri [utAij], if1<u<(k=Ai;)
[

Subsequently, the sender s, must modify certain specific bits
by using bitmap modify operations. According to the home
rule, sender s’ must stay on its home channel ¢; during the

control period t%CP which is identical to the duration ti,’Pﬁ 41
2]
DP

in time domain. Thus, the data slot ti’_ A, 41 is unavailable for
i,

sender s’, for further reservation. Therefore, Ri [k — A, j + 1]
is 0. In addition, because the data slots in the next beacon
interval in the home channel ¢; of sender s; are available, the
slots with duration 5P, where (k — A;;j+2) <u <k, are
available for sender s’ for further reservation. Therefore,
R%3[u), where (k — A; j +2) < u < k, is 1. The bitmap mod-
ify operation is defined in the following. _

Bitmap Modify Operation Modify(R%7, A; j): Replace
Rk — Ay ; +1] with 0 and RE7[u] with 1, where (k —
AIL'J‘ + 2) <u< k. That is

ﬁ;;j[u]_{o, ifu=(k— Ay +1)

. , 1 <u<k.
1, 1f(k—Azj+2)§U§k

(14)

[
Consequently, the synchronized bitmap R%7, which main-

tains the available data slots of sender si, is obtained using

R = Modify (LShift (RL, A ;) , A j) - (15)
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Fig. 4. Illustration of bitmap synchronize operations.

For example, assume that station s! intends to send data
to the receiver 53, as shown in Fig. 4, and assume that the
sender station bitmap R}C is {1, 0, 0, 0, 1}. By using (12),
slot offset A 4 is obtained as 3. To synchronize R. with B;,

sender s! applies the bitmap shift operation LShift(R}, Aq 4)
and obtains E;A ={0,1,0,0,0}. Thus, the time slots indicated
by Ei"l[l] and Bj[1] are both at t5. Subsequently, sender
s1 modifies certain specific bits by using the bitmap modify
operation Modify(RL4, A, 4). Consequently, sender s! obtains
R4 =1{0,1,0,1,1} and R:*[3] = 0 because the sender s
must stay on its home channel ¢; during the control period ¢t
(i.e., time t7). Thus, data slot té’DP is unavailable for sender
sL for further reservation. In addition, R%4[4] and RL4[5] are
updated to 1 because the data slots in the subsequent beacon
interval are available. Therefore, data slots ti’DP and tg’Dp (i.e.,
ts and tg) are available for sender sglc.
¢) Bitwise logical AND operation: To reserve an appro-
priate data slot for data transmission, sender s; executes the
bitwise logical AND operation in the next step to identify the
available data slots common between sender s’, and receiver sé.
The bitwise logical AND operation is defined in the following.
Bitwise Logical AND Operation: The binary operator of
two bitmap vectors R%’ and B, denoted by AND(RZ/, B),
is defined by executing the logical AND operation on the
corresponding bits of vectors R%7 and Bj. The resultant vector

by applying AND(]?EQJ, Bé) can be obtained by

o . 1, if Rbi[u]=Biu]=1
AND (Riv¥[u), Bi[u])= ? b 1<u<k.
( #lul y[u]) {0, otherwise ==
(16)
|

Let notation A;Jy denote the set of the common available
data slots between sender s, and receiver sJ. That is

Al = {u|AND (R;‘;i[u],Bg[u]) —11<u< k} . an

1

For example, as shown in Fig. 5, assume that station s

intends to send data to receiver 53 and that bitmaps E}CA
and B‘y1 are {0, 1, 0, 1, 1} and {0, 1, 1, 0, 1}, respectively.
AND(]?E;A, B;) yields {0, 1, 0, 0, 1}. Thus, the set of available
data slots common between sender s and receiver 53 is A;fé =
{2,5}, indicating that the sender s can exchange data with the

. 4,DP 4,DP
receiver 53 atty” andt; .
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Fig. 5. Illustration of the bitwise logical AND operation.

A ={2.5}

The sender s;, calculates set A37

(RDW)

on receiving bitmap Bj

from receiver si during ¢7CF and subsequently selects

the uth negotiation slot tijP(NW), where u € A;Jy for reserv-

ing the uth data slot #/"PP. During 5 CP(NW) *ender s’ and
receiver sg/ should exchange RTS/CTS packets for reserving
the uth data slot t7:PF. If the result of applying the bitwise
logical AND operation is A;Jy = null, it indicates that no proper
data slot exists for data transmission in the current beacon
interval. In this situation, the sender must stay silent during the
remaining control period and attempt to reserve a data slot with
the receiver in the next beacon interval.

3) Data Period Design: During the data period, each trans-
mission pair can exchange data only in the reserved data slot.
The reservation-based approach adapted in the proposed SMC-
MAC for allocating data slots avoids packet collisions. There-
fore, the RT'S/CTS handshake is unnecessary before data packet
transmission in the reserved data slot, thereby considerably
reducing the control overheads and improving throughput.

VI. PERFORMANCE ANALYSIS

This section analyzes the spectrum usage performance of the
proposed SMC-MAC and an existing SPB scheme [4] during a
specific time period £. Assume that there are m channels and
that the time durations of the control periods in the SMC-MAC
and SPB approaches are identical. For simplicity, we define the
pair as a sender—receiver pair. The proposed home-based policy
efficiently improves the control period congestion problem and
hence the spectrum usage.

Fig. 6 illustrates the scenarios considered in this analysis.
Fig. 6(a) illustrates the SPB scenario. Assume that channel c;
is the default channel, that all stations must switch to channel
c1 during each control period, and that there is only one control
period within the given time period &. Fig. 6(b) presents the
proposed SMC-MAC scenario. Assume that there are g control
periods distributed over ¢ different channels within the given
time period £, where ¢ < n.

Let ¢, denote the time required for a pair to complete control
packet exchanges without interference or collision. Let k& denote
the maximal number of slots for successfully exchanging con-
trol packets during each control period, which is given by

CP

p
Consider n transmission pairs intending to exchange control
packets during &, which consists of &k slots. From [18], the
number of sender-receiver combinations of n transmission
pairs is equal to the number of available integer solutions that
satisfy the equation z;+xo+---+x=n, where z; >0 and
1<i<k. That is, the number of combinations is C(k+n—

(18)
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Fig. 6. Performance analysis scenarios. (a) SPB. (b) SMC-MAC.

1,n). Let Px(n,i) denote the probability that i pairs from the
n pairs successfully exchange control packets on a channel
during a control period containing % slots. Theorem 1 calculates
P k (n, Z) .

Theorem 1: Py (n,1) is evaluated using

N (p1 X p2) .
Pk(n’z)_—C(k—f—n—l,n)’ where (19)
P1 :C(k},Z), and (20)
k—i
k—1
()
~ J

<

y C((k—i—j)—i—.(n—i—Z((c—i‘—j))—1))

n—1i—2k—i—j)

—i .

- <C<k_. 1) x C< -k _1,>>. @1

: j n—2k+i+2j

7—0

|
Proof: In Theorem 1, p; represents the number of com-
binations satisfying ¢ pairs that successfully exchange control
packets in ¢ of k slots, as shown in (20). This is because only
one pair uses a slot to exchange control packets. ps describes
the number of combinations for the remaining k—1 slots in
which 1) no pair competes for the slot or 2) two or more
pairs compete for the slot. Consider the case wherein no pair
competes for using j slots of the k—i slots. The number of
combinations in this case is C(k—1, j), which is the first term
in (21). This case also indicates that more than one of n—1¢
pairs may compete for each of the remaining k—¢—j slots.
According to [18], the number of combinations of which each
of the k—i—j slots is used by more than one pair out of n—:
pairs is equivalent to the available integer solutions that satisfy
the equation @ +5 + - -+ + x)_,; ; =n—i, where z;, >2 and
1<u<k—i—j. Consequently, the number of combinations is
C(n—k+j—1,n—2k+i+2j), which is the second term in
(21). Because j ranges from 0 to k—1, (21) depicts the number
of combinations of ps. Consequently, Py (n,¢) can be obtained
by evaluating p; and po, as shown in (19). |
To accurately estimate the probability depicted in Theorem 1,
the random backoff mechanism is considered in the following
analysis. Let Ry(n, i) denote the probability of i pairs out of
n pairs successfully exchanging control packets on a channel
through the random backoff mechanism during a control period

containing k slots. Theorem 2 calculates the probability of
Rk (n, Z)
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Theorem 2: Ry(n, 1) is evaluated using

Ry (n,i) = Z (Pe(n,a) X Pi_o(n — a,i —a)).
a=0

(22)

[

Proof: Expression (22) reveals that Ry (n,) is derived

by summing all chances of obtaining Pj(n, ). Consider the
case in which each chance competes for using ¢ of the k slots
through the random backoff mechanism. Py (n,«) describes
the probability of o out of n pairs successfully exchanging
control packets during the control period containing k slots.
Similarly, the probability of i — o out of n — «a pairs competing
to exchange control packets in the remaining k — « slots is
derived using Py (n — a, i — ). Pr(n,a) and Py_,(n —
a, i — ) represent the probabilities obtained in the carrier
sense multiple access and random backoff mechanisms for
each chance to determine Py (n, ), respectively. Consequently,
Ry (n, ) is derived using Py (n, ) and Py_o(n — «, i — ) for
each 0 < a < 4, as shown in (22). |

With these theorems and assumptions, the spectrum usage
performances of the proposed SMC-MAC and the existing SPB
scheme [4] are estimated on m channels for the given time
period &.

For any channel with k slots during &, let b? (n, i) denote the
probability of i out of n pairs successfully exchanging control
packets on m channels by using scheme A, where scheme A
is either an SPB or an SMC-MAC. Because only one control
period is present during &, b"P(n, i) is evaluated using (23),
where 0 < i <k

b2"B(n,i) = Ri(n,1). (23)

For A = SMC-MAC, assume that n transmission pairs are
equally distributed over ¢ channels. In other words, [n/q] pairs
intend to exchange control packets on each channel during &.
Let o represent [n/q]. Similar to (23), bgMc(a, 1) is calculated
using (24), where 0 < < k

bMC(0,i) = Ri(0,1). (24)

Let EZ. . denote the expected number of pairs that success-
fully exchange control packets by using A during £. A high

EZ2 . indicates high spectrum usage. ESFP is given by

k
ESRP(n) =) (i x 0P (n,4)) - (25)
=0

(2

ESMC

suc

Similarly, (26) estimates the
trol periods are present during &

considering that g con-

k
ESMC(n) = ¢ x (Z (i x bMC(o, i))). (26)

=0

Recall that t“F and tPF denote the time durations required
for a pair to complete control and data packet exchanges,
respectively. Zspp and Zgnic denote the spectrum usage of the
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Fig. 7. Analysis of the performance improvement I(n) of SMC-MAC com-
pared with the SPB approach.

SPB and SMC-MAC approaches during &, respectively, and are
calculated using (27) and (28), respectively

[ESPB(n) % (tCP + tDP)}

Zspp(n) = —¢ <9 27)
[ESNC(n) x (t9F +PP)]
Zsmc(n) = mx ) (28)

Let I(n), derived using (29), denote the ratio of Zgyc(n) to
Zspp(n).Givenn > 0, I(n) > 1 indicates that SMC-MAC has
higher spectrum usage than does the SPB approach

 Zewe(n) ESMO () - qx <§jo (ingMc(a,i)»

ZspB(n) ESSSEB(H) LIV .
}SPB
;:o (zx £ (n,z))
(29)

I(n)

Fig. 7 depicts the network throughput improvement I(n) of
SMC-MAC compared with the SPB approach by using k£ = 6.
The parameters n and ¢ vary and range from 1 to 60 and 1
to 6, respectively. This figure reveals that SMC-MAC substan-
tially outperforms the SPB approach in spectrum utilization
when the communication pairs are equally distributed over
the channels. Two reasons explain these results. First, SMC-
MAC includes more control periods than the SPB approach
does, providing more opportunities for control packet exchange
on the channels. Second, SMC-MAC equally distributes the
communication pairs over the channels, reducing the collision
rate. Hence, SMC-MAC exhibits a higher expected number of
communication pairs than does the SPB approach when the
number of communication pairs or channels increases.

VII. PERFORMANCE EVALUATION

This section examines and compares the performance im-
provement of the proposed SMC-MAC with current multichan-
nel MAC protocols in terms of network throughput, control
packet collision ratio, packet delay time, packet discarding,
packet loss ratio, control overhead, and robustness. The SMC-
MAC approach is compared with MMAC [4], TMMAC [5],
WiFlex [7], CAMMAC [8], and DSP [23]. In addition, by
assuming that there is a central controller that knows complete
information about the network, including channel condition,
offered traffic, traffic arrival time, and location of each station,
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TABLE II

SIMULATION PARAMETERS
Parameter Value
Simulation Tool NS-2 version 2.35
Propagation Model Two-ray-ground, Shadowing, Nakagami
Number of Channels 3,6
Communication Pairs 10~60
Transmission Range 250 m
Transmission Rate 2 Mbps/channel
Data Packet Size 1024 bytes
Length of Beacon Interval 200 ms
Control Period Duration 20 ms
Negotiation Slot Duration 2 ms
Data Slot Duration 20 ms
Total Offered Traffic 50-1250 packets/s
Buffer Size 100 KB
Dimension of the Topography ~ 800m x 800m
Simulation Time 500 seconds
Simulation Repetitions 1500 times

the exhaustive search can be used to obtain the optimal network
performance which is treated as the benchmark and is denoted
by OPT.

A. Evaluation Environment

To simulate a realistic environment, we employ Network
Simulator (NS-2; Ver. 2.35) [14], which has been widely used
in simulating realistic and expandable networks. In addition,
we modify multichannel modules as described in [15] to incor-
porate multichannel carrier sensing. The simulation parameters
are listed in Table II. According to the MMAC analysis results
[4], the optimal performance is obtained when the data packet
size and control period duration are 1024 B and 20 ms, respec-
tively; hence, these values were adopted in the simulation. In
addition, for implementing SMC-MAC, the duration of each
data slot is equal to that of the control period. Channel switch-
ing delay is brief (80 us according to [10]) and hence ignored.

Each performance result is the average of 1500 experiments.
Here, 95% confidence interval is always smaller than 5% for all
reported values.

B. Evaluation Results

1) Network Throughput: Because path loss arises from many
factors, such as path variation, obstacles, terrain, and atmo-
spheric conditions, propagation models usually focus on path
loss realization through the auxiliary task of predicting signal
distribution over different regions. Fig. 8 presents the influence
of three propagation models—two-ray ground, shadowing, and
Nakagami—on the throughput of the proposed SMC-MAC. The
number of channels is 3, and the offered traffic is maintained at
1250 packets/s. The number of communication pairs varies from
10 to 60. As revealed in Fig. 8, network throughput decreases
in the shadowing and Nakagami propagation models, primarily
because of the variation in the received signal strength.

Because most wireless network studies use the two-ray
ground model, the channel model two-ray ground is applied
in our subsequent simulations; it considers a ground-reflected
propagation path between the transmitter and receiver in addi-
tion to the line-of-sight path.
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Fig. 8. Influence of propagation models on the network throughput of
SMC-MAC.
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Fig. 9. Average network throughputs of SMC-MAC and existing MAC
protocols.

Fig. 9illustrates the average network throughput performance
of MMAC, TMMAC, WiFlex, CAMMAC, DSP, OPT, and the
proposed SMC-MAC protocols. The number of channels is 3,
with the offered traffic varying from 50 to 1250 packets/s.
As seen in the figure, SMC-MAC obtains higher network
throughput compared with the existing protocols because the
transmission pairs applying the MMAC, TMMAC, WiFlex, and
CAMMAC approaches can exchange control packets only on
the specific channel, leading to more control packet collisions
and fewer transmission pairs successfully exchanging control
packets. On the other hand, the DSP approach achieves high
network throughput by using more than one antenna; however,
this increases the hardware cost. As shown in Fig. 9, the
proposed SMC-MAC is closer to the optimal solution (OPT),
as compared with the other five compared algorithms.

Furthermore, the ratio of the durations of control and data
periods affects the network throughput of SPB-class MAC
protocols. Let C'/ D represent the aforementioned ratio. Fig. 10
reports the influence of C'/D on average network throughput.
The number of channels is 3, with the offered traffic and C/D
varying from 50 to 1250 packets/s and 0.1 to 0.4, respectively.

As shown in Fig. 10, the proposed SMC-MAC obtains higher
network throughput than the existing protocols do. The sim-
ulation results reveal that the optimal network throughput of
SMC-MAC is obtained when C/D is 0.1, whereas MMAC,
TMMAC, and WiFlex exhibit the optimal network throughput
when C/D is 0.2. These results demonstrate that SMC-MAC
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protocols.

Control packet collision ratios of SMC-MAC and existing MAC

efficiently alleviates contention and collisions and considerably
improves network throughput.

2) Control Packet Collision Ratio: Fig. 11 compares the
control packet collision ratio of the proposed SMC-MAC with
those of the existing protocols. The number of channels is either
3 or 6, with the offered traffic varying from 50 to 1250 packets/s.
As shown in the figure, the control packet collision ratio of the
proposed SMC-MAC is the lowest in all cases. By contrast, the
control packet collision ratios of the existing protocols are less
than 25% only when the offered traffic is less than 450 packets/s;
when offered traffic exceeds 450 packets/s, the ratio dispro-
portionately increases. At a traffic of 1250 packets/s, the con-
trol packet collision ratios of the MMAC, TMMAC, WiFlex,
CAMMAC, and DSP protocols are 85.9%, 80.2%, 65.6%, 56%,
and 36.8%, respectively, whereas those of the proposed SMC-
MAC are 31.6% and 14.8% for 3 and 6 channels, respectively.
Moreover, for traffic less than 450 packets/s, the collision ratios
of the proposed SMC-MAC are less than 7.9% and 2.3% for 3
and 6 channels, respectively.

3) Packet Delay: Fig. 12 compares the average packet delay
of the proposed SMC-MAC with those of existing protocols;
the offered traffic varies from 50 to 1250 packets/s, and the
number of channels is either 3 or 6. There are two major causes
of packet delay. The first is that control overheads increase with
traffic and also lead to the packet delay. The second is that the
transmission opportunities are fixed, so heavy traffic means that
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Fig. 13. Packet discarding characteristics of SMC-MAC and existing MAC
protocols.

most packets should wait for transmission opportunities; hence,
the packet delays are increased. As shown in Fig. 12, the packet
delays of all mechanisms increase with the offered traffic.

In the MMAC, TMMAC, and WiFlex approaches, transmis-
sion pairs exchange control packets only on the specific channel
during the control period. In CAMMAC, the transmission pairs
exchange control packets only on the specific channel. This
leads to more control packet collisions during heavy traffic
loads, causing fewer transmission pairs that successfully ex-
change control packets. The SMC-MAC design can efficiently
reduce the occurrence of control packet collisions, primarily
because all communication pairs are likely to be distributed
over all channels. Thus, the network throughput can be in-
creased, and hence, the transmission delay of data packets is
substantially reduced. As shown in Fig. 12, the proposed SMC-
MAC is closer to the optimal solution (OPT) than the other
compared algorithms. As shown in Fig. 12, the proposed SMC-
MAC restricts packet delays to less than 10 s and outperforms
MMAC, TMMAC, WiFlex, CAMMAC, and DSP in all cases.

4) Packet Discarding: Fig. 13 compares the packet discard-
ing characteristics of the proposed SMC-MAC with those of
existing protocols. When the packet buffer is completely filled
with the captured packets, the station discards older packets
and stores newer packets. Packet dispersion variation affects
the number of packets discarded in MAC protocols [16], [17].
The coefficient of variation (CoV) is a normalized measure
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Fig. 14. Packet loss ratios of SMC-MAC and existing MAC protocols.

of the variability of frequency distribution. In (30), the CoV
of packet dispersion is used to estimate the degree of packet
dispersion variation. CoV is defined as the ratio of the standard
deviation o to the mean p of packets offered between stations
o
CoV = (—) x 100%. (30)
W
The mean 4 and standard deviation o of the packets can
be determined using (31) and (32), respectively, where |H"|,

qfc, and m denote the number of home stations in channel ¢;,
packets offered to station s.,, and channels, respectively

€1V

m |HY|
(z > —u)2>

S

Fig. 13 reports the influence of CoV on packet discarding.
The number of channels is either 3 or 6, and the offered
traffic is 1250 packets/s. CoV varies from 0% to 50%. As
shown in Fig. 13, the number of packets discarded in MMAC,
TMMAC, WiFlex, CAMMAC, and DSP increases with packet
dispersion variation. By contrast, SMC-MAC maintains a near-
constant value of packet discarding, even with increasing packet
dispersion variability, primarily because SMC-MAC efficiently
improves the network throughput. Consequently, SMC-MAC
efficiently alleviates packet discarding induced by buffer over-
flow. As shown in Fig. 13, the proposed SMC-MAC is closer to
the optimal solution (OPT) than the other compared algorithms.

5) Packet Loss Ratio: Fig. 14 compares the packet loss ratios
of the proposed SMC-MAC and the existing protocols. The
simulation parameters are similar to those used in Fig. 13.
Packet loss arises from a number of factors, including signal
degradation over the network medium because of multipath
fading, packet collision, buffer overflow, signal interference,
and channel congestion. Buffer overflow is not addressed in the

o= (32)
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MMAC, TMMAC, WiFlex, CAMMAC, and DSP approaches,
leading to high packet drops during heavy traffic. As shown in
Fig. 14, the packet loss ratios of MMAC, TMMAC, WiFlex,
CAMMAC, and DSP increase considerably with the increased
traffic, whereas that of SMC-MAC increases slowly, primarily
because SMC-MAC uses the home and rendezvous rules that
efficiently distribute all stations on different channels. Such
data traffic distribution alleviates contention and collision. The
proposed SMC-MAC restricts the packet loss ratio to less than
10% when traffic is less than 650 packets/s.

6) Control Overheads: Fig. 15 compares the control over-
heads of the proposed SMC-MAC and existing protocols. The
offered traffic varies from 50 to 1250 packets/s, and the number
of channels is 3. In MMAC and TMMAC, each transmis-
sion pair must exchange ATIM/ATIM-ACK/ATIM-RES control
packets on a specific channel during the control period. For the
MMAC approach, RTS/CTS handshakes are mandatory before
data exchange during the data period, leading to high control
overheads. In the WiFlex, CAMMAC, DSP, and SMC-MAC
approaches, each transmission pair only requires an RTS/CTS
handshake before data exchange.

As shown in Fig. 15, the control overheads of MMAC and
TMMAC increase substantially with traffic, whereas those of
WiFlex, CAMMAC, DSP, and SMC-MAC increase slowly.
Although SMC-MAC has additional RDP control packets, the
RDP packets ensure that potential senders are aware of the
available slots of home stations. SMC-MAC restricts the con-
trol overheads to less than 11.5% and outperforms the other
protocols in all cases, primarily because SMC-MAC distrib-
utes home stations over all channels, efficiently preventing
RTS/CTS control packet collisions. The SMC-MAC design
reduces the number of retransmissions of control packets, thus
substantially lowering the control overheads.

VIII. CONCLUSION

This paper has presented an efficient SMC-MAC that ap-
plies a staggered channel model and exploits multichannel
bandwidth resources. Control and data packet transmissions
are operated concurrently on different channels. In addition,
the proposed home and rendezvous rules efficiently distribute
all stations, and thus the control overheads, on different chan-
nels, alleviating contention and collision and further improving
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network throughput. Performance results reveal that the pro-
posed SMC-MAC outperforms existing multichannel MAC
protocols in the network throughput, control packet collision
ratio, packet delay time, packet discarding, packet loss ratio,
control overhead, and robustness.
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