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STB-MAC: Staggered Multichannel Traffic Balanced
MAC Protocol in Wireless Networks
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Abstract—Multichannel medium-access-control (MAC) proto-
cols have attracted much attention because they possess the ability
to boost the capacity of wireless networks. In the literature, a stag-
gered channel model has been proposed to handle the rendezvous
problem and improve the bandwidth usage. However, it might
cause a channel traffic unbalance (CTU) problem in which certain
channels are busy whereas others are idle. It is a great challenge
to balance the traffic of each channel because each station finds
it difficult to manage the incoming slots in a distributed manner.
To cope with the CTU problem, a novel MAC protocol the stag-
gered multichannel traffic-balanced MAC (STB-MAC) protocol,
is proposed, which applies the staggered channel model that mi-
grates traffic from busy channels to idle channels. Performance
evaluation reveals that the proposed STB-MAC achieves superior
performance in network throughput and packet delay.

Index Terms—Ad hoc networks, channel traffic unbalance
(CTU) problem, multichannel medium-access-control (MAC) pro-
tocol, staggered multichannel traffic-balanced protocol.

I. INTRODUCTION

ULTICHANNEL medium-access-control (MAC) pro-

tocols have received considerable interest from re-
searchers in recent years. When a multichannel MAC protocol
is applied, stations can exploit frequency diversity to improve
the network throughputs and to reduce the transmission latency.
However, the main challenge of developing a multichannel
MAC protocol is achieving coordination among stations that
possibly operate on different channels. The existing studies
can be classified into three approaches: 1) dedicated-control-
channel-based (DCCB), 2) hopping-based (HB), and 3) split-
phase-based (SB).

The DCCB approaches [1]-[5] divide the frequency into a
narrow channel and a group of equal-width channels, which
are called the control channel and the data channel, respec-
tively. The sender and the receiver exchange control packets
via the control channel to reserve the slot of the data channel
for exchanging data packets. The DCCB approaches use a
common control channel to provide stations with rendezvous
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opportunities. However, the channel usage information is not
easy to maintain because each station is only equipped with
a single antenna. When a station switches to the data channel
for data exchange, it cannot further maintain the channel usage
information, which can be only obtained by listening to the
control channel. As a result, a multichannel hidden terminal
problem might occur. To solve the multichannel hidden ter-
minal problem, the stations are equipped with more antennas.
One antenna remains on the control channel and maintains the
channel usage information, whereas the other antennas are used
for data exchange on the data channels. However, using two or
more antennas increases the hardware cost.

In HB approaches [6]—-[8], each station frequently switches
its channel according to its own channel hopping sequences.
When two stations meet on the same channel, they are able
to exchange and maintain the information of their hopping se-
quences. Afterward, if a sender intends to exchange data with a
receiver, it switches to the receiver’s hopping channel. When the
sender and receiver meet on the same channel, they conflict with
one another in their efforts to obtain a transmission opportunity
for data exchange. The advantage of the HB approaches is that
they cope with the rendezvous problem. Nevertheless, several
occurrences of channel hopping considerably increase the delay
and cause redundant energy consumption.

In SB approaches [9]-[14], each node is equipped with a
single transceiver. The time of each channel is divided into
many beacon intervals, and all channels are synchronized. Each
beacon interval consists of an ad hoc traffic indication message
(ATIM) window and a data window. In the ATIM window,
all stations switch to a predefined channel for rendezvous.
During this period, the senders struggle to obtain a transmission
opportunity to negotiate with its receiver for reserving available
data slots. In the data window, stations exchange packets on
the reserved channels. However, substantial contentions and
collisions may occur because all transmission pairs compete to
exchange control packets in the ATIM window in a predefined
channel. Moreover, the bandwidth usage must be still improved
because all channels, except the predefined channel, are idle in
the ATIM window.

To solve the aforementioned problems, a staggered channel
model has been proposed in [15] to arrange the nonoverlapped
ATIM windows among multichannel channels. Each ATIM
window is shifted to the right of the previous channel’s ATIM
window and arranged in a staggered manner. The staggered
channel model can improve the bandwidth usage. However, it
still suffers from the channel traffic unbalance (CTU) problem.
If the most popular receivers are assigned to the same home
channel, that channel will be busy, but the other channels will

0018-9545 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



1780

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 63, NO. 4, MAY 2014

n, | ATIM | | | | | | ativ |
® © ©=2® ®
hy | [ [ [ ATIM | "eed | [ [ I
2@
| | | l l | arim | |
© Time

| ATIM windows I | DATA windows |

Fig. 1. Example that applies the staggered channel model.

be idle. This occurs because all transmission pairs compete to
reserve a few data slots on the same channel.

To cope with the CTU problem, a novel multichannel MAC
protocol the staggered multichannel traffic-balanced MAC
(STB-MAC) protocol, is proposed, which employs the stag-
gered channel model [15]. The proposed STB-MAC inherits
all the benefits of the staggered channel model, including the
improvements in channel usage and the competing control
packets, and resolves the CTU problem that occurs in the
staggered channel model. The main purpose of the proposed
STB-MAC is to migrate the traffic from busy to idle channels.
The traffic migrations can help reduce the average transmission
latencies of the busy channels and increase the usage of idle
channels. Therefore, the network throughputs and transmission
latency can be considerably improved.

The remainder of this paper is organized as follows.
Section II introduces the applied staggered channel model.
Section IIT describes the system model and problem formula-
tion of this paper. The proposed STB-MAC protocol and its
performance evaluation are presented in Sections IV and V,
respectively. Finally, Section VI concludes this paper.

II. STAGGERED CHANNEL MODEL

Assume that m nonoverlapped channels C' = {hq, ho,...,
h.m } exist. The timeline of each channel is divided into several
beacon intervals, and each interval consists of an ATIM window
and a data window. The ATIM window is mainly used for
stations to compete in obtaining a transmission opportunity for
exchanging control messages, thereby reserving a data slot
for data exchange. The data window consists of several data
slots that can be reserved by stations for data exchange. The
lengths of a data slot and an ATIM window are identical. Each
ATIM window is shifted p data slots, i.e., p > 2, to the end
of the previous channel’s ATIM window and arranged in a
staggered manner. Therefore, the ATIM windows of different
channels do not overlap.

Each station is equipped with a single half-duplex
transceiver, which allows for either sending or receiving data
simultaneously. In addition, each station owns a unique MAC
address. The concept of the home channel [15] is applied
herein. Each station s; has the common built-in channel map-
ping function f(-), which determines its home channel. Expres-
sion (1) gives the derivation of the home channel of station
si, where s;_MAC.Address represents the MAC address of s;.
Through the exchange of beacons, each station knows the MAC

addresses; thus, the home channels of its neighboring stations
are as follows:

s;.home = f(s,_MAC.Address, m). (1

All stations that treat channel hj, as a home channel are called
home stations of channel h;. To cope with the rendezvous
problem, each home station s; participates in the whole ATIM
window of its home channel s;.home. In the ATIM window,
station s; can exchange control packets with potential sender
s, which must switch to channel s;.home at the beginning of
the ATIM window. Once the transmission pair of stations s; and
s; obtains the transmission opportunity, they exchange control
packets in an effort to reserve one data slot for further data
exchange in channel s;.home.

In general, all stations are equally distributed to different
channels. To cope with the rendezvous problem, each station
has to remain on its home channel in the ATIM window of
its home channel. A sender switches to the receiver’s home
channel at the start of the ATIM window and negotiates with
its receiver so that a rendezvous between the two can take
place. The negotiation between the sender and the receiver
mainly tries to reserve a data slot in the data window. After the
exchange in the ATIM window, the transmission pair exchanges
packets in the reserved data slot. The staggered channel model
distributes stations to different home channels. Because the
ATIM window of different channels are not overlapped, certain
stations exchange control packets in ATIM windows of one par-
ticular channel, whereas other stations exchange data packets
in data windows of all the other channels simultaneously. Com-
pared with the DCCB and SB channel models, the staggered
channel model can reduce the phenomenon of contentions in
the ATIM window and improve the channel usage.

Fig. 1 provides an example to illustrate the staggered channel
model. Let channels hi, ho, and hs be the home channels
of stations A, B, and C, respectively. Assume that station C'
intends to send packets to station B. At the start of the ATIM
window on hs, station C' must switch to B’s home channel hs to
negotiate with station B. Meanwhile, station B listens to /5. By
contrast, station A possesses no packet to exchange with station
B, does not switch to hs, and turns off its transceiver for energy
conservation. After negotiating in the ATIM window, stations B
and C reserve the first incoming data slot of channel h5 for data
exchange, and the other stations change the first incoming data
slot to a reserved status, as shown in Fig. 1.

The staggered channel model that uses the channel mapping
function aims to assign an equal number of stations to each
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channel. However, if the most popular receivers are assigned
to the same home channel, that channel will be busy. This
situation leads to two severe problems. First, all transmission
pairs compete to reserve a few data slots on the same channel,
whereas other channels are idle. Second, all senders compete
for transmission opportunities in the same ATIM window,
leading to contention among senders. Based on the staggered
channel model, this paper attempts to solve the CTU problem
by proposing a MAC protocol to migrate the traffic loads of
busy channels to the idle channels.

III. SYSTEM MODEL AND PROBLEM FORMULATION
A. Motivation

Although the staggered channel model considerably im-
proves channel usage, it might cause CTU problems. Consider
time interval 7T'. Let r;, denote the number of data exchanges
requested during time interval 7" on channel hy. Let a; denote
the available data slots during time interval 7" on channel hy.
Channel hy is said to be busy during time interval T if r;, > ay
and is said to be idle if r;, < aj. The CTU problem occurs if
busy and if idle channels exist during a given time interval 7.

Two major events cause the CTU problem. First, the channel
mapping function unevenly maps the stations to multiple chan-
nels. As a result, certain channels that are assigned few stations
will be idle, whereas the other channels that are assigned many
stations will be busy, thus causing the CTU problem. Another
reason is the problem of unbalanced traffic. Although each
channel has been assigned the same number of stations, some
channels may have light traffic loads because no sender intends
to exchange data with the stations on that channel. Conse-
quently, these channels will be idle; thus, the CTU problem
occurs. Stations on the busy channels increase the average
transmission delay, whereas the bandwidth resources of idle
channels are wasted. Therefore, the traffic loads must be dis-
persed into idle channels as soon as the CTU problem occurs.

B. System Model

For clarity, the following provides assumptions under which
the proposed multichannel MAC protocol operates. This paper
considers n stations s; in ad hoc networks, where i denotes
the station ID from 1 to n. In this paper, it is assumed that
all stations are synchronized. To achieve synchronization, all
stations apply the multichannel synchronization mechanism
[18] while they simultaneously exchange their MAC addresses.
The synchronization mechanism is considered an essential as-
pect of the design of a working implement and thus paves the
way for efficient multichannel MAC protocols. Each station is
equipped with only a half-duplex transceiver; thus, no station
can send and receive data simultaneously. The transceiver is
able to switch among multiple channels on demand. Each sta-
tion listens to and is thus aware of the activities of neighboring
stations.

The applied channel model is described as follows. The
frequency band is divided into m nonoverlapped channels
possessing equal bandwidth. Let hy, represent the kth channel,
where k£ denotes the channel ID from 1 to m. Each station
s; applies the predefined channel mapping function f(-) to
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Fig. 2. Frame structure of STB-MAC.

identify its home channel, which is denoted by s;.home. The
notation s¥ represents the fact that the home channel of station
s; is hy. Let S* denote the set of all stations that treat channel
hy, as their home channel, i.e.,

S* = {si|s;.home = hy, Vk € [1,m]}.

]
The timeline of each available channel is divided into several
equal-length beacon intervals, each of which consists of a
negotiation window (NW) and a data exchange window (DW).
The DW is further divided into (p — 1) data slots, and the length
of each slot is identical to the length of the NW. In the NW,
stations that intend to exchange data with the home stations will
compete to reserve a data slot. Fig. 2 display the frame structure
of a beacon interval, which consists of one NW and (p — 1) = 6
data slots.

C. Problem Formulation and Goal

Here, we present the formulation of the investigated CTU
problem and outlines the goal of this paper. To measure the busy
degree of a given channel, a busy index of channel hj, which is
denoted by I ,]: "5Yrepresents the ratio of traffic demands to the
bandwidth resources supported by channel hj. Channel hy, is
a busy channel if T };usy > 1. This also indicates that the band-
width resource cannot satisfy the traffic demands on channel
hy. Let g; represent the number of packets generated within a
beacon interval on channel hy. Given time period T, the traffic
demands on hj, can be measured by gi x |T/p|, whereas the
bandwidth resources of channel hy are T X (p — 1)/p. The aim
of this paper is to minimize the maximal busy index, as shown
in (2).

Minimize the maximum of (I;"), where

T
I}Eusy — <g;:/EP1J> Vke[l,m] 2

P
O
Equations (3)—(6) present several constraints for achieving
the goal of this paper. Let Boolean variable 7!, ; denote whether
station s; remains on channel /i, at any given time point ¢, i.e.,

L,
7712,1' = {O

The home channel constraint requests that station s; remains
on the home channel for any time ¢ of the NW
Home Channel Constraint:

s; stays on hy, at time ¢
otherwise.

nt; = 1if s;p.home = hy, Yt € NW of hy. 3)

O
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Let tiel(lfj‘?fvouz denote the time duration that stations s; and

s; remain on the same channel hy,. Let tZ’j(C;?)“ge denote the
total time required for exchanging one data packet between
stations s; and s; on channel hy. The rendezvous constraint
asks that nodes s; and s; remain on the same channel for a
longer time than required for data exchange, as shown in (4)

Rendezvous Constraint:

rendezvouz exchange
b > o
bty 2t

“4)

]
Because each station is equipped with one transceiver,
another constraint, known as the transceiver constraint,
guarantees that station s; remains on one channel at any given
time point ¢
Transceiver Constraint:

m
Zni,i <1

k=1

vteT. &)

O
Let dz’r denote the gth data slot of the DW in the xth beacon
interval on channel hy. Let ¢Z,m,(i,j) be a Boolean variable,
which denotes that the transmission pair of s; and s; possesses
reserved channel hy, for data exchange at the data slot df . Let
notation N () denote the set of neighboring stations of station
s;. To guarantee the successful data exchange between s; and
s;, the collision-free constraint requests that all neighboring
stations of stations s; or s; not exchange data at the reserved
data slot dj.
Collision-Free Constraint:

o™ Do Phoay T Do Phawen <1

w,u' €N (i) v, eN(j)

Vi, j € [l,n], i #j; Vke€|[l,m]; VdZm eT. (6)

O

The goal of this paper is to minimize the maximal busy

index, whereas the home channel, rendezvous, transceiver, and
collision-free constraints remain satisfied.

IV. CHANNEL TRAFFIC BALANCED
MEDIUM-ACCESS-CONTROL PROTOCOL

This paper presents the STB-MAC protocol to cope with
the CTU problem, which occurs when certain channels possess
heavy traffic and other channels are idle. The proposed STB-
MAC aims to balance the traffic loads over all channels by
migrating the traffic loads from the busy channels to the idle
channels.

The following first explains the slot states and defines the
slots that are major resources to be assigned to the traffic
loads of busy channels. A detailed description of STB-MAC
is then presented. The STB-MAC protocol mainly consists of
two stages: the negotiation stage and the data exchange stage. A
detailed explanation of the negotiation and data exchange stages
is presented in Section IV-B.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 63, NO. 4, MAY 2014

A. Data Slot State

The proposed STB-MAC protocol attempts to use the data
slots that will be overdue soon but are not reserved by any
transmission pair. These slots are used to migrate traffic away
from busy channels. Let NWy, ., and DW, ., denote the NW and
the DW of the xth beacon interval on channel hy, respectively.
Recall that notation dz@ denotes the gth data slot of DWy, .
Each data slot dzw has a state, which is denoted by dzw.state,
that has four possible values, including “available,” “reserved,”
“idle,” and “urgent.” At the beginning of NW, .., the default
states of all data slots dii,x € DW,, , are “available.” In NWy, ,,
available data slot di _ can be reserved by any transmission
pair of s; and s;, where receiver s; treats channel hy as its
home channel. When NW,, . is terminated, DW, ,. starts, and
the states of data slots are maintained as follows. First, the state
of any data slot d}  marked as “available” is changed to “idle”
because the reservation opportunities cannot be obtained after
NW/. ... Second, the states of all the data slots that are marked
as “reserved” are not changed.

The last state, which is called the “urgent” state of data
slot dz »» 18 much more complicated. In the following, the
concepfs of an incoming NW and urgent zone based on channel
hy are first introduced. The “urgent” state of data slots is
then introduced based on the two concepts. Let the next(-)
function return the next incoming NW of NW, ... The following
equation illustrates the derivation of the next incoming NW:

ka—i-l,m
Nw(k+1)modm,z+1

next(NWy, ;) = { 111:]; i Z

By applying the staggered channel model, the NW of channel
hi4+1 follows but does not overlap with the NW of chan-
nel hy. Consequently, in case k < m, the incoming NW of
NWy, »» is NWyq ,. Otherwise, the incoming NW of NW,,, ..
is NW(erl) mod m,z+1-

To facilitate the presentation of data, let W represent the
current NW NWy, ... Let the yth incoming NW of NW,, . be
denoted by WY, which can be derived by repeatedly applying
the next(-) function y times when using NWy, . as the input.
The following derives WY for a given NWy,

WY = next(NWy, ).

Fig. 3 gives an example to illustrate the next(-) function.
Three channels, hy, ho, and hs, are considered in this example.
The NW; 2, NW3 5, and NW3 o are the NWs of Ny, ho, and
hs, respectively. Assume the current time is NW; o. Therefore,
W% = NWj 5. The next two incoming NWs can be derived by
the following:

W =next' (NW; 2) = NW, 5
W2 = nextQ(NWLQ) = NW3,2.

Next, the concept of an “urgent zone” is introduced. Let
tstart and ¢4 denote the start and end time points of W',
respectively. Let ¢; and ¢; denote a time interval from time
point ¢; to time point ¢;. An urgent zone of W, which is
denoted by notation Z,' reent yefers to the time interval [tend,

t¢14]. The following uses Fig. 3 to explain why zone [, ¢574]
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Fig. 4. Example of the concept of the urgent zone.

. .. . t .
is critical. Consider zone Z;"**"" = [t$"d,¢57d], as shown in

Fig. 3. Assume that the current time point falls into NW; 5 =
[tstart tend] The next opportunity for reserving data slots
di , € Z"*™ is the next incoming NW, which is W =
next(NW1 2). As soon as W finishes, all the opportunities for
reserving data slots d , € Z}"**"" are expired. Therefore, if the

“idle” data slot in Z}"*™" on channel h; cannot be reserved in
W1, it must be wasted. Therefore, in this paper, [t{"9, #524] of
channel h is called the “urgent zone” of W1,

To fully use the idle data slots of Z;”ge“t, transmission
pairs in T must take opportunities to reserve the data slots
in Z}' r8ent For this reason, the states of these idle slots are
changed from “idle” to “urgent.” Therefore, consider the ex-
ample in Fig. 3. After the time point 54, NW 5 has finished.
The states of idle slots df , and df , are changed to “urgent.”
Recall that notation sf denotes station s;, the home channel

for which is hy,. During W of channel % 1), home station s¥
(k+1)

j
of W will invite sng) to use the urgent slot in Z;"#"* of
channel %y This results in the traffic loads of channel /1)
dispersing to the idle channel hy.

Before inviting the receiver to fully use the idle slots, home
stations s¥ must maintain a data structure, which is denoted
by data slot map M?¥, to record the dj ,-state Vdj, . € DWy ;.
More specifically, M¥ is a vector (z1,...,2, 1) consisting
of (¢ —1) state variables z;, where z; has possible values
of “available,” “reserved,” “idle,” or “urgent.” When the time

point falls in W', s; can easily construct M¥. Let U;"*""

that intends to communicate with receiver s on the channel

, —>

Time

denote the set of all urgent slots in Z;""#"*, which is given as
follows:

U,rEet = {diyﬂdiym.state =“urgent” Vg € [t 7] } :

The home stations s¥ of channel hy, try to further migrate
the traffic loads from other channels to the urgent slots dz)m €
U8 on channel hy,.

Fig. 4 provides an example to illustrate the concept of an
urgent zone. The four channels hy, ho, hs, and hy are con-
sidered in this example. The current time is tgnd, which is at
the end time point of NW; ;. Stations s; on channel h; are
aware that W9 is the current window NW; ;. By applying
the next function, each station s; derives W', W2, and W3
as NWs 1, NW3 1, and NW, 1, respectively. Because the data
slots d},l, dil, d?’l, and dil have been reserved by certain
transmission pairs during NW ;, the states of the remaining
data slots are changed to “idle.” Based on the concept of an
urgent zone, the idle data slots {df ;,d},} and {d] ;,d},}
are in Z}"5™ and Zy ™, respectively. Because NW, ; has
already been passed, stations s; change the states of these idle
slots to “urgent.” Therefore, stations s; treat NW5 1 and NW3 4
as the last NWs that can provide reservation opportunities for
urgent slots {d{ |, d5 ,} and {d7 ,,d] ; }, respectively.

B. Design of the Negotiation and Data Exchange Stages

The following provides a detailed description of the nego-
tiation and data exchange stages in the proposed STB-MAC
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Fig. 5. Example of the negotiation and date exchange stages.

protocol. To facilitate the presentation without loss of gener-
ality, the following notations are used. Let sender s; intend to
exchange data with receiver s; in the /th beacon interval and let
their home channels be h, and h,,, respectively. Fig. 5 provides
an example to illustrate the negotiation and data exchange
stages.

1) Negotiation Stage: Following the staggered channel
model, station s; remains on its home channel h, during the
NW of h,. In NW,, ;, sender s; maintains its own data slot map
in M., which records the states of all data slots in the beacon
interval. In the NW,, ;, sender s; switches to channel h, and
competes to negotiate with receiver s; for reserving an urgent
slot on channel A, or an available slot on h, by applying the
following data slot selection approach.

In the data slot selection approach, s; sends s; an ATIM
packet that includes: 1) the receiver’s MAC address; 2) the
sender’s MAC address; 3) the size of the data packet; and 4) the
set of preferable data slots P; = U, lurgem + A, where U lurgem
denotes the urgent slots on h,, and A denotes the available
data slots on h,, as shown in Fig. 5. After receiving the
ATIM packet, s; replies to s; with an ATIM acknowledgment
(ATIM-ACK) packet containing the reserved data slot, which
is selected from set P;. To migrate the traffic loads to the idle
channel h,, s; selects an urgent slot dj ; € P; on h, prior to
selecting available slots in .4 on h,. All home stations of , in
N (s;) update their own data slot map accordingly by marking
the selected slot d‘; ; as “reserved.” This action aims to prevent
additional transmission pairs on h, from attempting to reserve
the same urgent slot of h,. After receiving the ATIM-ACK,
sender s; broadcasts the ATIM response (ATIM-RESPONSE)
to notify its neighboring stations that the urgent slot di,z has
been reserved. The neighboring stations of s; also update their
data slot maps. Therefore, the transmission pair of s; and s;
reserves an urgent slot through the three-way handshaking in
the negotiation stage. In the event that all the urgent slots
provided by s; are marked “reserved,” station s; selects one
available slot on h,, for receiving the sender’s data.

2) Data Exchange Stage: In the data exchange stage, sta-
tions s; and s; exchange data at the reserved common
data slot. In the event that the reserved slot is an “urgent
slot,” stations s; and s; switch to channel h, for data ex-
change. Similar to the IEEE 802.11 MAC standard, s; and
s; perform carrier-sense multiple access and random backoff

The Proposed STB-MAC Protocol

1 if station s; intends to exchange data with station s; then {

2 s; switches to s;’s home channel 4, at the beginning of NW,,;;
3 sisets Wé = NW,, .

4. sisets Py = U9 4 A

S. if i, is idle then { // applying 802.11 CSMA

6

7

8

9

si sends ATIM packet ;

on receiving s;’s ATIM, s; selects d ; or d;’, EP;

s; sends ATIM-ACK packet to s; ;

station s5 (neighbors to s;) changes the state of the selected
d} ord¥l in M to be “reserved” ;

10. s; sends ATIM-RESPONSE packet ;

11. station s, (neighbors to s;) updates the state of the selected
d} ordll in M to be “reserved” ;

12. }

13. else {

14. s; executes the random back-off mechanism

15. execute steps6to 11 ;

16. }

17. At the beginning of the reserved data slot, s; and s; switch to the

reserved channel 4, or stay on A, ;

18. if the reserved channel is idle then {

19. s; and s; exchange RTS/CTS/DATA/ACK packets ;

20. }

21. else {

22. s; executes the random back-off mechanism |

23. execute steps 17to 18 ;

24, }

25. }

Fig. 6. Procedure of the STB-MAC protocol.

mechanisms and exchange Request-to-Send (RTS)/Clear-to-
Send (CTS)/DATA/ACK packets to prevent the data collision
problem.

3) STB-MAC Algorithm: Stations that apply the proposed
STB-MAC can manage their operations by applying the pro-
posed STB-MAC protocol, which is shown in Fig. 6. Let
stations s; and s; be the sender and the receiver, respectively.
Let home channels of stations s; and s; be channels h, and
h,, respectively. In Steps 1 and 2, station s; switches to h,,
i.e., the home channel of s;, and competes for opportunities to
negotiate with s;. Steps 3—15 present the operations designed
in the negotiation stage. In the event that h, is idle, s; and s;
exchange ATIM, ATIM-ACK, and ATIM-RESPONSE packets.
Otherwise, sender s; executes the random backoff mecha-
nism in Step 13. The data exchange stage is implemented in
Steps 17-24. In the event that the reserved channel is “idle,” s;
and s; exchange RTS, CTS, DATA, and ACK packets.
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TABLE 1

SIMULATION PARAMETERS
Parameter Value
Number of channels 3,6,9
Communication pairs 20~80
Transmission range 250 m
Transmission rate 11 Mbps
Data packet size 512 bytes
Length of beacon Interval 180 ms
Control period / Data slot size 20 ms
Negotiation slot size 2.5 ms
Number of data slots 8
SIFS 10 ps
DIFS 50 us
Oftfered traffic to each pair (packets/sec) | 1~11
Dimension of the topography 1000 mx1000 m
Simulation time 500 seconds
Simulation repetitions 1000 times

V. PERFORMANCE EVALUATION
A. Evaluation Environment

Here, we examine the performance improvement of the
proposed scheme against the related works on MMAC [10] and
SMC-MAC [15] in terms of aggregative throughput, delay, and
channel usage. In this paper, the ns-2.34 simulator [16] was
used, combined with modified multichannel modules supported
in [17] to incorporate multichannel carrier sensing, channel
corruption effects, packet capture, and RTS/CTS operations.
The simulated network is composed of 20-80 communication
pairs, which are deployed randomly within a 1000 x 1000 m?
square region. The simulation parameters in Table I are used,
unless otherwise specified. Each performance result was ob-
tained from the average results of 1000 experiments. The 95%
confidence interval is always smaller than 5% of the reported
values.

The remainder of this section is organized as follows. First,
the performance results of the MMAC, SMC-MAC, and pro-
posed STB-MAC protocols in terms of network throughput are
examined. Through a review of Figs. 7-9, several factors that
impact the performance of network throughput are analyzed.
These factors include offered traffic loads and the numbers
of transmission pairs and channels. Figs. 10-13 are then used
to investigate the parameters that affect the performance of
channel usage. These parameters include offered traffic loads,
which are not balanced for each channel or station, the number
of channels, and the applied staggered channel model exhibiting
different p values. Finally, Figs. 14—17 reveal the performance
of control overhead, channel balance ratio, packet delay, and
packet drop ratio that are influenced by the number of one-hop
neighbors, station traffic balance index, offered traffic loads,
and delay bound, respectively.

B. Evaluation Results

Fig. 7 identifies the performance results of MMAC, SMC-
MAC, and proposed STB-MAC protocols regarding the ag-
gregative throughput. The numbers of transmission pairs are set
to 20, 40, or 80 and the offered traffic loads of each transmission
pair are dynamically varied from 1 to 11 packets/s. As shown
in Fig. 7, the results of three schemes with 20 pairs are similar
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Fig. 7. Comparison of MMAC, SMC-MAC, and STB-MAC in terms of
network throughput by varying the offered traffic loads.

because no heavy contentions occur in the ATIM windows.
However, when the number of transmission pairs is set to 40,
the throughput of MMAC slowly increases because the ATIM
window of the dedicated channel cannot afford more control
packets. Conversely, the SMC-MAC distributes the ATIM win-
dows to multiple channels without overlapping. Therefore, the
SMC-MAC avoids heavy contentions and produces a more
satisfactory performance than MMAC does regarding aggrega-
tive throughput. Furthermore, the proposed STB-MAC pro-
vides more reliable performance than SMC-MAC, particularly
when the offered traffic is larger than 2 packets/s. This occurs
because the idle slots can be used when heavy contentions occur
in certain channels. However, when the number of transmission
pairs is set to 80, the throughput of MMAC, SMC-MAC, and
STB-MAC generally increase with the offered traffic loads.
The throughput of MMAC slowly increases because the ATIM
window of MMAC cannot afford more control packets. A
higher contention of control packets generally degrades the
performance of MMAC, particularly when 80 transmission
pairs exist. In contrast to the MMAC protocol, SMC-MAC and
STB-MAC protocols apply the staggered channel model, which
distributes the control packets over multiple channels. Conse-
quently, the throughputs increase with the offered traffic loads.
When the traffic load approaches 6 packets/s, the throughput
results tend to be stable because the contention on each channel
reaches the limitation of the NW. The proposed STB-MAC
outperforms the SMC-MAC regarding network throughput be-
cause it further migrates traffic loads to the idle channel and
thus avoids the traffic stick on the busy channel.

Fig. 8 shows the network throughputs of the three compared
MAC protocols. The considered numbers of channels are set
to three, six, and nine. The numbers of transmission pairs are
set to 20, 40, and 80, and the offered traffic loads of each
transmission pair are dynamically varied from 1 to 11 packets/s.
As shown in Fig. 8, the throughputs of the MMAC, SMC-MAC,
and proposed STB-MAC protocols generally increase with the
increment of offered traffic loads or number of channels. When
the number of transmission pairs increases, STB-MAC exhibits
more reliable performance than SMC-MAC and MMAC do
because STB-MAC applies the staggered channel model and
further migrates traffic from busy to idle channels. When the
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Fig.9. Comparison of network throughput by varying the offered traffic loads.

number of channels increases, STB-MAC achieves a greater
performance gain than SMC-MAC and MMAC. This occurs be-
cause the STB-MAC can use more idle slots for data exchange.

The proposed STB-MAC aims to migrate the traffic loads
of the busy channels to the idle channels. However, the traffic
migration is constrained because the busy and idle channels are
the home channels of the receiver and the sender, respectively.
In the event that the sender and the receiver reside in the same
home channel, the traffic migration of STB-MAC fails. A close
observation of the network throughput of the STB-MAC by
varying the traffic source is presented in Fig. 9. Two types of
traffic source exist. The “interchannel” type refers to the type
wherein the home channels of the sender and the receiver differ,
whereas the “intrachannel” type refers to the type wherein the
home channels of the sender and the receiver are identical. In
Fig. 9, notation (X,Y") represents the ratios of “interchannel”
and “intrachannel” traffic loads, which are X and Y, respec-
tively. The average network throughput of STB-MAC generally
increases with the offered traffic loads. Moreover, the ratio of
(80, 20) has more reliable network throughput than the ratios
of (60, 40) and (40, 60) when the offered traffic loads are
larger than 6 packets/s. This occurs because STB-MAC cannot
migrate traffic loads from the receiver’s home channel to the
sender’s home channel when the major traffic belongs to the
“intrachannel” type.
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Fig. 11. Comparison of SMC-MAC and STB-MAC in terms of channel
utilization by varying channel balance index.

Fig. 10 shows the traffic migrating performance of the STB-
MAC and SMC-MAC protocols regarding data slot usage. The
experiment arranges six available channels, and most of the
traffic loads are generated in channels 5 and 6. As shown
in Fig. 10, SMC-MAC exhibits low channel usage when the
offered traffic loads are unbalanced on each channel. Applying
the SMC-MAC protocol, the channel usage of channels 5
and 6 achieves 80%—100%, whereas the usage of the other
channels is approximately 20%. This occurs because the SMC-
MAC protocol only dispatches the traffic to the data slots on
the receiver’s home channel. In contrast to SMC-MAC, the
proposed STB-MAC migrates the traffic loads from channels 5
and 6 to the urgent slots of idle channels. As a result, the
data slot usage of the six channels is similar, although certain
channels possess heavy traffic loads.

Fig. 11 further compares the channel usage of the MMAC,
SMC-MAC, and STB-MAC protocols by varying the value of
the channel balance index, which is normalized between zero
and one. The index represents the levels of balance of the
offered traffic loads on each channel. The value of the chan-
nel balance index approaching one indicates that most traffic
loads are offered to one particular channel. The channel usage
of MMAC cannot be simulated in this experiment because
the concept of the home channel does not apply to MMAC.
When MMAC protocol is applied, each pair that successfully
completes the negotiation can dynamically select the channel
for data exchange. Therefore, the simulator cannot assign the
traffic loads of each channel. In Fig. 11, the channel usage of
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Fig. 12. Comparison of channel utilization by varying station traffic balance
index.

SMC-MAC is dropped when the offered traffic loads are un-
balanced on each channel. When the index is larger than 0.2,
certain channels are busy; thus, the curve of the SMC-MAC
drops substantially. The channel usage of STB-MAC drops
when the index is larger than 0.6. The STB-MAC outperforms
the SMC-MAC protocol because it migrates the traffic loads
from busy to idle channels.

Fig. 12 compares the MMAC, SMC-MAC, and STB-MAC
protocols regarding channel usage by varying the value of the
station traffic balance index, which is normalized between zero
and one. The index represents the levels of balance of the
offered traffic loads on each station. The value of the station
balance index approaching one indicates that most traffic loads
are offered to one particular station. The channel usages of
the three protocols decrease with the station traffic balance
index. When the index is greater than 0.4, the channel usage of
MMAC falls in the range of 10%—40%. This occurs because all
stations compete to send the control packets in the same ATIM
window. The channel usages of SMC-MAC and STB-MAC
generally decrease with the index. That is, the channel usage
decreases when the offered traffic loads are unbalanced on each
station. Observe the performance results of SMC-MAC. When
the station traffic index approaches one, the stations with high
traffic loads can use all data slots on their channels, but the
stations with low traffic loads leave many idle slots unused on
their channels, thus exacerbating the CTU problem. Compared
with the SMC-MAC, the proposed STB-MAC protocol has
higher channel usage because the communication pairs that
apply the proposed STB-MAC can use the idle data slots of
multichannels.

Fig. 13 compares the SMC-MAC and STB-MAC protocols
regarding channel usage by varying the value of p. The channel
usage is measured using the volume of data that is successfully
exchanged between the sender and the receiver to the maximal
capacity in the simulation time of 500 s. In the experiment, three
scenarios are considered by setting the numbers of channels to
three, six, and nine. The traffic loads offered in each scenario
increase with the number of channels. Recall that parameter p
represents the number of data slots that are shifted between two
consecutive channels. Certain observations from the experiment
are shown in Fig. 13. In the SMC-MAC protocol, the channel
usage decreases with the number of available channels because

1787

OSTB-MAC (3ch) BSTB-MAC (6ch) mSTB-MAC (9ch)
SMC-MAC (3ch) BSMC-MAC (6ch) BSMC-MAC (9ch)

80
60
40
20
2 3 4 5

0

Channel Utilization (%)

The value of p

Fig. 13.  Comparison of SMC-MAC and STB-MAC in terms of channel usage
by varying the value of p.
0.06 .
-&-STB-MAC
—% - SMC-MAC
0055 1] —— MMAC

o
2
T

o
2

o
8
K

Average Control Overhead (pkts)

o

1‘5 24
The Number of One-hop Neighbors
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the SMC-MAC copes with the CTU problem. The proposed
STB-MAC outperforms SMC-MAC in all cases because STB-
MAC migrates the data from busy channels to the urgent slots
in the idle channels such that channel usage is improved.
Furthermore, the channel usage of STB-MAC increases with
the incremented value of p because a high value of p enlarges
the size of the urgent zone, which causes the traffic loads to be
dispersed over all channels.

Fig. 14 compares the MMAC, SMC-MAC, and STB-MAC
protocols regarding average control overheads when the num-
ber of one-hop neighbors varies from 6 to 40. The evaluation
metric, i.e., the control overhead, represents the number of
control packets per data exchange. As shown in Fig. 14, the
average control overhead increases generally with the num-
ber of one-hop neighbors. This occurs because the number
of contentions increases with the number of neighbors; thus,
the retransmissions of control packets are required. When the
MMAC is applied, all stations competing for the exchange
of control packets remain on the same channel in the ATIM
window. Consequently, the MMAC creates heavy contentions
in the ATIM window. The SMC-MAC and STB-MAC proto-
cols exhibit superior performance compared with the MMAC
protocol regarding average control overhead. In contrast to the
MMAC protocol, the SMC-MAC and STB-MAC protocols ap-
ply the staggered channel model to dispatch stations to different
channels. Consequently, the control overheads of STB-MAC
and SMC-MAC are similar but can be considerably reduced,
as compared with MMAC.

Fig. 15 compares the MMAC, SMC-MAC, and STB-MAC
protocols regarding the channel balance ratio by varying the sta-
tion traffic balance index. The channel balance ratio represents
the degrees of balance of the offered traffic loads in multiple
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average packet delay by varying offered traffic loads.

channels. The value of the channel balance ratio approaching
one indicates that the traffic loads can be evenly dispersed
among multiple channels. Fig. 15 shows that, in the applica-
tion of the SMC-MAC protocol, each pair that successfully
completes the negotiation on one channel can select only that
channel for data exchange. As a result, the performance of
SMC-MAC degrades with the increase in the station traffic
balance index. Conversely, when the MMAC or the proposed
STB-MAC is applied, all pairs can select one idle data slot from
multiple channels for data exchange. This causes the channel
balance ratios of the MMAC and the proposed STB-MAC to be
higher than that of the SMC-MAC. By comparison, the MMAC
possesses lower channel balance ratios than the STB-MAC does
because the control packets and data packets are exchanged on
the same channel, which constrains the opportunities for using
the idle slots in the other channels.

Fig. 16 compares the MMAC, SMC-MAC, and STB-MAC
protocols regarding the average packet delay by varying the
offered traffic loads from 0.2 to 5 Mb/s. The packet delay is
measured according to the duration from the time of packet
arrival to the time of successful packet transmission. The pro-
posed SMC-MAC and STB-MAC outperform MMAC because
they apply the staggered channel model, which helps reduce the
contentions and collisions in the NW. Moreover, the STB-MAC
outperforms SMC-MAC in all cases because the STB-MAC
further migrates the traffic loads from busy to idle channels.

Fig. 17 shows the performance of STB-MAC regarding the
packet drop ratio by varying the delay bound from 40 to
170 ms. The packet drop ratio is measured according to the
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ratio of the number of dropped packets to the total number of
arrived packets in senders. As shown in Fig. 17, the results of
the packet drop ratio generally decrease with the delay bound.
When the number of available channels is three, each channel
possesses heavy traffic loads; thus, the STB-MAC performs
poorly because of contentions and collisions. When the delay
bound approaches 90 ms, the performance of STB-MAC slowly
degrades in all cases because many traffic loads can be migrated
from busy to idle channels.

VI. CONCLUSION

This paper has presented a new multichannel MAC protocol,
i.e., STB-MAC, which is designed to address the CTU problem.
Based on the existing staggered channel model, the STB-
MAC consists of negotiation and data exchange stages. In the
negotiation stage, each station maintains a data slot map that
records the state of all data slots in a beacon interval. The
sender that fails to reserve data slots in the NW identifies the ur-
gent zone and attempts to migrate the traffic loads from the
receiver’s home channel to the urgent zone of its own home
channel. Experimental results reveal that the proposed STB-
MAC considerably reduces the phenomenon of traffic imbal-
ance and therefore outperforms the MMAC and SMC-MAC
protocols in terms of network throughput and packet delay.

REFERENCES

[1] S.R. Singh and M. Motani, “Cooperative multi-channel access for 802.11
mesh networks,” IEEE J. Sel. Areas Commun., vol. 30, no. 9, pp. 1684—
1693, Oct. 2012.

[2] A. Jeng, R. Jan, C. Li, and C. Chen, “Release-time-based multichannel
MAC protocol for wireless mesh networks,” Comput. Netw., vol. 55, no. 9,
pp- 2176-2195, Jun. 2011.

[3] T. Luo, M. Motani, and V. Srinivasan, “Energy-efficient strategies for
cooperative multichannel MAC protocols,” IEEE Trans. Mobile Comput.,
vol. 11, no. 4, pp. 553-566, Apr. 2012.

[4] Z. Zhou, Z. Peng, J. H. Cui, and Z. Jiang, “Handling triple hidden ter-
minal problems for multichannel MAC in long-delay underwater sensor
networks,” IEEE Trans. Mobile Comput., vol. 11, no. 1, pp. 139-154,
Jan. 2012.

[5] Y. Liu, L. X. Cai, and X. Shen, “Spectrum-aware opportunistic routing
in multi-hop cognitive radio networks,” IEEE Trans. Mobile Comput.,
vol. 30, no. 10, pp. 1958-1968, Nov. 2012.

[6] B. Li, P. Yang, J. Wang, Q. Wu, S. J. Tang, X. Y. Li, and Y. Liu, “Opti-
mal frequency-temporal opportunity exploitation for multichannel ad hoc
networks,” IEEE Trans. Parallel Distrib. Syst., vol. 23, no. 12, pp. 2289—
2303, Dec. 2012.



CHANG et al.: STB-MAC

[7] G. Y. Chang, W. H. Teng, H. Y. Chen, and J. P. Sheu, “Novel channel-
hopping schemes for cognitive radio networks,” IEEE Trans. Mobile
Comput., vol. 13, no. 2, pp. 407-421, Feb. 2014.

[8] F. Hou, L. X. Cai, X. Shen, and J. Huang, “Asynchronous multichannel

MAC design with difference-set-based hopping sequences,” IEEE Trans.

Veh. Technol., vol. 60, no. 4, pp. 1728-1739, May 2011.

J. Wang, Y. Fang, and D. Wu, “A power-saving multi-radio multi-channel

MAC protocol for wireless local area networks,” in Proc. IEEE INFO-

COM, Barcelona, Spain, Apr. 2006, pp. 1-12.

[10] J. So and N. Vaidya, “Multichannel MAC for ad hoc networks: Handling
multi-channel hidden terminals using a single transceiver,” in Proc. ACM
MobiHoc, Tokyo, Japan, May 2004, pp. 222-223.

[11] M. Timmers, S. Pollin, A. Dejonghe, L. V. der Perre, and F. Catthoor,
“A distributed multichannel MAC protocol for multihop cognitive ra-
dio networks,” IEEE Trans. Veh. Technol., vol. 59, no. 1, pp. 446459,
Jan. 2010.

[12] T. Luo, M. Motani, and V. Srinivasan, “Altruistic cooperation for
energy-efficient multi-channel MAC protocols,” in Proc. ACM MobiCom,
Montreal, QC, Canada, Sep. 2007, pp. 322-325.

[13] T. Luo, M. Motani, and V. Srinivasan, “Cooperative asynchronous multi-
channel MAC: Design, analysis, and implementation,” IEEE Trans. Mo-
bile Comput., vol. 8, no. 3, pp. 338-352, Mar. 2009.

[14] W. T. Chen, J. C. Liu, T. K. Huang, and Y. C. Chang, “TAMMAC:
An adaptive multi-channel MAC protocol for MANETS,” IEEE Trans.
Wireless Commun., vol. 7, no. 11, pp. 4541-4545, Nov. 2008.

[15] L. L. Hung, C. Y. Chang, T. L. Wang, and C. Y. Hsiao, “Cooperative MAC
protocol for multi-channel wireless networks,” in Proc. IEEE HPCC,
Liverpool, U.K., Jun. 2012, pp. 691-698.

[16] VINT Group, UCB/LBNL/VINT Network Simulator ns (version 2).
[Online]. Available: http://www.isi.edu/nsnam/ns

[17] MW-Node path for ns2 to support multiple interfaces & multiple channels.
[Online]. Available: http://www.q2s.ntnu.no/~paquerea/ns.php

[18] H.S. W. So, G. Nguyen, and J. Walrand, “Practical synchronization tech-
niques for multichannel MAC,” in Proc. ACM MobiCom, Los Angeles,
CA, USA, Sep. 2006, pp. 134-145.

[9

[t

Chih-Yung Chang (M’09) received the Ph.D. de-
gree in computer science and information engi-
neering from National Central University, Zhongli,
Taiwan, in 1995.

He is currently a Full Professor with the De-
partment of Computer Science and Information En-
gineering, Tamkang University, New Taipei City,
Taiwan. His current research interests include In-
ternet of Things, cyber—physical systems, wireless
sensor networks, ad hoc wireless networks, and
worldwide interoperability for microwave access

¢l

broadband technologies.

Dr. Chang is a member of the IEEE Computer and Communication Societies.
He served as an Area Chair for the Taiwan Area Network Conference in 2000
and 2010 and the IEEE 19th International Conference on Advanced Infor-
mation Networking and Applications (IEEE AINA) in 2005; as a Vice Chair
for IEEE International Symposium on Wireless IP (IEEE WirelessCom), the
International Conference on Embedded and Ubiquitous Computing, the IEEE
International Conference on Information Technology: Research and Education
in 2005, and the IEEE AINA in 2008; as the Program Co-Chair for the IEEE
International Workshop on Multimedia Network Systems and Applications in
2005, the Ubiquitous Learning Conference in 2006, the Workshop on Wireless,
Ad Hoc, and Sensor Networks (WASN) in 2007, the ACM International Con-
ference on Sensor, Ad Hoc, and Mesh Networks in 2008, the IEEE International
‘Workshop on Ad Hoc and Ubiquitous Computing in 2008, and the International
Conference on University Basic Computers Education and eLearning in 2010
and 2011; as the Workshop Co-Chair for the MSEAT in 2003 and 2004, the
IEEE INA in 2005, the IEEE International Computer Symposium in 2008, the
National Computer Symposium (NCS) in 2009, and the IEEE Workshop on
Vehicular Communications, Networks, and Applications in 2009; and as the
Publication Chair for MSEAT in 2005 and the International Conference on
SCORM in 2006. He has served as an Associate Guest Editor for many Science
Citation Index journals, including the Journal of Internet Technology (2004 and
2008), the Journal of Information Science and Engineering (2008), Telecom-
munication Systems (2010), the Institution of Engineering and Technology
Communications (2011), the International Journal of Ad Hoc and Ubiquitous
Computing (2011-2013), and the International Journal of Distributed Sensor
Networks (2012).

1789

Chao-Tsun Chang received the Ph.D. degree in
computer science and information engineering from
National Central University, Zhongli, Taiwan, in
2006.

Since 2006, he has been an Assistant Professor
with the Department of Information Management,
Hsiuping University of Science and Technology,
Taichung, Taiwan. Over the past ten years, he has
directed 12 research projects, including five National
Science Council projects and seven information sys-
tem developments. He is the author of 14 Science
Citation Index journal papers, appearing in, for example, IEEE TRANSAC-
TIONS ON VEHICULAR TECHNOLOGY, IEEE SENSORS, Computer Networks,
the ACM/Baltzer Journal of Wireless Networks, and the Journal of Parallel and
Distributed Computing. His current research interests include ad hoc wireless
networks, wireless sensor networks, Bluetooth radio networks, and mobile
computing.

Dr. Chang is a member of the IEEE Computer and Communication Societies.

Tzu-Chia Wang received the B.S. and M.S. degrees
in computer science and information engineering in
2005 and 2009, respectively, from Tamkang Uni-
versity, New Taipei City, Taiwan. He is currently
working toward the Ph.D. degree with Tamkang
University.

His research interests include Internet of Things,
cyber—physical systems, wireless sensor networks,
ad hoc wireless networks, vehicular ad hoc net-
works, and worldwide interoperability for micro-
wave access (WiMAX) broadband technologies.

Mr. Wang received several scholarship grants in Taiwan and has participated
in many projects on wireless sensor networks, vehicular ad hoc networks,
Internet of Things, and WiMAX broadband networks.

Yun-Jung Lu received the Ph.D. degree in computer
science and information engineering from Tamkang
University, New Taipei City, Taiwan, in 2012.

He is currently a Software Engineer with NVIDIA
Corporation, Taipei, Taiwan.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


