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Advances in physical layer techniques such as multi-rate transmission, smart
antennas, etc., promise high data rate transmissions in wireless networks. How-
ever, the underlying MAC layer needs to improve in order to fully exploit these
features, and to support high performance applications. By enabling concurrent
transmissions over non-interfering channels, multi channel MAC protocols seek
to mazimize the network performance. Although the transceivers can switch be-
tween channels with ease, the available 802.11 protocol is designed only for a single
channel. Some multi-channel MAC protocols are hard and impractical to imple-
ment in wireless networks, especially those based on tight global synchronization,

and that lack broadcast support. In this work, we propose an asynchronous bidi-



rectional multi-channel MAC (ABMMAC), which is 802.11 compatible, low cost,
and utilizes spectrum effectively, by using just a single half duplex transceiver.
The proposed approach provides support for broadcast and is a logical extension
of 802.11. A comparative evaluation against multi-channel protocols employing
asynchronous mode of operation such as DCA, AMMAC, and BiMMAC is carried
out. Simulation results show that the proposed MAC gives a better performance

over its multi-channel variants and legacy 802.11 under small to big network sizes.
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CHAPTER 1

INTRODUCTION

Medium Access Control (MAC) la'yer significantly impacts the network through-
put, as it co-ordinates the channel access between wireless nodes. Advances in
physical layer techniques such as multi-rate transmission, multiple coding and
modulation, smart antennas making use of spatial multiplexing, transmit diver-
sity, interference nulling, etc., promise high data rate transmissions in wireless
networks [2]. However, the MAC layer needs to improve in order to exploit these
features, and to support high performance applications. By enabling concurrent
transmissions over non-interfering channels, multi channel MAC protocols seek to
maximize the network performance.

The IEEE standard [3]| defines multiple channels for communication at the
physical layer. 802.11 b, g specifies 3 orthogonal or non-overlapping channels
which are 22MHz wide. Every fifth channel can be used effectively without over-
lap, for example, channels 1, 6, and 11. 802.11a specify 12 non-overlapping chan-

nels: 4 channels of 20MHz each in the U-NII upper, lower, and middle bands.



When orthogonal channels are used, concurrent transmissions can co-exist on
multiple channels without interference to each other. Although a transceiver is
able to switch easily between various channels, the available 802.11 protocol is
designed for a single channel.

Research efforts in multi-channel follow various paradigms: dedicated control
channel, split phase, common hopping, and parallel-rendezvous. Each category
has its specific advantages and weaknesses. Global network-wide synchronization
is practically impossible for 802.11 networks unless with application of external
devices like GPS. Also, support for broadcast is paramount to support routing

and ARP messages. Our contribution includes:

+ Proposal of Asynchronous Bidirectional Multi-channel MAC (ABMMAC)
using a single half-duplex transceiver, backward compatible with 802.11,

and with support for broadcast.

o Comparative evaluation with other multi-channel protocols namely: Dy-
namic Channel Assignment (DCA), Asynchronous Multi-Channel MAC
(AMMAC), Bidirectional Multi-Channel MAC (BiMMAC), and the legacy

single channel 802.11 with its RTS-CTS variant.

The proposed asynchronous bidirectional multi-channel MAC is low cost, with
efficient spectrum utilization using a single half duplex transceiver, and an asyn-
chronous mode of operation. Simulation results show that the proposed MAC
gives a higher performance over 802.11 and its multi-channel variants in small to

big network sizes.



CHAPTER 2

BACKGROUND AND

LITERATURE REVIEW

In designing a multi-channel MAC (medium access control), two challenges need

to be addressed [4], [5]:

a)

b)

Medium access mechanism: How nodes negotiate to obtain a channel? For
example, contending on a control channel [6] or Ad-hoc traffic Indication

Message (ATIM) window [7].

Channel selection algorithm: How to choose from a pool of available data
channels? Which algorithm will yield effective performance? For example,
lowest numbered channel, random selection, soft reservation [8]. How long
the channel will be used between the same pair of nodes? Such issues need
to be addressed. Channel assignment can happen on a per packet basis as in
[9] [10], link basis as in [7], flow basis as in [11], or component basis as in [12).
Also, channel assignment methods can be static, dynamic, or semi-dynamic

3



[13] [14).

Using multiple transceivers per node has been investigated in several works. In
[15], the authors use two transceivers with one intended for transmission operating
in fast mode, and other intended for reception working in slow mode. In [16],
several continuous data frames are sent on the earlier agreed channel skipping
channel negotiations, lessening overhead on the control channel and allow more
transmissions. In [17], the authors use a single base channel by default, and switch
to other channels as the load increases. In [18], the authors use several transceivers
to increase performance. Using more than one transceiver increases cost, size, and
energy consumption of a node.

Though multi-channel protocols perform significantly better than a single

channel type, they introduce new kind of problems:

¢ Multi-channel hidden terminal problem: While two nodes involve in
data transfer on a certain channel, they will miss the control packets ex-
change sent on other channels. Due to missing information on channels
status, the two nodes may inadvertently choose a busy channel and start a

data exchange, causing a collision.

» Missing receiver problem: Control packets sent on a certain channel to
an intended node fail, as the node is busy in another channel either sending

or recelving.

» Global knowledge of topology, traffic requirements: Synchronization
based techniques need global information on topology and traffic such as

4



global time slot synchronization as in TDMA, or pre-distribution of code as
in CDMA. Synchronization can be achieved by exchange of timestamps and
broadcast. Since broadcast messages are sent without any reservation of the
channel, it is highly susceptible to collisions and heavy load situations make
collisions even more. In synchronizing between different node clocks, due
to driftness and other issues, achieving less than 1ms accuracy is extremely
difficult. Unless using external devices like GPS, it is better to avoid systems

using synchronization.

o Other: Other issues in multi-channel include: how to decide if the current
receiver is on the control channel, when to start negotiations, how to com-
pensate the missed control exchanges when the nodes were involved in data
transfer, how to reduce channel status overhead, how to balance the load
among the channels, etc.,[19]. Problems such as Information Asymmetry,

Flow in the Middle [20] are also present.

Proposed solutions to encounter multi-channel hidden terminal include a dedi-
cated control channel as in DCA [6], or scanning all the channels after the data
transfer and update channel status table [21]. Wormsbecker et al., [8] note that, a
careful channel selection strategy can avoid multi-channel hidden problem. Giv-
ing preference to a past-used-channel is a safe option than randomly selecting a
channel or selecting a least numbered channel. In [22], neighbors can interrupt
the control transmissions. If a data channel in use is selected inadvertently , the

neighbors issue invalid signal to stop the on-going negotiation.



2.1 Classification of multi-channel MAC proto-

cols

Existing wireless MAC protocols are classified on many aspects like single
transceiver or multi-transceiver, synchronous or asynchronous, fixed assignment
or dynamic assignment, contention based or schedule based, single channel or
multi-channel, etc., Parameters like signaling technique, type of architecture, shar-
ing mode, access mode are also considered. Research efforts in multi-channel
follow various paradigms: dedicated control channel [16],23],[24],[25],]22], split
phase [7],[26],(27],[28],[29],[30},[31]}, common hopping [32],[33],[34], and parallel-
rendezvous [19],[15],[35],36],[37],[38],[39]. Each approach has its specific advan-

tages and weaknesses.

2.1.1 Dedicated Control Channel:

Dedicated control channel approaches as in Dynamic Channel Assignment
(DCA)[6], splits the bandwidth into one control channel and N data channels.
Each node is equipped with two radio interfaces, one operating on the control
channel and other on any data channel. Nodes exchange control information on a
fixed control channel to gain access to any data channel. Due to a common control
channel, multi-channel hidden terminal problem simply does not exist in DCA.
Synchronization is not needed for this approach. Nodes are aware of the neigh-
bor activities all the time. Broadcasting information can be sent on the control

channel. But as the density of nodes increases, the control channel exchanges also

6



rapidly surmounts resulting in a bottle neck on the control channel. The upper
bounds on number of data channels that a control channel can support needs to
be considered [20], [21]. The dedicated control channel causes resource wastage of
precious bandwidth, especially when only a few channels are available, as that in
802.11b. Two transceivers per host increases cost of a node and makes it expen-
sive. The energy consumption of the node is nearly doubled. Having additional
transceiver also increases the size of the sensor and makes it less practical in some

cases.

2.1.2 Split Phase:

Split phase approaches are commonly based on global time synchronization. The
time axis is divided into periodic contention phase and data transfer phase. Dur-
ing contention phase, all nodes listen to an agreed upon common channel and
contend with each other to reserve the data channels. Nodes that had successful
negotiations can involve in data transfer during data transfer phase. Other nodes
which cannot obtain a channel will have to wait until the next contention phase.
After data transfer is complete, ACK may also be sent on the same data channel.
At the end of data phase, or upon the completion of DATA/ACK, whichever is
earlier, nodes switch to the control channel for the next control phase, and the
cycle repeats. The control channel is also reused during data transfer. This kind
of multi-channel operation is mainly based on a global temporal synchronization

among the nodes. Beacons or in some cases, GPS can be used to provide synchro-



nization, so that all nodes know the start of control phase. Nodes can have some
internal timers to demarcate the end of control phase and the start of data trans-
fer phase. A big challenge arises as to which node or set of nodes will co-ordinate
the sending of beacons. In infrastructure mode of operation, the access point
takes care of sending beacons and other such centralized operations. However,
to achieve time synchronization in an ad-hoc network is extremely difficult. In
this approach, multi-channel hidden terminal problem is eliminated since nodes
are cognizant of channel reservations during contention phase. Since a single
transceiver is enough, there is no additional cost or energy spending. All channels
are used during the data transfer phase, so bandwidth is reused unlike dedicated
control channel approach. However temporal synchronization among the nodes
is needed, as all nodes have to enter contention phase or data transfer phase at
the same time. During contention phase, the common channel is congested by
the control signaling traffic and can get saturated as the network size increase.
At the same time, the data channels are unused during contention phase. Nodes

which failed to have channel access rights in the contention phase need to defer

until the next contention phase.

2.1.3 Common Hopping;:

In Common Hopping, nodes follow a common hopping pattern and periodically
switch between the different channels. Nodes which want to communicate negoti-

ate with each other, suspend hopping and stay on the channel to engage in data



transfer. Once the data transfer is complete, they re-join the hopping sequence.
In single rendezvous, only a single agreement can happen between a sender and
receiver on a given channel at any time. Hopping approach spreads the control
signaling overhead across all the available channels. This approach needs only
a single radio. Congestion on a particular channel is avoided. However, this
approach require tight time synchronization as a must, which is very difficult to
achieve. In addition, broadcasting is a real issue, since nodes are on different chan-
nels at various points in time. As channel hopping is frequent, channel switching

delay is also a significant overhead.

2.1.4 Parallel Rendezvous:

In another category of Parallel Rendezvous, multiple handshakes can happen si-
multaneously on all the available channels. As such the control overhead is spread
across all the channels. The support for increasing number of channels is good.
When channels are numerous and packets are short, parallel rendezvous perform
better than dedicated control channel approaches due to the elimination of control
channel bottleneck [40]. However, a tight global synchronization is needed and

support for broadcast is not adequate.



CHAPTER 3

OVERVIEW OF SELECTED

MAC PROTOCOLS

3.1 Single channel Protocols

The single channel protocols based on 802.11: simple 802.11 and RTS-CTS option,

are discussed in brief.

3.1.1 Basic Distributed Co-ordination Function (DCF)

802.11 provides simplified access mechanism for nodes to access the channel in a
distributed manner. A node looking to send data senses the channel for a small
time called DCF Inter Frame Space (DIFS) and if the channel is free, it can
send DATA immediately. The receiver sends an acknowledgement frame ACK.
In case, the channel is not free, the sender waits until the channel is available,

and then waits a random backoff plus a duration of DIFS and send DATA. At

10
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