Infrastructure-Based MAC in Wireless

Mobile Ad-hoc Networks

by

Tiantong You

A thesis submitted to the
Department of Computing and Information Science
in conformity with the requirements for

the degree of Master of Science

Queen’s University
Kingston, Ontario Canada

January 2002

Copyright © Tiantong You, 2002



i+l

National Library Bibliothéque nationale
of Canada du Canada
Acquisitions and Acquisitions et .
Bibliographic Services services bibliographiques
385 Wellington Street 395, rue Wellington
Ottawa ON KK1A ON4 Ottawa ON K1A ON4
Canada Canada
Your fle Votre réldrence
Our fle Notre réfdrance
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de

reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

0-612-65658-6

Canadi



ABSTRACT

The IEEE 802.11 standard is the most popular Media Access Control (MAC) protocol for
infrastructure-based wireless local area networks. However, in an ad-hoc environment,
the Point Coordination Function (PCF), defined in the standard, cannot be readily used.
This is due to the fact that there is no central authority to act as a Point Coordinator (PC).
Peer-to-peer ad-hoc mode in the [EEE 802.11 standard only implements the Distributed
Coordination Function (DCF). In this thesis, an efficient and on-the-fly infrastructure is
created using our proposed Mobile Point Coordinator (MPC) protocol. Based on this
protocol, we also develop an efficient MAC protocol, namely MPC-MAC. Our MAC
protocol extends the IEEE 802.11 standard for use in multihop wireless ad-hoc networks
implementing both the DCF and PCF modes of operation. The goal, and also the
challenge, is to achieve QoS delivery and priority access for real-time traffic in ad-hoc
wireless environments while maintaining backward compatibility with the IEEE 802.11

standard.

The performance of MPC-MAC is compared to the [EEE 802.11 DCF-based MAC
without MPC. Simulation experiments show that in all cases the use of PCF benefits
real-time packets by decreasing the average delay and the discard ratio. However, this

may come at the expense of increasing the average delay for non-real-time data. The
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discard ratio for both real-time and non-real-time packets improves with the use of PCF.

Therefore, our MPC-MAC outperforms the standard DCF [EEE 802.11 MAC protocol in

multi-hop ad-hoc environments.
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CHAPTER 1

INTRODUCTION

For wireless Local Area Networks (LANSs), there are two different ways to configure a
network: infrastructure-based and ad-hoc [1]. As Figure 1.1 shows, the infrastructure-
based network structure used in wireless LANs is very similar to present day cellular
networks. It comprises two levels — a stationary level and a mobile level. The stationary
level consists of geographically fixed Base Stations (BSs) that are interconnected through
wired or wireless means (which may use an identical radio frequency). The mobile level
consists of Mobile Terminals (MTs), which communicate with BSs or each other through
wireless links. The geographical area around a BS from which MTs can communicate
with the BS within one hop is called a cell. Neighboring cells overlap with each other,
thus ensuring the continuity of communication. These BSs are sometimes connected to
landlines to widen the LAN's capability by bridging wireless nodes to other wired nodes.
They are permanently turned on in fixed locations that have naturally been chosen to
coordinate the wireless Local Area Network (LAN). So the BSs are sometimes called
Access Points (AP) to the Internet. When the MT turns on, it first tries registering to a
certain BS; thus, the BS can track it successfully. The BS normally uses a unique radio

frequency (different from neighboring BSs) to communicate with its group members.
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The communication between MTs that are registered to different BS’s has to go through

the wired connection between these BS’s.

S
g 7 Yy
&/ Qg )

Figure 1.1 Access-point based wireless networks

In the ad-hoc type of wireless network portable devices are brought together to form a

network on the fly. As shown in Figure 1.2, there is no infrastructure for the network,

]
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Figure 1.2 Ad-hoc wireless networks
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that is, there are no fixed points and usually every node is able to communicate with
every other node when all nodes are spread around a relatively small geographic range.
As an example, consider a meeting in a conference room where employees bring laptop

computers together to communicate and share design or financial information.

However, nodes may spread over a larger geographic range than the communication
signal can reach. In this case nodes may have to communicate over multiple hops. The
ad-hoc network has no central control, but it has the advantage of being relatively
inexpensive, since it does not require the communication infrastructure of the fixed
approach. An ad-hoc wireless network also has its value in the military and in emergency

situations.

In wire-line networks, the network can have a very high bandwidth by increasing the
number of links or link capacity. However, in wireless networks, there is only one
medium that is shared by all the nodes that are in the same radio communication range,
and the radio frequency bandwidth is limited. As well, packet collisions are unavoidable
due to the fact that traffic arrivals are random and there is non-zero propagation time
between transmitters and receivers. Therefore, Medium Access Control (MAC) schemes

are used to coordinate access to the single channel in the network.

Cellular MAC protocols are mainly classified into two categories; allocation-based and

code-based protocols. In allocation-based MAC protocols, each mobile terminal
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transmits its packets using a dedicated traffic channel or according to an agreed-upon
time schedule. However, this results in the network bandwidth not being efficiently
utilized whenever a mobile terminal does not use its assigned channel or time slot [2].
Frequency Division Multiple Access (FDMA) and Time Division Multiple Access
(TDMA) [3] are the two basic access methods used by this class of protocols. In FDMA,
users share the available spectrum in the frequency domain, and a user is allocated part of
the frequency band called the traffic channel. Different users are assigned different
traffic (frequency) channels on a demand basis. In cellular systems using TDMA, the
available spectrum is used as a whole during a period of time, which is in turn divided
into a number of time slots. An individual user is assigned a time slot that permits access

to the frequency channel for the duration of the time slot.

In code-based protocols, all users use the same carrier frequency and may transmit
simultaneously. The access method utilized by such protocols is known as Code Division
Multiple Access (CDMA) [3], which uses mathematical codes to transmit and distinguish
between multiple wireless conversations. Since the conversations are distinguished by

digital codes, many users can share the same bandwidth simultaneously.

In the ad-hoc environment, there is no centralized authority to assign specific radio
frequencies, time slots or codes to different mobile nodes that are totally distributed.
Mobile terminals have to contend for the medium access by themselves. Carrier Sense

Medium Access (CSMA) [4] is the main mechanism to implement medium access.
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Consequently, transmissions of packets from distinct mobile terminals are more prone to
overlap, resulting in packet losses. Retransmissions are required and a noticeable delay
appears. To make the existing infrastructure-based wireless protocol usable in the ad-hoc
environment and also to make the ad-hoc wireless networks more manageable for routing
and MAC, developing an infrastructure for the infrastructure-less wireless mobile ad-hoc
networks is of utmost importance. Therefore, in this thesis, a wireless mobile
infrastructure is developed for ad-hoc networks. We propose an infrastructure-creation
protocol for wireless mobile ad-hoc networks based on the concept of a Mobile Point
Coordinator (MPC) protocol. We then develop an I[EEE 802.11 backward compatible
MAC protocol in which the MPC will replace the Base Station in cellular wireless

networks.

This thesis is organized as follows. Chapter 2 discusses related work in MPC creation
and MAC protocols for ad-hoc networks. In Chapter 3, the MPC infrastructure-creation
protocol and MPC-MAC are described. In chapter 4, a simulation model is developed to
evaluate the proposed MAC protocol. Finally, Chapter 5 presents conclusions and future

work.



CHAPTER 2

RELATED WORK

In this Chapter, we first go over the recently proposed schemes for clustering in wireless
ad-hoc networks. We then discuss some existing schemes used to implement MAC in
wireless networks and some potential problems that may arise if these schemes are

directly used in the ad-hoc environment.

2.1 Clustering in wireless ad-hoc networks

A number of clustering techniques have been proposed for wireless ad-hoc networks [5-
19]. A mobile infrastructure is developed in [5,6] to replace the wired backbone
infrastructure in conventional cellular networks. The algorithm divides the wireless
mobile ad-hoc network into a set of clusters with no cluster-head; each cluster contains a
number of MTs that are limited to being two hops away. In this scheme a cluster center
node, which has the highest connectivity in the cluster, is chosen to ensure that distance
between any two members in the cluster is limited to two hops. The main drawback of
this protocol is the stability of the cluster in a high-mobility network. As the network

changes slightly, the nodes’ degree of connectivity is much more likely to change as well.
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Contrasted with the scheme above, several heuristics have been proposed to choose
cluster-heads [7-19], but they do not produce an optimal solution with respect to battery
usage, load balancing and MAC functionality in an ad-hoc network. The criteria for
choosing the cluster-head used by these heuristics include (i) Highest-Degree heuristic

[7-9] (ii) Lowest-ID heuristic {7,13-15] and (iii) Node-Weight heuristic [16-19].

The Highest-Degree Heuristic computes the degree of a node based on the distance
between that node and others. In the assumed graph model of the network, the mobile
terminals are represented as nodes and there exists an "edge" between two nodes if they
can communicate with each other directly. The node with the maximum degree is chosen
to be a cluster-head. The neighbors of this cluster-head (nodes that connect to it by edge)
become members of that cluster and lose the right of election process. This heuristic is
also known as the highest-connectivity algorithm. Simulation experiments demonstrate
that the system has a low rate of cluster-head changes but the throughput of the system is
low. Typically, each cluster is assigned some resources, which are shared among the
members of that cluster on a round-robin basis [7-9]. As the number of nodes in a cluster
is increased, a gradual degradation in the system performance is observed by dropping
the throughput of each user. This is an inherent drawback of the Highest-Degree

heuristic since the number of nodes in a cluster is not bounded.

The Lowest-ID Heuristic, proposed in [7], assigns a unique ID to each node first, and the

node with the minimum ID is chosen as a cluster-head. In some cases, the cluster-head
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can delegate its duties to the next node with the minimum ID in its cluster. Neighboring
clusters are connected by "gateway” nodes that lie within the transmission range of two
or more clusters. Simulation experiments show that Lowest-ID Heuristic outperforms the
Highest-Degree heuristic, in terms of the throughput due to the less frequent cluster-head
update in the ad-hoc mobile environment. The disadvantage of this scheme also comes
from this stable cluster-head. The nodes with smaller IDs tend to experience battery
drainage because of the bias toward using them as cluster-heads. Moreover, this scheme

does not attempt to balance the load uniformly across all the nodes.

In deviation from the Lowest-ID mentioned above, (that assigns dynamic to the node [D
first), A. Safwat and H. Hassanein have proposed Virtual Base Stations (VBS) [13-15]
using just the unique [P that every node owns natively as the selection criteria. In the
VBS selection scheme, some of the MTs, based on an agreed-upon policy, become in
charge of all the MTs in their neighborhood, or a subset of them by electing one as VBS.
If a VBS moves or stops acknowledging its presence via its so-called “hello” packets, for
a period of time, a new one is elected. Every MT (zone_MT/VBS) will maintain a
sequence number that reflects the changes that occur to that MT, and a my_ VBS variable,
which is used to store the VBS in charge of that MT. Hello messages sent by VBSs
contain their current knowledge of the ad-hoc network. A VBS accumulates information
about all other VBSs and their lists of MTs and sends this information in its periodic

hello messages. On the other hand, zone_MTs only accumulate information around them.
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MTs announce their [P numbers with their periodic "hello” messages. An MT sends a
merge-request message to another MT if the latter has a smaller IP number. The receiver
of the merge-request responds with an accept-merge message, and sets its my_VBS
variable to 0 to indicate that it has become a VBS. When the MT receives the accept-
merge, it sets its my_VBS variable to the IP number of its VBS. If an MT hears from
another MT whose [P number is smaller than that of its VBS, it sends a merge-request
message to the former. When it receives an accept-merge message, it updates its
my_VBS field. The MT then sends a dis-join message to its previous VBS (the dis-join
message is only sent if an accept-merge was received, otherwise it won’t be sent). When
the old VBS receives the dis-join, it removes the sender from its list of MTs, which it is

in charge of.

The Node-Weight Heuristic is proposed in [16-19]. Such heuristics consider the “ability”
of the nodes, i.e., a node’s transmission power, a node’s processing speed, etc. The value
of node-weights is assigned based on the suitability of a node to be a cluster-head. A
node is chosen to be a cluster-head if its node-weight is higher than any of its neighbor’s
node-weights. If there are two candidates with the same highest node-weight existing in

the same cluster, then a smaller node ID is chosen to break a tie.

One special case of Node-Weight Heuristic selection is the Power-Aware Virtual Base
Stations (PA-VBS) protocol [18-19]. In this protocol, the election of PA-VBS is based

on their current residual battery capacity that has been categorized into a couple of energy
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thresholds. In the scheme, there is a constant parameter to define the unit power of
measurement - MAX POWER. All the MTs measure their current Normalized Power
Value (NPV) by dividing their current instantaneous battery capacity by the
MAX_POWER. The MTs announce their NPV in their periodic hello messages. An MT
sends a merge-request message to another MT if the latter has an NPV greater than or
equal to the former’s, and a predetermined threshold. The receiver of the merge-request
responds with an accept-merge message only if its NPV is above the first threshold,
namely THRESHOLD _1, at the time it receives the merge request message, in which
case it increments its sequence number by 1 to reflect the change, and sets its myVBS
variable to 0. When the MT receives the accept-merge, it sets its myVBS variable to the
ID number of its new VBS. If an MT hears from another MT whose NPV is larger than
that of its VBS, it does not send a merge-request message to it as long as its VBS’s NPV
is above THRESHOLD_1. A dis-join message is sent by an MT to its VBS only if the
transmissions of the VBS have not been heard by the MT for some timeout period. If the
VBS receives the dis-join message, it removes the sender from its list of MTs, which it is

in charge of.

MTs broadcast their current NPVs as part of their hello messages. Hello messages
contain other useful pieces of information, such as the iAmNoLongerYourVBS flag. The
iAmNoLongerYourVBS flag is used by a node acting as a VBS (see Figure 2.1) to
convey to the MTs it is currently in charge of whether it can support them for another

hello period or not. When this flag is set to false, the MTs receiving the hello message
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know that they will still be served by their VBS for another hello period, and therefore do
not need to look for a new one for at least one more hello period. However, this flag will
be set by a PA-VBS to true when its NPV drops below the second energy threshold,

namely THRESHOLD 2.

then [d]; then [a];

if myVBS; = Oj
then [cJ;

.
if myVBS; =Qr
A

ifmyVBS, =0 if myVBS, = - {

if myVBS; =0
then [b]; <

TH_2

then [e];

\.

[a]: send a merge request message to an MT with NPV greater
than mine.

[b]: merge request messages can be sent by the MTs supported by
this VBS, provided that the receiver’s NPV is greater than TH_1.
[c]: discard any merge request.

[d]: no merge request messages will be sent by the MTs
supported by this VBS.

[e]: set the iAmNoLongerYourVBS flag to true.

Figure 2.1 PA-VBS decision-making based on the energy

PA-VBS produces a larger number of cluster-heads than VBS [13]. This is actually

because PA-VBS distributes the workload amongst a number of nodes that satisfy the
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energy requirements, unlike VBS which tends to elect the same set of nodes with the
smallest Ids, again and again. The simulation experiments in [18] show that the growth in
the number of cluster-heads is linear with the number of MTs in the case of PA-VBS. On
the other hand, the number of cluster-heads in the case of VBS remains almost constant.
With networks with much larger populations, this will cause considerable MAC delays
due to the large number of MTs that are simultaneously contending for medium access at

a constant rate.

Regardless of the value of THRESHOLD 1, since VBS elects nodes based on their [D
numbers, VBS remain as cluster-heads for longer periods than in the case of PA-VBS.
However, in practice, this cannot be achievable since cluster-heads consume more energy
than other MTs, and their battery power drains quicker. Hence, VBS is more prone to
undergo disorder. This implies that using VBS will drain all the battery power of the
cluster-heads until they can no longer operate. On the other hand, PA-VBS achieves load
balancing amongst the nodes in the wireless ad-hoc network. However, since node

weights usually vary, computing cluster-heads can become very expensive.

2.2 MAC in wireless networks

The Medium Access Control (MAC) layer is a set of protocols that are responsible for
maintaining order in the use of a shared medium. Several QoS-based MAC protocols
have been proposed for cellular wireless networks [20-30]. These present variations of

TDMA or CDMA to support multimedia traffic. These are not of interest to us in this
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work. In this thesis, we only focus on wireless local networks MAC protocols [31-46]
that consider either QoS or priority with emphasis on the IEEE 802.11 standard protocol,

which is designed mainly for infrastructure-based wireless networks.

2.2.1. IEEE 802.11

The IEEE 802.11 standard [31-35] lays the specifications of both the physical (PHY) and
medium access control (MAC) layers of the network. The PHY layer, which actually
handles the transmission of data between nodes, can use either direct sequence spread
spectrum, frequency hopping spread spectrum, or infrared (IR) pulse position
modulation. IEEE 802.11 makes provisions for data rates of 1 Mbps, 2 Mbps, 5.5 Mbps
or 11 Mbps. It operates in the 2.4 - 2.4835 GHz frequency band (in the case of spread-
spectrum transmission), which is an unlicensed band for industrial, scientific, and
medical (ISM) applications, and 300 - 428,000 GHz for IR transmission. Infrared is
generally considered to be more securing from eavesdropping because IR transmissions
require absolute line-of-sight links (no transmission is possible around comers). Radio
frequency transmissions, on the other hand, can penetrate walls and be unknowingly
intercepted by third parties. However, infrared transmissions can be adversely affected
by sunlight, and the spread-spectrum protocol of 802.11 can provide some rudimentary

security for typical data transfers.

The [EEE 802.11 standard has defined two MAC functions: Distributed Coordination

Function (DCF) and Point Coordination Function (PCF) to handle the MAC protocol in
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wireless networks [31,32]. Collision detection, as employed in Ethernet, cannot be used
for the radio frequency transmissions of [EEE 802.11. The reason for this is that when a
node is transmitting it cannot hear any other node in the system that may be transmitting,
since its own signal will be much stronger than any other signal arriving at the node. In
the IEEE 802.11 protocol, the access time has been separated into super frames, just like
TDMA, and each super frame consists of two-time periods, a PCF period and a DCF
period as shown in Figure 2.2. Therefore, the DCF and PCF will be in charge of sending

and receiving data in turn during a super-frame.

I pcF |pcr|pcF I DCF Iting

|Super Framel Super Frame I

Figure 2.2 IEEE 802.11 MAC super frame

2.2.1.1. Distributed Coordination Function (DCF)

The distributed coordination function is the primary access protocol for the automatic
sharing of the wireless medium between stations and access points. It uses the carrier-
sense multiple access/collision avoidance (CSMA/CA) protocol for sharing the wireless
medium. CSMA/CA is achieved by three main functions, (1) priority inter frame time
space (2) random time slots, and (3) virtual sense mechanics. Every competing node,

when it has some packets to send, first checks the Network Allocation Vector (NAV) to
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see whether it is zero - if it is non-zero (meaning another node already reserved the
medium for a time period equal to the value in the NAV), it will wait. When the NAV is
equal to zero, the sender begins to sense the medium. To avoid high collision probability
when the channel first becomes clear (as more than one node may be waiting to send), the
senders will sense the medium for some period of time; if the medium remains clear, the

sender will send the packet after this waiting time period.

IEEE 802.11 has defined three different types of Inter Frame Space (IFS): DCF IFS
(DIFS), PCF IFS (PIFS), and Short IFS (SIFS) [31,32]. DIFS is the IFS for the DCF. It
is the longest time interval in these three types of IFS so it has the lowest priority when
competing for the medium with the other two types of IFS. PIFS is IFS defined for the
PCF. It is the medium time interval, so it has higher priority than DIFS. With the PIFS,
the base station can gain control of the medium control without difficulty. The third one
is SIFS, which has the highest priority with the shortest time interval. Some function
types of data will use SIFS to compete for the medium because they can’t suffer delay.
For example, when a node sends out a packet, the only way to detect a collision is to wait
for an Acknowledgement (ACK) from the destination node. If there is no ACK for some
time period, it will consider that a collision has occurred and resend. Therefore, when the
destination node receives a packet, it will send out an ACK immediately, otherwise the
sending node will consider that a collision has occurred and send a duplicate packet.

Therefore, the receiver uses SIFS to compete for the medium.
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For example, as shown in Figure 2.3 (a), nodes “A”, “B” and “C”, are all mobile nodes
and node “D” is an access point. As shown in Figure 2.3 (b), at time t;, node “B” is
trying to gain access to the medium by sensing it first. After waiting for DIFS until time

t, the medium is still clear, so, node “B” sends packet 1 to node “C”. While node “B” is

A n
a, D
sy -2y N
Node A DIFS | |DIFs i
Node Bi prrs packetl
.| ACK
Node C: N
R i SIFS
Node D PIFS prFs | beacon
R : —
t, L ot st t; ts Time
(b)

Figure 2.3 Example of priority in IEEE 802.11 MAC

sending packet 1, node “A” and node “D” both try to compete for the medium at time t;
and t, respectively. Both sense that medium is busy till node “B” finishes sending at time

ts. At time ts, the medium becomes clear again, but at this time, node “A” wants to
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compete for the medium to send the packet using DIFS, but node “D” (an access point)
also wants to control the medium to initiate the PCF period, so, node “D” will use the
PIFS which gives it higher priority than node “A”. At the same time, node “C” also
wants to respond with ACK to inform node “B” it successfully received packet 1. So it
uses the SIFS to compete for the medium. In this case, node “C” will first reach the end
of the sensing period and finds the medium is still clear, and will send ACK at time ts. At
the same time, node “A” and access point “D” will sense the medium as busy and then
stand by for the next competition after node “C” finishes sending ACK at time t;. From
time t; on, the access point “D” will win the competition against node “A” and then

announces the start of PCF by sending a beacon signal.

Another method is used in the IEEE 802.11 standard to avoid collisions when more than
one MT competes for the medium with same DIFS interval. It is essentially an attempt to
separate the total number of transmitting nodes into smaller groups, each using a different
time slot (known as a back-off time slot). If the medium is detected to be idle, the node
must first defer until the end of the DIFS interval and further wait for a random number
of time slots (called the back-off interval) before attempting transmission. When
retransmission is necessary, the back-off interval increases exponentially up to a certain
threshold. Conversely, the back-off interval reduces to a minimum value when packets
are transmitted successfully. At each back-off time slot, carrier sensing is performed to
determine if there is activity on the medium. If the medium is idle for the duration of the

slot, the back-off interval is decremented by one time slot. If a busy medium is detected,
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the back-off procedure is suspended and the back-off timer will not decrement for that
slot. In this case, when the medium becomes idle again for a period of the DIFS, the
back-off procedure continues decrementing from the time-slot, which was previously
disrupted. This implies that the selected back-off interval now is less than the previous
one. Hence, a packet that was delayed while performing the back-off procedure has a
higher probability of being transmitted earlier than a newly arrived packet. The process

is repeated until the back-off interval reaches zero and the packet is transmitted.

As Figure 2.4 shows, nodes “A”, “B” and “C”, are all mobile terminals located in the

same communication range and node “A” and “B” both want to send a packet to node

‘ Note: Number of time slots = Random(0, CW )
. CW (collision window) is one parameter stored
. in Management Information Base(MIB)

(a)

(slots=2) : SIFS
i siFs i Time
4 7} t, t, t t

(b)

Figure 2.4 Random time slots
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“C”. Before competing for the medium at time t;, they both use the random function to
create a time slot value that is from 0 to the value of the Collision Window (CW). CW is
a parameter stored in the Management Information Base (MIB), whose value will be
doubled or halved between a minimum and maximum value depending on the necessity
of retransmission. Node “A” gets a slot time value equal to “4”, but node “B” gets a
value equal to ‘“2”. So, at time t;, node “B” wins the competition but node “A” has
already consumed two time-slots and has 2 time-slots left. Afiter node “C” finishes
responding the ACK at time ts, node “A” will sense the medium for DIFS plus two time-

slots. At this time, it gains access to the medium.

The priority and random time slots mechanisms can solve the competition problem when
competing nodes can sense each other. But there is another problem called the "hidden
node" problem [36], illustrated in Figure 2.5. Node “A” can communicate with node
“B”, and node “B” can communicate with node “C”. However, node “A” cannot
communicate with node “C”. Thus, for instance, although node “A” may sense the
channel to be clear, node “C” may in fact be transmitting to node “B”. To ease the
problem, a virtual sense mechanism is used in which the transmitting node first sends out
a short ready-to-send (RTS) packet containing information on the length of the packet. If
the receiving node hears the RTS, it responds with a short clear-to-send (CTS) packet.
The CTS also contains information on the length of the packet. All the nodes in the
transmission range of the source node and destination node hearing the RTS or CTS will

set a value in the NAYV to defer use of the medium for the length of time required to send
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the data packet. After this exchange of the data packet length information, the
transmitting node sends its packet. When the packet is received successfully, as
determined by a cyclic redundancy check (CRC), the receiving node transmits an
acknowledgment (ACK) packet. This will guarantee that there is no collision in the data
packet transmission but it also brings in additional “overhead™. Therefore, only when the
size of the data packet is larger than a certain threshold, will the sender use the virtual

sense mechanism.

L--T T ‘f‘\'é-:=‘::-‘§‘\
- - &, 7 ~ ~
< d i ~ N ~
Re ,I 0 h N .
’ N N \
’ 4 \ \ \
’ ’ ’ \ \ \
! / 4 \ \ \
4 4 4 \ \ \
1 € ' X \ \
1 ] 1 ' t ‘
1 I 1
i tA v B, C .
t \ t ] ; N
A \ \ ’ ’ ’
\ A AY , 7 ’
\ \ AY , ’ 2
\\ f \\ \\ s ’ ’
N ~ ’, Ve s
~ ~ Yo [4 4
s ”~ rd
~ M~ ~ - -
S . _.\'-s NMan” -
--------- ‘—-——_'

Figure 2.5 "Hidden node" problem

Figure 2.6 compares the data transmission with and without the virtual sense mechanism.
In Figure 2.6, the section above the time line shows the data sent from node “A” to node
“B” without using the virtual sense mechanism, while the section below the time line

shows the data sent with virtual sense. In data transmission without virtual sense, if node
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“C” sends in the time period tg to ts, a collision will happen. With virtual sense, instead
of sending the data packet directly, a node sends an RTS packet that sets a value equal to
three times the SIFS plus packet length plus RTS plus ACK to all listeners' NAV. Then
the destination responds with a CTS packet, which reserves the medium by setting all
listeners” NAV to a value equal to two SIFS plus packet length plus ACK. Collision will
also happen when node “C” sends data in the period from t; to t;. Because of the much
smaller size of RTS and CTS, the time interval t; to t; is usually much smaller than time
interval tp to ts. Thus the collision ratio of data transmission with virtual sense is much
improved over direct data packet transmission. Another advantage of data transmission
with virtual sense is that re-transmitting small-size RTS is more medium resource
efficient than re-transmitting large-size data packets. The tradeoff in this case is that

sending with virtual sense requires the extra time from time t; to time t,.
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Figure 2.6 Packet transmission with virtual sense
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There is another overhead that the virtual sense mechanism requires. In Figure 2.5, for
example, node “C” is sending packet to “B” while node “A” wants to send a packet to
node “B” using the virtual sense mechanism. Node “A” sends an RTS packet first; all the
neighboring nodes like “e”, “f’ and “d” will all set to their NAV to a value, which is
equal to the “time duration value” in RTS packet. If node “B” does not respond to the
CTS packet because of a collision, nodes “d”, “e” and “f” will suspend their DCF sending

(if they have packets to send) for the time set in the NAV - even if the medium is clear.

2.2.1.2. Point Coordination Function (PCF) in [EEE 802.11

Real-time traffic (e.g., voice, video) requires bounded end-to-end delays beyond which
the information loses its value and may be discarded. This is in contrast to the delay
requirements for non-real-time data traffic, which are less stringent. DCF is not
particularly suited for real time traffic support because it treats all packets equally
without taking into account the sensitivity of certain types of data. Its connectionless
nature does not schedule or prioritize time-sensitive real-time traffic and as a result it is
unable to distinguish between such traffic and non-real-time traffic. The possibility of
collisions, the use of a random back-off interval and the transmission of long packets may
also lead to excessive delay variation (jitter). The use of a positive acknowledgement for
collision and error detection in DCF may also degrade the transmission of real-time

traffic since retransmission increases the delay.
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Therefore, the [EEE 802.11 standard defines another function - Point Coordination
Function (PCF) - to deal with real-time data [31-35]. The PCF is an optional
connection-oriented capability within the standard. The PCF needs a Point Coordinator
(PC) that initiates and controls the Contention-Free (CF) period where PCF is used. The
PC first senses the channel for the PIFS period (getting priority over regular DIFS traffic)
and then starts a CF period by broadcasting a beacon signal. This contains the possible
maximum length of the CF period in the duration field of the data control header when it
wins control of the medium. All terminals upon receiving the beacon will set a value
(which is equal to “duration time” contained in the duration field of the beacon’s control
header) within their NAV. The length of the CF period depends on the coordination
result from the neighboring PCs; the maximum value is the same as the super-frame. But
if there is more than one PC using the same radio frequency, which may conflict with

other PCs, then the length of the CF is smaller than the super-frame.

In the CF period, nodes will hold off sending any packets except when polled by the PC.
When a node’s tum comes, the PC sends a poll token to the node. The node then sends
back any buffered real-time data after the SIFS period or an empty frame if it has no real-
time data to send. If the terminal just responds with an empty frame, then the PC will not
poll it again if there is time left when it has finished polling this round. Note that all
packets are separated by the SIFS period. Priority polling mechanisms can be used if
different polled users request different QoS levels. Users who are idle repeatedly are

regarded as being shut down or moved out of range and are removed from the polling list
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in the next CF period. The PC can end the contention-free period at any time by
transmitting a CF-end packet when the PCF duration time expires or the PC has no

further frames to transmit or there are no more stations to poll.

In the cellular-like wireless network topology shown in the Figure 2.7, the access point
naturally becomes the Point Coordinator (PC) because it is permanently located at a fixed
place. When an MT turns on, it will first try to register to one access point. MTs in the

overlapping area of more than one access point (like nodes “f” and “g””) will choose one

Figure 2.7 Cellular-like wireless local networks

access point depending on the received signal’s strength from the access point. For
instance, node “f’ may register with “A”, but node “g” may register with “B”. When
initialized by the access point, these two cells could use different radio frequencies to

communicate between their own group members. Therefore, there is no collision in the
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overlapping area when these two access points go into the PCF period at the same time.
If they use the same radio frequency, the access points can also coordinate between
themselves through the wired connection. With the coordination, the maximum length of
the CF period that access point “A” announces will be half of the super-frame, the next
half of the super-frame will be assigned to the “B”. For example, when access point “A”
gains the medium and starts the PCF, system control by access point “B’’ can use the
DCEF to send packets. Before the CF duration time expires, “A” will poll its zone-MTs
following the polling list — “c”, “d”, “e”, “f”’, in a round robin fashion till all buffered

real-time data has been sent. Finally, “A” will send the CF end signal to release the CF

period.

2.2.2. Other MAC protocols

Several other MAC protocols have been proposed for local wireless and/or wireless ad-

hoc networks. We review some of them below.

2.2.2.1. High Performance Radio Local Area Networks (HIPERLAN)

In Europe, ETSI (Europe Telecommunication Standardization Institute) also formed a
group called HIPERLAN [37,38] to study a standard for local area networks that is
different from the IEEE standard. The HIPERLAN is targeted to the more ambitions
goal of supporting much higher bandwidths than [EEE 802.11 LAN, namely a high-speed
(24 Mbps) wireless LAN standard for distributed networks. Any nodes that have data to

send first sense the medium for the period required to transmit (1700 bit). If the medium
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is idle during this whole period, then the node transmits its packet immediately. If the
channel is busy, it triggers the competition mechanism that has three phases:
prioritization phase, contention phase (including elimination sub-phase and yield sub-

phase), and transmission phase (see Figure 2.8).

| Priority___|— Contention phase Transmission
phase phase

Elimination Yield

phase | phase

| RIS

I Time

Survival

Verification
interval

Figure 2.8 HIPERLAN MAC

The priority of a packet is derived from the duration of packets waiting in the queue
divided by a time unit parameter. The more a packet is delayed, the higher its priority
(less slot defer). In the priority phase, the node is sensing the medium and will quit the
competition if the medium becomes busy. After sensing the medium to be free for the
priority phase, the node transmits a noise signal for a random number of slots
(Elimination phase), and at the end of Elimination phase, the node will sense the medium

again - if the medium is busy, it will quit. After that is the Yield phase. During this
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phase, the node further senses the medium and defers for a random number of slots. If no
transmission is detected, the node starts and completes its data transmission. Ideally,

only one node can complete the whole process and send a packet.

An example is shown in Figure 2.9. At time t, there are four neighboring nodes “A”, “B”,
“C” and “D” competing for the medium. Node “A”, “B”, and “C” have a priority defer
that is 1 slot and begin to send a noise signal at time t; Node “D” has priority defer equal
to 2 slots, thus at time t; it senses the medium is busy and quits. Nodes “A”, “B” and “C”

keep on competing during contention phase. Node “C” finishes the elimination sub-
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Figure 2.9 HIPERLAN MAC
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phase earliest at time t;, senses the medium is busy, and quits at time t;, Node “A” and
“B” finish the elimination sub-phase at the same time, verify the medium is idle and then
step into the yield phase. Node “B” randomly creates a slot defer number is larger than
node “A”. So finally node “A” wins the contention and transmits the data at time ts, and
node “B” quits at time ts. After the whole process, although it happens infrequently,
collision could still happen. In the case above, if node “A” and node “B” create the same

yield slot number, then they both will transmit the data at the same time.

2.2.2.2. Black burst mechanism

The black burst MAC protocol is proposed for wireless ad-hoc networks. Unlike
cellular-like wireless networks, in an ad-hoc network, there are no fixed base stations,
and every mobile terminal can be in a state of mobility. Packet transmission is based on
distributed access. To give priority to real-time packets, a mechanism called Black Burst
(BB) has been proposed [39,40] that modifies the [EEE 802.11 standard. Based on the
CSMA/CA, the BB mechanics define three types of IFS: Short IFS (SIFS in IEEE
802.11), Medium IFS (PIFS in [EEE 802.11)), Long IFS (DIFS in IEEE 802.11). Instead
of waiting for polling, real-time nodes contend for access to the channel after the Medium
IFS rather than after the Long IFS used by data nodes. Thus, real-time nodes as a group
have priority over data nodes. Real-time nodes first sort their access rights by jamming
the channel with pulses of energy, denominated BB’s, before sending real time packets.
The length of BB transmitted by a real-time node is an increasing function of the

contention delay experienced by the node, measured for the instant (T ) when an

duration
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attempt to access the channel has been scheduled until the channel becomes idle for the
Medium IFS. Similar to the “slot time” idea in the DCF, an integral number of BB slot
units form the BB. The minimum BB slot number is “1”, as it needs at least one BB slot

unit to gain the channel first from the non-real-time data nodes. The BB duration is given
by BB, ion =1 +[Tdmﬂ%m_th BB, . Here, the BBumuo. IS the period of time that the

competing MTs are sending the BBs. T, .. is the period of time that the MTs are
waiting for the medium clear. T_, is a constant parameter which defines the length of
time used to count for the MTs waiting for the medium to clear. BB, is another constant

parameter that defines the length of unit BB slot time .

After the BB period, a node with real-time data will sense the medium for the sensing
time period to check if the medium is clear. If the channel is clear, it will send its real-
time packet - otherwise it will quit the competition. Therefore, instead of a shorter slot
time extension winning the medium in the non-real-time data group, longer BB duration

will win access to the medium.

Figure 2.10 shows an example of the BB mechanism. The wireless network consists of
four mobile terminals - A, B, C, and D. They can all communicate with each other. In
this case, node “C” has a series of data packets to send to node “D”. As node “C” sends
one packet, node “A”, plans to send a real-time packet at time t;, and node “B” plans to

send a real-time packet at time t;. They both find the medium is busy and wait till time t,.
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At time t;, node “D” will respond with ACK, this packet has highest priority. So, node
“D” will win the competition over nodes “A” and “B”, then send the ACK. When node
“D” finishes sending the ACK at time t;, node “C” schedules to send its next non-real-
time data packet still using the Long IFS to compete, but nodes “A” and “B” use the
Medium IFS to compete. At time ts, real-time nodes “A” and “B” sense the medium is
clear, and begin to send the BB signal, causing node “C” to quit the competition.
Simultaneously, using the “BB equation”, node “A” and node “B” calculate their

respective BB durations. Node “B” calculates a value of 2, but node “A” calculates a
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Figure 2.10 Black burst contention mechanisms

value of 3 because it has been waiting longer (time duration ts-ty is longer than time

duration ts-t;). After two BB time slots, at time t7, node “B” senses the medium and finds
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the medium is busy so it quits the competition. After BB duration, node “A” senses the
medium is clear, and sends its real-time packet. The next competition occurs from time
tio and node “B” has been waiting longer: its BB duration will be calculated from time
interval time t; to time t;;, but node A will only calculate from time t; to t;;. Thus node
“B” will win access to the medium this time. From this example, we can see that the BB

mechanism does not cause starvation for real time data.

2.2.2.3. Dual Busy Tone Multiple Access (DBTMA)

The “hidden terminal” problem described in the Section 2.2.1 is always a challenge that
MAC protocols for ad-hoc networks want to solve. Related to the “hidden terminal”
problem, there is another problem called the “exposed terminal” problem that also affects
the efficient usage of the medium in the wireless networks. The opposite of the “hidden
node”, the “exposed node” is one that is within the range of sender but out of range of the
destination. When such a node transmits data during the period that the sender is
transmitting data, it does not interfere with the data transmission of the sender. Thus in
theory, an exposed node can have a parallel conversation with another terminal out of

range of the intended receiver to improve the utilization of the bandwidth.

The Dual Busy Tone Multiple Access (DBTMA) [41,42] uses two out-of-band tones to
decouple communication in the two directions (see Figure 2.11). The entire channel has
been separated into a control channel and a data channel. Data packets are transmitted

over the data channel, while control packets (e.g., RTS and CTS) are transmitted over the
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control channel. The low frequency end of the channel is reserved to transmit a busy tone
(BT,), and the high frequency end of channel is reserved to receive a busy tone (BT)).
When the destination node receives the RTS packet and finds that it is able to receive the
packet (e.g., the medium is clear), it then sets up its BT, signal and replies with a CTS
packet. Upon the source receiving the CTS packet, it sets up its BT, signal and starts the
data transmission. All the nodes in the transmission range of the receiving node can sense
the BT, signal and defer from transmitting. All the other nodes in the transmission range
of the sender will determine that they cannot receive the other node’s data. However, if a
node cannot sense the BT, signal, then it is capable of transmitting data. Through this
mechanism, hidden terminals back-off and exposed terminals will be allowed to use the
channel [42]. Hence, it can be seen that DBTMA defines the following set of
communication rules:

1. Both the transmitter (“A”) and receiver (“B”) are in the Idle states before the

transmission.
Control Data __,
> h 1
channel channc
| Frequency
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BT, BT,

Figure 2.11 DBTMA frequency chart [42]



CHAPTER 2 RELATED WORK 33

2. When “A” receives a data packet for transmission to the destination “B”, it goes
into a state where it contends for medium access.

3. “A” tries to sense the BT, signal. It backs off in the presence of a BT, signal and
goes to the next step otherwise.

4. “A” transmits an RTS packet, sets up a timer and waits for a CTS message from
“B™.

5. “B” receives the RTS packet from “A”. It tries to sense the BT, signal. It stays in
the Idle state during the detection of BT, signal and goes to the next step
otherwise.

6. “B” sets up the BT, signal and sends out a CTS packet. It then starts a timer and
prepares to receive the packet.

7. “B” receives the data packet from “A”. It sets off the BT; signal and returns to its

idle state.

The disadvantage of DBTMA is that it wastes battery capacity by forcing the wireless
node to continuously sense the medium for the BT, and BT, signals. And it reserves a
special medium bandwidth as a control channel that keeps idle at the most of time. It also
reserves a frequency for BT, and BT, (note: the frequency near the BT, and BT, should

also be reserved to avoid noise), which will waste the bandwidth of the medium.
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2.2.2.4 Multiple Access with Collision Avoidance By Invitation (MACA-BI)

To deal with the “hidden terminal” problem, Talucci proposed a protocol - MACA, by
invitation (MACA — BI) [43]. It supposes that the receiver can predict its future reception
times in a network with periodic data traffic. It initiates the reception by sending out a
ready-to-receive (RTR) message to request data. All the other nodes that hear the RTR,
will defer, thus solving the “hidden terminal” problem. However, since most
transmission instances cannot be predicted due to the burst characteristic of data traffic,
this mechanism just keeps silent in most cases, but once it predicts that neighbors have
packets to send (i.e., piggyback “have more bits” by the previous packet), it will trigger

the MACA-BI protocol to improve efficiency.

2.3 Summary

Recently, a lot of research has been done on local wireless MAC protocols. The [EEE
802.11 is the most popular MAC for wireless LANs. It consists of Distributed
Coordination Function (DCF) and Point Coordination Function (PCF). The DCF is based
on the CSMA/CA mechanism and thus works efficiently even without an access point
controller. However, the proper operation of PCF needs a Point Coordinator (PC) to
administer the data transmission among a group of MTs. In the IEEE 802.11 wireless
local networks, the access point naturally is chosen to act as the PC. However, in the ad-
hoc environment, there is no infrastructure and nodal mobility may be high. The lack of

a point coordinator renders the PCF protocol of the IEEE 802.11 ineffective. So,
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transmission of all packets (non-real-time and real-time) is through the DCF. Real-time

packets cannot then achieve their QoS requirement.

Other MAC protocols designed for the ad-hoc network are based on the principle that the
ad-hoc network is totally distributed. So, the direction of design to improve the QoS for
the real-time packets is by optimizing the CSMA/CA, trying to give the real-time packets
higher priority when they compete for the medium. However, all such proposals do not

conform to the IEEE 802.11 protocol, and hence pose compatibility and economic issues.

We have noted that there are great economic benefits in reusing all the existing functions
defined in the [EEE 802.11 standard, and that central control can achieve the most
effective management in the wireless network, not just in MAC but also in routing and
many other functions. We, therefore, propose a Mobile Point Coordinator (MPC)
selection protocol that will select some MTs as MPCs to function as access point
coordinators in ad-hoc environments. Based on this MPC system, an efficient MAC
protocol that is compatible with [EEE 802.11 has also been proposed. Our proposed

framework is provided in Chapter 3.



CHAPTER 3
MOBILE POINT COORDINATOR MEDIUM

ACCESS CONTROL

In this chapter, we first describe the MPC infrastructure-creation protocol (Section 3.1),
and then describe the MPC-based MAC protocol (Section 3.2). Section 3.3 presents the

chapter summary.

3.1. The MPC architecture: an introduction

In this section, the MPC infrastructure-creation protocol is described. Section 3.1.1 gives
a detailed description of the MPC creation algorithm. Section 3.1.2 explains the protocol

through a number of illustrations.

3.1.1 Description of the MPC protocol

In our scheme, some of the mobile terminals (MTs), based on an agreed-upon policy,
regulate medium access using the Point Coordination Function (PCF) for all or a subset
of their neighboring MTs. This is achieved by electing some to be Mobile Point

Coordinators (MPC). In an ad-hoc wireless network, nodes are neither stationary nor are

36



CHAPTER 3 MOBILE POINT COORDINATOR MAC 37

they permanently turned on. Besides, there are no wired connections. Hence, compared to
a fixed cellular base station, an MPC is mobile, temporarily available and shares no wired

connection to other MPCs.

3.1.1.1 Potential MPC problems

Due to the physical limitations of an MPC compared to a fixed base station, some MAC-
related problems arise. These degrade the operation of the original [EEE 802.11 MAC
scheme. We could categorize the problems into three types: (1) problems caused by the
movement of the MPC, (2) problems caused by an MPC shut down, (3) problems caused

by absence of coordination between neighboring MPCs.

In Figure 3.1, lowercase letters represent zone-MTs, while uppercase letters represent the

MPCs, and the number associated with the letter indicates the time order. Nodes “a”,

LRt Ly
.............

Figure 3.1 Example of problems caused by MPC mobility
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“b”, and “c” are associated with MPC “X” and node *“d” is associated with MPC “Y™.
When “Y” is at the location Y1, nodes “X”” and “Y™ can start the PCF at any time, with
no interference between them. However, when Y moves to Y2, node *“c” will lie in the
overlapping area between X and Y. If MPC “X” and MPC “Y™ start the PCF at the same

time, a collision will take place if “X” polls ¢ while “Y™ is transmitting.

Similarly, the movement of an MT could also affect the relationship between the
neighboring MPCs as shown in the Figure 3.2. When “c”, which was originally
registered to “X” at location c1, moves to c2, a collision may happen at “c” if both MPCs
are operating in the PCF mode at the same time. In addition, as shown in Figure 3.2,
when MT “c” moves from c2 to c3, it will lose contact with its original MPC, “X”, and
will try to re-associate with MPC “Y™. If “X” and “Y” were fixed base stations, the new

access point “Y” would inform the old access point “X” of the re-association of node “c”

.........
---------
.....
-----

Figure 3.2 Example of problems caused by MT mobility
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through the wired connection. However, in an ad-hoc network environment, “X” would

not be informed of the new position of node “c”.

In fixed cellular systems, base stations operate permanently. With the coordination
between fixed neighboring access points, the next PCF period is always predictable. This
will guarantee real-time packet sending and receipt within an acceptable delay bound. In
the MPC system, however, MPCs could shut down at any time. If an MPC shuts down
during the DCF period, then the zone-MT will never reach the CF period, and the
performance of the system will degrade to that of a totally distributed one with no
centralized control. In this case, MTs can only use DCF to send and receive data till the
system selects a new MPC. If the MPC shuts down when it just sends out the beacon to
reserve the medium, or when it finishes polling part of the zone-MT, a new problem
arises. In this case, the zone MTs will never receive the CF-end signal to release the

medium, and the medium resources will be wasted.

One potential solution is to select an MT as a temporary MPC to finish this round of the
CF period. However, this causes another potential problem: can the temporary MPC
cover all the MTs that registered to the original MPC? For example, in Figure 3.3, if
MPC *“A” shuts down suddenly after it announces the start of the PCF, every node will
suspend the DCF while waiting for the poll. If a node (say node “b”) recognizes the shut

down of its MPC, it may carry out the duties of the previous MPC. Node “b” will be
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unable to poll nodes “g”, “i”, and “e”, which are out of the communication range of node

LGb”

""""
....
o

Figure 3.3 Potential problems caused by MPC shut down

Another possible problem is caused by the lack of effective coordination between
neighboring MPCs. As shown in Figure 3.2 above, if there is a zone-MT in the overlap
area of two (or more) MPCs, these MPCs should coordinate to avoid both polling MTs in
the overlap area. Unlike fixed base stations, which could coordinate through their wired
connection, the potential coordination method in the MPC system is to go through one
MT in the overlap area if the neighboring MPCs cannot communicate directly. This will
cause some potential problems, as illustrated in Figure 3.4. First, we need a method to
select one and only one relay node in the overlap area if there is more than one node in

this area (Say node “h” becomes the relay node between MPC “Y” and “Z”). A potential
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problem is that the relay node can also move or shut down. For example, if “h” moves
from hl to h2, it will lose contact with MPC “Y™. If there are more than two MPCs, as
shown in Figure 3.4, coordination between them becomes even more complicated. In this
case, MPC “Y”’ has two neighboring MPCs , “X” and “Z”, and needs to coordinate when
to schedule the next PCF start time. If “Y” broadcasts coordination information, relay
nodes between “Y” and “Z”, and between “X” and “Y”, will forward the coordination
data to “X” and “Z” at the same time. If a relay node like node “h”” moves from location
hl to h2 (outside the overlap area), then coordination between “Y” and “Z” will fail, but
“Y” does not get any failure-related feedback. To guarantee successful MPC
coordination, “Y”’ must send the coordination message to its neighboring MPCs one at a

time.
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Figure 3.4 MPC coordination problem
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3.1.1.2. Goal of MPC selection protocol

To overcome the potential problems discussed in the previous subsection, we propose to
use a different range for MPC nodes than the normal communication range. In our
scheme, The MT can be in one of three modes of operation: (1) free MT (an MPC with
no registered MTs), (2) zone-MT (registered to an MPC other than itself) or (3) MPC.
As Figure 3.5 shows, node “A” is an MPC, and nodes “b” and “c” are zone-MTs that are
registered to node “A”. Every MT, regardless of its current operating mode, lies in the

center of two imaginary circles. In Figure 3.5, the area within the solid circle around node

communication range

Figure 3.5 Communication range and MPC range
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“A” is the Communication Range (resembling the so-called “cell” in cellular networks)
of node “A”. All other nodes in this range, such as “b” at time b1 and “c’” at time cl can
communicate with node “A” directly. The dashed circle, whose radius is half that of the
communication circle defines the MPC range of node “A”. Ideally, all the MTs that are
registered to MPC “A” are within its MPC range. Every node declares its existence by
sending a ‘“‘hello”” message, and the receiver of the “hello” message decides in which area
the sender is located, depending on the strength of the received radio signal. If the
receiver can hear the signal, then the sender must be in its Communication Range; if the
received signal is stronger than the value of the so-called MPC candidate threshold, then

the sender is within the receiver’s MPC Range.

In an ad-hoc wireless mobile environment, MTs are moving in and out neighboring MTs’
MPC range frequently. One special case is when MTs stay on or vibrate on the MPC
candidate threshold. To optimize the stability of our dual range MPC system, we can set
up a neutral area between the inner range and outer range. If the MT wants to register to
another MT, the latter’s signal must reach the MPC candidate threshold + A, where Ais a
constant. If an MT wants to disjoin from an MPC, the signal_strength must reach, or be
below, the MPC candidate threshold minus A. As Figure 3.6 shows, node “a”, which is
originally registered to “A”, moves in a zigzag pattern exactly on the border of the inner
circle. In Figure 3.6 (a), node “a” will be kept busy by repeatedly registering and

deregistering to MPC “A”. But, as shown in Figure 3.6 (b), “a” remains registered to “A”.
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Figure 3.6 Improving system performances using the signal thresholds

3.1.1.3. Advantages of the dual range MPC architecture
With this dual-range MPC architecture, we could solve, or at least ease, the problems

caused by the limitations of ad-hoc wireless networks, which have been described earlier.

As shown in Figure 3.7,

» It will help the MPC to better track MTs. When the zone-MT re-associates with a
new MPC or becomes a free MT, it may be still within the communication range
of the original MPC, and can hence inform the old MPC of its new affiliation.
For example, node “a” after moving from al to a2, and registering to MPC “Y™,

can still inform node “X” of the re-association.
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» MPCs can communicate directly. Note that the radius of the inner circle is half or
less than that of the outer circle. If the inner circles have overlapping area, which
is a situation that may cause problems, the MPCs can coordinate with each other
directly. If two MPCs, such as “Y” and “Z” in Figure 3.7 above, are outside the
communication range of each other and start the PCF period at the same time,
then the overlap area of the dotted circle and the solid circle is much smaller than
the overlap area of the two solid circles. Thus movements like node “b”” moving

from bl to b2 have no effect on the relationship between MPCs “Y™ and “Z”.

Figure 3.7 Alleviated problematic scenario

Having an MPC range smaller than the communication range eases the collision

problem between the neighboring MPCs, but does not solve it completely. For
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example, if “X’” and “Y” start the PCF at the same time, then a collision may still
happen at node “‘€” instead of nodes “b”, “c”, “d”, and “e”.

» Due to the smaller inner range, all group members of a certain MPC can contact
each other within one “hop”. Therefore, if an MT suspects that the MPC was shut

down, then it can take over the job of the MPC to finish polling.

3.1.1.4. MPC system parameters and components

When an MT is turned on, it will broadcast its so-called “hello” message periodically.
The “hello” message contains the node’s local information and information about the
wireless ad-hoc network. Explanations of the fields contained in the hello message are
listed below:

e My _ID — this is the MAC ID of the MT - and is unique to every MT.

e My MPC - this parameter indicates the ID of the MT’s MPC. If the MT is a
zone-MT, its My MPC variable will set to the ID of the MPC to which it is
registered. If the MT is an MPC it will be set to “0”. If the MT is a free MT, its
My_ MPC variable will be also set to “0”.

e My sequence_num — any connectivity change will result in an increase of the
sender’s My_sequence_num. [t is initialed to “0” when the MT is turned on.

e My _reg_ MT_num - this variable stores the number of the zone-MTs that are
currently registered to an MPC. Both the zone-MTs and the free MTs will have

their My_reg_MT_num set to “0”.
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My_neighboring_ MPC_num - this variable parameter counts the number of the
MPCs or free MTs that are in this MT’s communication range.

Probing_MT _list - this parameter contains the IDs of all the zone-MTs that are
registered to a particular MPC. Both the zone-MTs and free-MTs will set this

parameter value to nuil.

Other parameters that need to maintained by all MTs include:

inner_outer_threshold_(MPC candidate threshold) — A constant radio signal
strength value. If the receiving radio signal is stronger than this value, the sender
will be considered currently in my MPC range, and thus suits being an MPC
candidate.

need_MT list_search_for_MPC — A flag used to indicate where to find the best
MPC. When the MT turns on or the zone-MT disjoin from an MPC, this value is
set to “true”.

MT list — A table maintained in every MT’s MIB to store information of the
neighboring MTs, which are currently in its communication range. Each entry
will contain the following: (1) My_ID (2) My_MPC (3) My _reg MT _num (4)
My_sequence_num (5) My_neighboring MPC_num (6) Last_received_time (7)
received_signal_strength. The first five parameters are exchanged by the “hello”
message. The Last_received_time records the time of the last message received
from a neighboring MT. The received_signal_strength records the signal strength

of last message received from this MT.
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e “Data sending” queue — A queue maintained by every MT’s MAC layer to store
the non-real-time, real-time, and management data packet, prior to transmission.

e “Control frame” stack — Another buffer in the MAC layer used to buffer the
control frames that cannot suffer delay such as ACK, and CTS. The “control

frame” stack has higher priority than the “data sending™ queue in data sending.

3.1.1.5. MPC selection

Figure 3.8 shows the process of MPC selection. All the MTs will periodically broadcast
“hello” messages by calling the hello_from() routine (see Appendix A). All the MTs in
the sender’s communication range can receive the “hello” messages if there is no
collision. The receiver will record or update the sender’s local information contained
within the “hello” message, including the receiving time and signal strength by calling
the hello_receipt_from() routine (see Appendix A). If the MT does not receive any signal
from a certain MT that is listed in its “MT list” within a timeout period, it will regard the
target MT as out of its communication range and will delete it from its “MT list”.
Another time that a MT can realize a neighboring MT has shut down or has moved out of
its communication range is when it sends packet to this destination MT without receiving
an ACK for several times continuously. This will be further described later in Section

3.2.

After having been turned on for a period of time exceeding the "observing period”, as an

MT needs enough time to collect the neighboring MTs' information to avoid selecting an
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MPC depending on partial information, the MT selects an MPC from its list of possible

candidates.

Hello_message include:

My ID;

My MPC;
My_sequence_num,;

My reg MT_num;

My _neighboring MPC_num;
Probing MT_list;

—_—

“Hello” message

1. “Merge request” messag
>

2. “Merge respond” message

Figure 3.8 MPC selection mechanism

The criteria upon which an MPC is chosen are as follows:
I. An MT whose My_MPC value is “0” will join an MPC whose signal strength is at
or above the inner_outer_threshold.
II. MPCs with largest My reg MT_num are given preference. This MPC selection

criterion tends to discourage multiple cluster-heads within MPC range of each other.
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According to this criterion, if two MPCs move within MPC range of each other, the
smaller group will finally merge into the larger group.

III. MPCs that can communicate with a large number of other MPCs are given
preference. This is because the MPC with a higher My_neighbor MPC_num has
more MPCs or free MTs to coordinate with directly.

[V. If the all the above three criteria are the same for two or more candidate MPCs, then

the MT will select the MPC with the lowest ID.

After choosing the candidate MPC, if the candidate is not itself, the MT will send a
“merge request” message to the candidate MPC during the DCF period by calling the
merge_request_from() routine (see Appendix A). The candidate MPC will call the
merge_request_receipt_from() routine (see Appendix A), and will either send back a
“merge response” message with “merge accept” or “merge reject” information. The latter
occurs only when there is a limitation on the number of zone MTs (access control
mechanism) or if the receiver has moved out of the MPC range of the sender. If the
sender of the “merge request” message does not receive the “merge response” message
on time, it will retry until it receives the response message. If the merge request is
accepted, then the MT will change my MPC to reflect its new MPC and increase the
My _sequence num by 1. The MT will send a “disjoin” message by calling the
“disjoin_from()”" routine (see Appendix A), to its old MPC, if it had one. The old MPC
will respond with an ACK to announce the receipt of the message and call the

disjoin_receipt_from() (see Appendix A) routine to update the topology parameters. The
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previous MPC’s My sequence num will be incremented by one, and its

My_reg MT_num will also change to reflect the revised number of group members.

3.1.2. MPC illustrated
This section explains the operation of the MPC infrastructure-creation protocol by means
of illustrations. Each of the following examples represents a scenario, and its set of

corresponding actions performed by the mobile terminals running the MPC protocol.

In Figure 3.9, at time “0”, nodes “X”” and “Y” are MPCs; nodes “a”, “b”, “c”, and *“d”,
are all registered to “X”, so the My_reg MT num of “X” is 4. Node “e” is registered to
“Y”, thus My_reg MT num of “Y” is 1. When node “f” is turned on at time “1”, after
exchanging “hello” messages, it finds out that there are three candidates: “X”, Y™, and

itself, which are in the MPC range of node "f".

However, the zone-MTs of node “X” are 4 compared to 1 for node “y” and 0 for itself.
Therefore, node “f” will register to “X” by sending a “merge request” message, and in
turn will receive a “merge accept” message. Thus, MPC “X” will have 5§ MTs registered
to it. At time “2”, node “g” turns on; finding no existing MPCs in its MPC range and so
becomes a free MT. Node “h” turns on at time “3”, the free MTs “g” and “h” become the
MPC candidates because they exist in the MPC range of each other. They both are free
MTs, as there are no MTs registered to them at that time. Based on the

My _neighboring MPC_num, node “h” can reach two MPCs, “X” and “Y”, but node “g”
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can only reach a single MPC, “X”, directly, so node “g” becomes a zone-MT of the new

MPC “h”.

Figure 3.9 Finding the MPCs

When node “i” is turned on at time “4”, it has three MPC candidates: “h”, “Y” and itself
to choose from. Node “h” and “Y” tie on My reg MT_num, (both equal to 1), and
My_neighboring MPC_num, which are equal to 2. It has to use the fourth MPC
selection criterion (smallest ID) to arbitrarily choose one as its MPC (that is node “h”).

So, node “i”” will register to MPC “h”.
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Sometimes, a zone-MT may need to disjoin from the old MPC and re-associate with a
new MPC or just disjoin from the original MPC. This is due to one of the following

reasons:
o When the MT moves out of the MPC range of its original MPC. This is shown in
Figure 3.10 for node “e” which was originally registered to MPC *“A” at location

el.

Note:
1: merge-request 2:merge-accept 3: disjoin 4: ACK
5: merge-request 6:merge-accept 7: disjoin 8: ACK

Figure 3.10 Changing MPC affiliation

o If a zone-MT finds out that a neighboring MPC is more suitable than its current
MPC. In Figure 3.10, “e” was initially registered to “A”, so the My_reg MT_num

of “A” is equal to 1. Nodes “f’, “i” are registered to “B”, so the
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My _reg MT_num of “B” is equal to 2. Node “g” and “h” are registered to “C”, so
the My _reg_ MT_num of “C” is also equal to 2. Afier node “‘e” re-associates with
“B”, the My_reg MT _num of “B” increases to 3. Node “g” will now find that
“B” is more suitable to become its MPC because the My reg MT num of “B” is
larger than that that of “C”. Node “g” will re-associate with “B”” and disjoin from

“C”
.

The second MPC selection criteria (largest My reg MT num), with the help of the re-
association mechanism, causes the smaller MPC group to become smaller and finally
disappear. In Figure 3.11, at time *“0”, there are three MPCs, “X”, “Y™, and “Z”. Nodes
“a”, “b”, “c”, and “d”, are all registered to “X”’. Nodes “e”, and “f” are both registered to
“Y”, and nodes “g” and “h” are registered to “Z”. When node “f” moves from f0 to fl, at
time “1”, MPC “X” will be within MPC range of node “f”, and it finds that “X” has four
MTs registered to it, but its original MPC “Y”’ has only two MTs registered to it. Node
“f’ will send a “merge request” message to “X”, and node “X” responds with a “merge
response” message. Node “f” will then send a “disjoin” message to “Y”, node “Y™ will
respond with an ACK message. MPC “X” will now have five MTs registered to it, while
MPC “Y” will only have one MT registered to it. As the result of exchanging
information by “hello message”, the next step of “MT leaving” will occur. Node “€” now
finds that MPC “Z” has more MTs registered to it than its original MPC, “Y”, and re-

associate with “Z”. MPC “Y” now becomes a free MT because no MT is registered to it.

It will also be registered to MPC “Z” and finally become a zone-MT. Therefore, the
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whole MPC group of “Y” has been absorbed by its neighboring MPC groups, “X” and

“Z”, and disappears.

Figure 3.11 Re-association of MPC

Figure 3.12 shows the case when the MPC is shut down during the PCF period.
Originally, there are two MPCs, “X” and “Y”, in this network. Nodes *“a”, “b”, “c”, “d”,
and “e”, are registered to MPC “X”, and Nodes “f”, and “g”, are registered to MPC “Y™".
Immediately after MPC “X” initiates the PCF period by sending the proper beacon, “X”
is shut down. In this case, another MT, say node “a”, becomes the new MPC temporarily
in charge of nodes “b”, “c”, “d”, and “f”, to finish this round of the PCF period. Every

MT that originally registered to “X” will reset their My _MPC parameter to the ID of
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node “a”, and increase their My_sequence_num by 1. After the PCF period, they go into
the common process of MPC formation: some nodes, like “d” and “e”, find that they are
outside the MPC range of “a”, the new MPC; Node “d” thus tries to associate with “Y™.

Node “e” finds itself to be the best candidate to be an MPC, and thus becomes a free MT.

Figure 3.12 shut down of MPC

3.2. MPC-MAC

In this section, we describe an IEEE 802.11 compatible MAC protocol for wireless ad-

hoc networks. Our protocol is based on the MPC infrastructure-creation scheme
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described in the previous section. Section 3.2.1 gives an overview of the protocol.
Section 3.2.2 describes the MPC-MAC system parameters. Section 3.2.3 provides a

description of the protocol, while Section 3.2.4 explains the protocol by illustrations.

3.2.1. Protocol overview

This MPC-MAC protocol utilizes the MPC system presented in Section 3.1. When an
MT tumns on, it is initialized as a free MT. All MTs run the MPC creation protocol, and
some are elected to act as MPCs. The MAC protocol consists of DCF and PCF

components. There is no synchronization between different MTs.

3.2.1.1. Basic DCF and PCF in MPC-MAC

In the DCF active period, every MT, regardless of its mode of operation, can compete to
acquire the medium for data packet transmission. In DCF mode, not only non-real-time
data packets, management data packets, and control packets can be sent, but also real-
time data packets. However, during the PCF active period, all the MTs, except for MPCs
and free MTs, are prevented from competing for the medium until being polled by their
MPC. When an MT is polled by its MPC, it will search for real-time data packet to send.
If the polled MT has no real-time packet to send, it will answer with an empty data
packet. Therefore, when the DCF and PCF act in turn, the real-time data packets have a
better QoS level because they can be sent at any time of the super-frame period. On the
other hand, non-real-time packets can only be sent during the DCF active period. If the

PCF controller is an MPC, it will send its buffered real-time data packet and poll message
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to poll the MTs, which are registered to it in a round robin manner. A free MT just sends
its buffered real-time data packets during the PCF period. If the nodal density becomes
heavy in a single communication cell, to increase the efficiency of PCF, the MPC may
poll part of zone-MTs in its polling list. Here, a call admission control mechanism would
play a very important role in separating the zone-MTs that have been given admission,

from all the zone-MTs in the polling list.

As described in Section 3.1.1.4, in the MAC layer, the data packet buffer consists of a
“data sending” queue and a “control frame™ stack. If the buffer is not empty, it will
trigger the DCF to work. The DCF will try to send all the data packets in the “control
frame” stack first, then the packets in the “data sending” queue one by one when the
value of its NAV is equal to 0. Before sending any data packets in the “data sending”

queue, it should make sure that the “control frame” stack is empty.

As in the [EEE 802.11 MAC standard, each MT is in PCF mode once per super-frame
time period. A MPC will suspend the DCF (by setting its NAV to a non-zero value), and
will initiate the PCF period. After controlling the medium, the MPC sends its buffer's
real-time data packets, if any, and polls the MTs registered to it one by one. A Free MT
will check the “data sending” queue first for real-time data. If it does not find any real-
time packets in the queue, it does not initiate a PCF period. However, if it finds real-time

data packets in its buffer, it will suspend its DCF period, and go into the PCF active
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period. Therefore, the PCF active period for a free MT is only for sending its own real-

time packets.

Within the MPC-based MAC framework, several MPCs and free MTs can
simultaneously have the PCF initiation rights, and may co-exist in the same
communication range. As shown in Figure 3.13, MPCs “A”, “B” and free MT “c” co-
exist in each other’s communication range. They compete for the medium using the
PIFS, which is shorter than the DIFS. So, they always beat their neighboring nodes that

run the DCF. However, collisions may happen among the PCF initiators if they

Figure 3.13 Three roles of MT

simultaneously contend for the medium using the PIFS only. To solve this problem, we

propose to use the random Slot Defer Number (SDN), as is done in the IEEE 802.11
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DCEF, to extend the PIFS to several time slots to avoid collision among the MPCs and free

MTs.

However, even when the randomly created SDN is used to extend the PIFS, collisions
may still take place, or even the PCF of an MPC or a free MT may lose the competition
to the DCF of a neighboring zone-MT. Figure 3.14 shows a scenario in which a PCF
initiator suffers collision, and also a scenario where it loses the competition with DCF
nodes. At time to, MPC “A” plans to initiate PCF with an SDN value of 1, but node *“d”
wants to send packets in DCF with an SDN value 0. At time t;, MPC “A” senses the
medium and realizes that it is occupied by node “d”, thus it loses medium competition to
a DCF node. At time t;, the medium becomes idle again, but now node *“€” joins the
medium acquisition competition with “A”. The medium sensing time of node “A” is the
same as that of node “e”. Therefore, node “A” sends the beacon signal, while node “e”
sends its “RTS” packet. They both suffer collision. Because the “beacon signal” is a
very short data packet, node “A” finishes transmitting earlier at time ts, senses that
medium is busy, realizes that it has suffered collision and reschedules the next medium
competition immediately. At time ts, node “e” finishes sending the “RTS” packet, and
waits for the “CTS” packet (which will not arrive because of the collision). At the same
time, node “A” senses the medium becoming idle again, and finally it successfully
initializes the PCF by sending a “beacon signal” at time t;. After “A” finishes its PCF at
time tg, MPC “B” and free MT “c” plan to schedule their PCF at the same time, and they

unfortunately choose the same random SDN, and suffer collision by sending the beacon



CHAPTER 3 MOBILE POINT COORDINATOR MAC 61

signal at the same time. Because the length of the “beacon signal” is the same, they
finish sending at the same time, but there is no feedback to show that a collision has

occurred. Hence, there is no way to detect the collision.

Note: Letter in quote means nodes; SDN means Slot Defer Number
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Figure 3.14 PIFS collision

3.2.1.2. Enhanced PCF mechanism

Unlike the DCF, in which the data transmission is unpredictable, the beginning of a PCF
period is predictable, because the time interval between the PCF initial time points is
about the length of the super-frame time interval. We can use this characteristic to avoid
PCF initiation collisions. When it is time for an MPC or a free MT to initiate the PCF, it
will first check the recent PCF records of its neighboring MPCs and free MTs, estimate

its possible competitors for the medium, and create a competitor list. The position of a
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competitor in the list will match its last PCF initial order sequence. The SDN will be the
same as the position number in the list. Normally, if the real-time traffic is light, PCF
periods of co-existing MPCs and free MTs will spread sparsely in one super-frame time
period. As Figure 3.15 shows, in the first super-frame period (time to to t3), real-time
traffic is light, each initiator’s PCF duration is short, and they all fit in the predicted time
frame established by history (for example, node “A” finishes PCF at time t, before the
predicted PCF initial time of node “B” which is at time t;). In this period, any PCF
initiator when trying to initiate the PCF will find that there are no candidates to compete
with for medium access. The PCF initiators will use the PIFS with an SDN value of 0 to
compete for the medium. If the real-time traffic is light, the PCF initiators will always
have higher priority over users of DCF and no collision will take place between the PCF

initiators.
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Figure 3.15 The enhanced PCF mechanisms
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If the real-time traffic becomes heavy, some PCF durations will become longer. An
initiator’s PCF period may extend over the predicted start time of the next initiator’s
PCF. As shown in Figure 3.15, in the second round, the real-time traffic becomes heavy,
the PCF period of node “A” lasts up to time ts (beyond the second predicted PCF start
time, t;). When “B” initiates the PCF in the second round, it still gets no other candidate
to compete with it, thus it waits only for PIFS and then gains control over the medium.
When node “B” finishes its PCF at time tg, it is beyond its predicted time, and there are
two nodes, “c” and “f’, to compete for the medium. Node “c” finds that it is the first
candidate in the predicted sequence, thus it gets an SDN of “0”, whereas node “f” gets an
SDN of “1”". Node “c’” gains access to the medium. If node “c” is shut down or just quits
the PCF, node “f” has the chance to acquire the medium. If all nodes suffer postponement
of their predicted PCF initiation time, this causes wasted bandwidth. Such an
unpredictable situation cannot even be controlled in cellular-like wireless LANs, and is

beyond the scope of this thesis.

In our protocol, the MPC will inform all its group members of the list and the order by
which the MTs will be polled using the “hello” message. When the MPC announces the
start of the PCF, all the group members will keep track of which MT will be polled next.
When the PCF starts, every member MT will copy the polling MT list into volatile
memory. With the process of polling, deleting the member that responds back with an

empty data frame will modify the temporary polling list. With this method, every
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member can calculate the time it will be polled. If the MT does not hear the polling
signal, it assumes its MPC must have been shut down, or might be out of range. In this
case, another group member can take over as an MPC. Since all zone MTs maintain the
polling order, the new MPC can continue the current PCF period. An example will be

illustrated in Section 3.2.4.

3.2.2. MPC-MAC system parameters
The following system parameters are used by our MPC-based MAC protocol:

e my_next PCF_poll — A variable that will be initialized when the zone MT
receives the beacon from its MPC. It will be modified when it receives the
information from the MPC and count down with the time going. When it reaches
“0”, the MT will doubt its MPC has shut down. During the PCF period, it always
has a positive value, but during the DCF period, its value will be set to “-1”.

e polling_list — A table maintained by every MT to keep track of its group members
that have the same MPC as itself. The MPC will update it and broadcast it in the
“hello” message.

o unfinished_polling_list — For a specific PCF period, this list is used to track
which MT in the group has sent all its real-time data, and hence will not be poiled
again.

e RTSThreshold —If the data packet size is larger than the value of this constant,

the virtual sense mechanism will be triggered.
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e my_MPC_is_in_PCF — A boolean variable used to indicate whether the group

the MT belongs to is currently in PCF mode or not.

3.2.3. Description of the MPC-MAC protocol

Here we will describe our MPC-MAC. When a packet arrives in the buffer, it will trigger
the DCF_send() routine (see Appendix B), which will send the control frame packet in
the “control frame” stack using SIFS to compete for the medium. The transmission of a
packet in the “control frame™ stack is not limited by the NAV and state mode. Even if the
NAYV is not “0” or the MT is in PCF mode, the transmission of control data like ACK,
CTS is not deferred. So, in our MPC-MAC protocol, after the polled MT sends a real-
time packet, before the MPC polls the next MT, a gap (about SIFS+ time to send an
ACK) should be reserved to let the destination MT confirm with ACK. Using
DCF_send() to send the packet in the “data sending” queue, will be limited in the DCF
mode, and the NAV is set to “0”. If the condition is not satisfied, the routine will suspend
itself till the NAV reaches “0” or the MT goes into DCF mode. When competing for the
medium for the packet in the “data sending” queue, the routine will use DIFS + randomly
created SDN. After winning the medium, it will send the packet directly (for a small size
packet) or send “RTS” first (for a large size packet). In the latter case, all the MTs around
it will call the RTS_receipt_from() routine (see Appendix B) to set a value in NAV. If the
receiver is the destination of the RTS, it will send the CTS packet. Similarly, the receiver

of the CTS will call CTS_receipt_from() routine (see Appendix B) to set the NAV.
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In the MPC system, there can be several PCF initiators co-existing together, which need
to share a super-frame time period. Therefore, in an MPC system, in a super-frame, there
may be several PCF periods and DCF periods fragmented and interleaved together. The
MT uses “my MPC _is_in PCF” to coordinate the DCF and PCF in the super-frame. This
variable is set to “true” in only one PCF period fragment that is initiated by its native
MPC, and is set to “false” at other times. When the MT receives a beacon signal (no
matter whether the sender is its MPC or not), in its NAV, a value equal to the length of
PCF duration will be set. The same thing happens, when it receives the “CF_end signal”,
in its NAV, the corresponding value will be reset to “0”. If the sender of the “CF_end

signal” is the MT’s MPC, then the variable “my_MPC_is_in_PCF” will be set to “false”.

In the MPC, the PCF _initiate() routine (see Appendix B) will be activated periodically. It
uses PIFS and a calculated SDN to compete for the medium. The method to create SDN
is different from that in DCF, which is created randomly. In PCF, the MPC could check
the neighboring MPCs’ beacon record for "SDN’s value equal to the number of MPC
around me which should have sent a beacon but still have not till now". After this MPC
wins the medium, it will send the beacon signal to initiate a PCF period. All the MTs
around it will call the PCF_Beacon_receipt_from() routine (see Appendix B) to reserve
the medium by setting NAV and initiating my next PCF_poll, estimating the time to
being polled that may trigger an MT to replace its MPC if the MT is not polled for a
certain period of time. When the MT replaces the MPC in the PCF period, it will call the

PCF_send() routine (see Appendix B) to finish the current PCF. After it initiates the
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PCF, the MPC will call the PCF_send() routine to poll and send real-time packets within
the MPC group. All the group members, including the MPC, will maintain their
unfinished_polling_list, and the MPC will follow the sequence in the list to poll the MTs,
one by one, by sending poll tokens to the MT. All the group members will call the
poll _receipt_from() routine to update the time to be polled. If the MT is the destination of
the poll token, it will send a real-time packet from its buffer or send an empty frame if it
has no real-time packets to send. The MPC and all other group members will delete the
empty frame sending MT from the unfinished_polling_list. After all the real-time packets
have been sent or the PCF reserved time has expired, the MPC will send the “CF_end
signal” to finish the PCF period. The MTs around the MPC will call the
CF_end_receipt_from() routine (see Appendix B) to set the NAV to “0” and unlock the

data-type packet’s sending with the DCF.

All the functions and packets’ formats in MPC MAC are defined in IEEE 802.11. Our
MPC creation algorithm goes through the layer above the MAC. The objective and
challenge to design our MPC MAC protocol is to make it follow all the rules of [EEE
802.11. However there are still some differences with the [EEE 802.11 standard. First, in
the IEEE 802.11, the MTs only have the function of being polled by a Point Coordinator
(PC), and never work as a PC. However, in our MPC MAC, an MT also needs the related
functions to work as MPC to initialize the PCF period and poll other MTs to send real-
time packets. The MT will have extra functions to replace the original MPC when it shuts

down in the PCF period (The PC in the IEEE 802.11 never shuts down). The MPC MAC
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uses the neighboring MPC’s beacon record to estimate the SDN after the PIFS, which
always has a non-zero value. However, in IEEE 802.11, the PC always uses PIFS without
an SDN to compete for the media because the neighboring PCs could coordinate through
a wired connection. There is an MPC range inside the communication range in our MPC
MAC. The MT only tries to register to the MPC that is located in its MPC range and tries
to disjoin from the MPC if the MPC moves out of the MPC range. However, in IEEE
802.11, there is only one communication range, the MT can register to any PCs that it can

contact.

3.2.4. MPC-MAC illustrated
This section explains the operation of the MPC-MAC protocol by means of illustrations.
Each of the following examples represents a scenario, and a set of corresponding actions

performed by the MAC layer.

In Figure 3.16, When MPC “A” is about to initiate the PCF; it finds out that it is the only
MPC contending for the medium. Therefore, when the value in its NAV reaches O, it
senses the medium for a PIFS period, and sends a “beacon signal” afterwards. All the
nodes in its communication range will set their corresponding NAVs to the value of the
PCF duration. “A” then begins to poll the MTs registered to it in the following order: “a,
b, ¢, d, e, and f’. “A” sends a poll token or a real-time packet piggybacked with a poli
token to “a”. Node “a” then searches its data buffer and finds real-time packets, and

sends a real-time packet back to “A’”. MPC “A” and all the group members assume that
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this node may have more real-time packets to send, and still keep it in their
unfinished_polling_list. MPC “A” then sends a poll token to “b”, which has no real-time
data and just sends an empty frame. ““A’’ and all group members will now delete this node
from their unfinished_polling_list. The MPC will continue polling the other MTs until
there are no nodes in the unfinished polling_list, or until the reserved PCF duration is

OVver.

Figure 3.16 MPC shut down

If the MPC is shut down during this polling process, for instance after polling “c”, then
every group member having maintained the unfinished_polling_list (that is, “a”, “c”, “d”,
“e”, and “f’) can become the temporary MPC. When node “’c’ finishes sending its packet,

node “d” finds that the MPC did not poll it on time, and will become the MPC, and
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begins polling “e, f, a, c” and itself. Normal MPC selection can resume before the next

PCF period is initiated.

Consider Figure 3.16 above. If MT “h” wants to send a large data packet, it first sends an
RTS to MT “g”. When MPC “A” is in the PCF period, no matter whether “g” is
registered to “A” or not, MT “g” will not send back a CTS (because the medium is
already reserved) even if it had successfully received the RTS from MT “h”. This is
because its NAV was set to the value contained in the beacon signal of MPC “A” when it
announced the beginning of the PCF. In this case, MT “h” may try to send the data
packet or RTS to MT “g” several times, but will not receive the CTS. MT “h” will quit
trying to send and conclude that MT *“g”” was shut down or is out of the communication
range, and so it will delete “g” from its list of MTs. The situation is rectified after “h”
receives the next “hello” message of MT “g”. It then adds *“g” again to its list. If the
sending MT regards the destination MT as shut down or out of the communication range,
even it had tried sending several times, it will not increase the value of the Collision
Window (CW). Otherwise, the sending MT will consider that the failure was caused by
collision, and hence double the value of its CW. It should be noted that small packets

could be sent directly. The receiver can respond with an ACK (even if the medium is

reserved), thus there will be no problem.

As Figure 3.17 shows, MT “d” was initially registered to MPC “A” at location dl.

When “d” moves from d1 to d2, it finds out that MPC “B” is more suitable to be its MPC,
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and sends a “merge request” message to “B”, and “B” sends back a “merge accept
message to “d”. If “A” gains medium control to go into the PCF period before “d” sends
the “disjoin™ message to “A”, then, node “A” will still regard “d” as one of its registered
MTs, and polls it regularly till node “d”” has a chance to send the “disjoin” message in the

next DCF period.

Figure 3.17 Duplicate MPC problem

3.3. Summary

This chapter provided an in-depth explanation of the operation of our proposed MPC

infrastructure-creation protocol, and the operation of our proposed MAC protocol for
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wireless ad-hoc networks. Illustrative examples of MPC-based infrastructure-creation and

MPC-based MAC were also presented.

We presented an overview of the routines that will be called on when an MT exchanges
“hello” messages, “merge request” messages, “merge response’” messages, and “disjoin”
messages, with neighboring MTs. Furthermore, we explained how the most current data
about the network topology is gathered and maintained, and how the MPC infrastructure

is established and maintained throughout the wireless ad-hoc network.

In the MAC layer, a “data sending” queue exists and is used to buffer the incoming data
packets that need to be relayed, or the packets created by the application(s) running on
the MT and need to be sent. The MAC-layer “control frame” stack is used to buffer the

high-priority control frames, such as ACK, and CTS.



CHAPTER 4

PERFORMANCE EVALUATION

In this chapter, we study the performance of our MPC wireless MAC protocol. The
performance of the IEEE 802.11 in an ad-hoc wireless environment, where only DCF can
operate, was examined and tested, and compared to the performance of our proposed
MAC protocol. In our protocol, the DCF and the PCF (as defined in the IEEE 802.11)
can co-exist. A packet-level simulator was developed using the Java programming
language in order to monitor, observe and measure the performance of our protocol,
using different input parameters. There are no other independently published results to

compare with the results provided in this chapter.

4.1. Simulation model

4.1.1. Experimental setting

In our simulation experiments, the channel capacity is set to 2 Mbps. All the MTs are
assumed to be within a 400 x 400 unit grid. The three IFS periods, SIFS, PIFS, DIFS and
the slot defer time have been set to an effective length of 2, 3, 14 and 1 octet,
respectively. There is a gap between the PIFS and the DIFS, which enables several

neighboring MPCs to compete for the medium without interference with the DCF nodes.

73
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To avoid collision between MPCs, several neighboring MPCs may wait for the PIFS plus
a calculated number of defer slots provided that the total does not exceed 14 octet periods
(equal to DIFS). (Note: Here, to improve the performance of PCF, we have slightly
modified the IEEE 802.11, which defines the difference between PIFS and DIFS as one
time slot.) The size of the Collision Window (CW) is between 8 and 128. When the MT
suffers repeated collisions, the CW may reach 128. When an MT is successful for 4
consecutive times, the CW will be halved till it reaches 8. In our simulations, when
packet transmission is attempted 3 times without receiving an ACK, the packet will be
discarded. If the MT discards 3 packets in a row for the same destination, the destination
MT is removed from the “MT list”. The PCF period is periodic with the super-frame
being equal to 1 second. “Hello” messages are exchanged every 0.2 seconds. If the MT

does not hear from its neighboring MT for 2 seconds, it will remove it from its “MT list”.

Each experiment tests the behavior of the system for a given number of nodes, N, for 60
seconds. Our simulations consist of two stages: the network initiation stage, and the
testing stage. During the network initiation stage, the MTs are created one at a time.
When a MT is generated, it tries to establish neighborhood and MPC associations with
the existing MTs. After all specified MTs have been created for 5 seconds, the simulation

then goes into the testing stage where data is collected for an additional 60 seconds.
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4.1.2. Mobility model

In the simulation, every MT is in one of two mobility states: moving or pausing. When
in the moving state, the MT moves towards its target location determined in the last pause
period, with a specific speed (randomly generated with a mean equal to Move Speed (S)).
When the MT reaches its target location, it will reach its pausing state. The length of the
pausing period is also randomly generated with a mean equal to a user defined input
parameter, Pause Time (P). During the pause period, it will determine the next target
location and its moving speed. Hence, the MT’s lifetime will consist of moving periods
(each with its own speed and direction), and pausing periods (of different time intervals)
in turn. The creation of S, P and the next target location is by Eq. (4-1). Here, the
function “random (x)”’ creates a value from a uniform distribution (from 0 to 1). Another
variable parameter related to the mobility model is the transmission range, R, which is
discussed later (Section 4.2.2). The MPC range is always set to half of the transmission
range.

Value = lowest bound + 2*mean * random (x) 4-1

4.1.3. Traffic model

There are a number of packet types: MAC control packets (ACK, RTS, CTS, etc.),
application/data packets (real-time and non-real-time), and MPC-related packets (hello,
merge request, merge response and disjoin). The length of the control packets and MPC-
related packets is set to 20 and 80 octets, respectively. The length of the data packets is

determined by the parameter Packet Length, L.
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When an MT receives a data packet addressed to it, it creates and sends an ACK to
confirm receiving the packet. When the MT plans to send a data packet whose length is
over RTSThreshold, it will create and send an RTS packet first to reserve the medium
and trigger the destination MT to respond back with a CTS packet. In our simulation
experiments, RTSThreshold is set to a value such that the RTS-CTS exchange is used at

all times.

The creation of data packets is determined by three parameters: Mean Rate (MR), Peak
Rate (PR) and Burst Length (BL). MR is used to describe the value of the average packet
creation rate during this MT’s whole lifetime. Real-time traffic is not distributed evenly;
and usually comes in bursts, as shown in Figure 4.1. Data creation is concentrated in

certain ON periods (a-b, c-d and e-f) with intervening idle/OFF periods (b-c and d-¢). The
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Figure 4.1 Packet creation model
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“BL” is used to describe the average length of the ON period. The packet generation rate
during the ON period is given by PR, which is higher than the MR. In order to simplify
our experiments, we always set PR to 2 x MR, and BL was set to 0.25 seconds. The user
can define the Packet Rate simulation parameter, A = MR. When creating a data packet,
an MT will choose a destination that it believes to be within its communication range.
After the data packet is created, it will be pushed into its “data sending” queue. The
“data sending” queue maximum size is 20 packets. If the queue becomes full, no new
packets are created. In the ON period, packet inter-arrivals follow an exponential
distnbution function. We use Eq. (4-2) to calculate the next arrival time of packets.

(Here, A is the packets' arrival rate and x is a random number created between 0 and 1.

Next arrival time = current time - -+ o log (X) 4-2

Table 4.1 provides all the simulation parameters and their nominal values. (Note: All
parameters except A, R, P, S, N and L are constant. Most parameters’ value settings come
from the IEEE 802.11 standard documents [31-35]. Other parameters like
DataSendingQueueSize, Grid size, reportinterval_time, etc. where assumed to the

realistic values.)
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Parameter Meaning Nominal
value
dataRate The transmission rate 2 Mbps
PR r(23) Peak Rate of real-time traffic 10 packets/sec
MR r(A) Mean Rate of real-time traffic S packets/sec
BL r Burst Length of real-time traffic 0.25 sec
PR c (2)) Peak Rate of non-real-time traffic. 10 packets/sec
MR c (1) Mean Rate of non-real-time traffic 5 packets/sec
BL ¢ Burst Length of non-real-time traffic 0.25 sec
MPC_radius (R/2) Inner communication range used to establish the MPC 25.0 units
infrastructure
communication_radius Real communication cell range. 50.0 units
(R)
Grid size Simulation grid size 400 x 400 unit
avg_movingSpeed Average moving speed of the nodes for every moving 10 units/sec
period
avg pauseTime (P) Average length of the node’s pause period. This is the same | 4 sec
as avg_movingSpeed. The method by which to create a
value for a specific pause period is depends on moveModel
DataSendingQueueSize The size of the node’s MAC queue 20 packets
NodeNum (N) The number of nodes in the simulation. Nodes are created 40 nodes
one by one
Packet L min (L) The minimum length of real-time and non-real-time packets | 1000 octets
Packet L_max (L) The maximum length of real-time and non-real-time 1000 octets
packets. We choose the same value as the minimum packet
len
RTSThreshold If the data packet size is larger than this value, it will trigger | 400 octets
the virtual sense mechanism
withPCF This is the parameter used to control the type of network we | True or False

want to simulate. It can have one of two possible value:
True — wireless ad-hoc network
False — wireless ad-hoc network with MPC creation

CW_minimun The minimum Collision Window (CW) size. The CW is a 8
parameter used to create the SDN.
CW_maximum The maximum CW value 128
CW _decrease_threshold | The required number of consecutive successful 4
transmissions to reach CW_minimum from CW_maximum
PacketL _hello Size of the “hello™ message 80 octets
Packetl_mergeRequest | Size of the “merge request” message 80 octets
Packetl._mergeRespond | Size of the “merge response™ message 80 octets
PacketL disjoin Size of the “disjoin” message 80 octets
PacketL _function Size of the control frames, like ACK, RTS, CTS, and 20 octets
beacon
SlotUnitLength The effective length in bytes of one slot defer period 1 octet
SIFSLength The effective length in bytes of the SIFS 2 octets
PIFSLength The effective length in bytes of the PIFS 3 octets
DIFSLength The effective length in bytes of the DIFS 14 octets
MPC_replace_IFS The effective length in bytes of the IFS for the doubting 1000 octets
MT competing to replace the original MPC
The effective length in bytes of the time duration during 6 octets

PollRespondExpired

which a polled MT is expected to respond to its MPC
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WaitingExpired The ACK timeout period, starting from the time the 2000 octets
corresponding data packet had been transmitted

ExistDoubtCredit The maximum number of transmission failures after which 3
a destination is to be removed from the node’s “MT list™

ShortRetryLimit Maximum number of time to attempt transmitting a packet 3
whose size is smaller than RTSThreshold

LongRetryLimit Maximum number of time to attempt transmitting a packet 3
whose size is larger than RTSThreshold

poll_tryLimit The maximum number of times to poll an MT after whichit | 3
will be deleted from “MT list” in case no response has been
received

SuperFrameLength Length of the super frame period L sec

max_PCF_duration The maximum length of the PCF period that an MPC can 0.5 sec
reserve

HellolntervalLength The interval between “hello” messages 0.2sec

ExistSuspiciousLimit The neighboring MT whose “hello” message is not heard 2 sec
for this value will be deleted from the “MT list”.

reportinterval time The length of the batch interval 10 sec

collectInterval num Number of batch intervals in one simulation experiment 6

InitialWaitLength When a node is turned on, it remains silent for this period to | 0.4 sec
collect information.

nodeAvgCreateInteval This value defines the time interval between nodes creation | 1 sec
in the simulation initiation stage

simulation time The length of the entire simulation time 200 sec
The average lifetime of a node 100 sec

node avg duration

Table 4.1 The simulation parameters

4.1.4. Performance metrics

The following are the performance metrics of interest in this thesis: (1) the transmission

delay, which is measured from the time when the packet is created until the time the MT

receives an ACK from the destination MT of this sent packet. We calculate the Average

Delay (AD) of all the successfully received packets. (2) The Discard Ratio (DR), which

is the ratio of the number of discarded packets to the total number of packets sent. There

are several reasons for an MT to discard a packet.

For example, before sending the

packet, the MT checks the packet’s destination to see whether it is reachable, if the

packet’s destination is not in the MT’s reachable neighborhood MT list, the MT discards




CHAPTER 4 PERFORMANCE EVALUATION 80

the packet without trying to send it. This kind of discarding does not occupy any medium
resources. The packet may also be discarded because sending failed 3 consecutive times.
When we calculate DR, we count the packets that are sent but failed and are finally
discarded relative to the total number of packets that are sent (both those that are
successful and those that fail). (3) The Compensation Rate (CR), which is a measure of
the performance loss of non-real data to the performance gain of real time data. With the
help of the PCF, the average delay of real-time packets always decreases, but at the same
time, the average delay of non-real-time packets often increases. CR is given by Eq. (4-3)
below. A large value for CR means that the PCF brings in a greater negative effect on
non-real-time packet’s AD than the positive effect on AD of real-time packets. Ideally,
CR should be less than 1. CR can be used to represent the benefit of PCF; a smaller CR

leads to a better PCF performance.

_ ADof non real timewith PCF — AD of non real time without PCF (4-3)
AD of real timewithoutPCF — AD of real time with PCF

CR

4.2. Discussion of the results

A number of simulation experiments were conducted in order to study the effects of
Packet Arrival Rate (M), Radio Transmission Range (R), MT Mobility (including Moving
Speed — S, and Pause Time — P), Number of Nodes (N), and Data Packet’s Length (L).
The results are shown in Figures 4.2—4.7. In these Figures, Column-I shows the Average

Delay of real-time packets and non-real-time packets with and without the PCF, and
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Column-II shows the Discard Ratio of real-time and non-real-time packets with and

without the PCF.

4.2.1. The effect of packet arrival rate

The results of the experiments in this section show the effect of changing the packet
arrival rate (A), and are shown in Figure 4.2. In all the experiments, with the increase of
A, both the Average Delay (AD) and the Discard Ratio (DR) increase. Comparing the
AD of the experiments with the PCF to the AD without the PCF, we found that using the
PCF benefits the MAC performance by decreasing the AD and DR of real-time packets in
all cases. In Figure 4.2A-I, with the PCF, the AD of real-time packets decreased by 11%
but that of non-real-time packets increased by 10% when \ is 1 packet/sec (CR=0.93).
When A\ increases, the PCF gives more benefit to real-time packets than the negative
effect on non-real-time packets. When A is 3.5 packet/sec, the AD of real-time packets
decreased by 20%, while the AD of non-real-time packets only increased by 14% (CR=

0.66).

From Figure 4.2A-II, we see the advantage of the PCF, which decreases the DR of both
real-time packets and non-real-time packets. When A is 1.5 packets/sec, the DR of real-
time packets decreased by 43% and at the same time, the DR of non-real-time packets
also decreased by about 5%. The reason is as follows: when we lower the DR of real-
time packets this implies that collisions of real-time packets decrease, and this would ease

the traffic load on the medium. Then during the DCF period, less MTs take part in the
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competition for the medium, and that leads to lower collision of non-real-time packets,

and thus the DR of non-real-time packets may also decrease.

When we increased the MT’s radio transmission range (R) to 200 units, this increases the
density of the MTs per cell. The results of the experiment are shown in Figure 4.2B.
When compared to Figure 4.2A, we can find that AD and DR both increase more sharply
with the increase of A When R is 200 and A is increased from 1 to 3.5 packets/sec, AD
for real-time packets with the PCF increased by about 500% as opposed to only 57.6%,
when R is 100. On the other hand, DR for real-time packets with the PCF increased by
870% using the same settings for R and A, as opposed to only 200%, when R was 100

units.

When we increased the MT’s moving speed from 1 unit/sec to 11 units/sec, the use of the
PCF resulted in a larger performance loss for non-real-time packets than the performance
gain for real-time packets. Comparing Figure 4.2C-I to Figure 4.2A-I, for example, when
S is 11 and A is 3.5 packets/sec, with the PCF the AD of real-time packets is decreased by
6.7% but that of non-real-time packets increases by 30.5%. Comparing Figure 4.2C-II to
Figure 4.2A-II, we find that the performance gain for real-time traffic with the PCF is
more apparent. We also note that the rate of increase of DR with increasing A is much
lower with higher mobility. When we increased the MT’s pause time from 4 to 24 sec,
the benefit to real-time packets with the PCF increased and the trade-off for non-real-time

packets with the PCF shrunk. Using the PCF, AD for real-time packets decreased, and



CHAPTER 4 PERFORMANCE EVALUATION 83

increased by about 17% for non-real-time traffic, as shown in Figure 4.2D-I. This beats
the 6.7% gain (for real time traffic) and the 30.5% loss (for non-real-time data), as shown

in Figure 4.2C-1.

When we double the number of nodes from 40 to 80 (as shown in Figure 4.2E) the nodal
density increases, a small increase in AD and DR results for small values of A because the
medium capacity is still much higher than the traffic load. However, with the increase of
in A, the increase of both AD and DR in the case of high nodal density is much sharper
than in low nodal density, because the traffic load in high nodal density will increase
dramatically when A increases. For example, when A reached 3.5 packets/sec, AD for
real-time traffic using the PCF increased by 200% under high nodal density, as opposed
to 60% under low nodal density, and DR for real-time with PCF also increased to twice
as much as for a low nodal density network. The CR is higher in high nodal density

network than low nodal density networks.

When we double the packet size (from 1000 to 2000 octets), as in Figure 5-2F, AD was
also doubled when A was small. The reason behind this is that when the A is small,
almost all the packets will be sent immediately without being delayed in the MAC queue.
The MT needs more time to transmit the larger packets. When N increases, both AD and

DR increase in a sharp manner.
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4.2.2 The effect of the radio transmission range

The experiments in this section study the effect of changing the radio transmission range
(R) on the performance. In all the experiments, the use of the PCF benefited real-time
packets by reducing AD and DR. In column I of Figure 4.3, we found that with the
decrease of R, AD also decreases. If the traffic load is low enough, the MT will send the

packet immediately, and the packet delay will be very small.

In Figure 4.3A, when R is large, the PCF decreased both AD and DR for real-time
packets. When R was 200 units, using the PCF, AD for real-time packets decreased by
24%, and DR decreased by 69%. In Figure 4.2A-II, DR for real-time traffic using the
PCF stayed very low, and with the decrease of R, there was almost no change in the

value.

When we increased the average moving speed, from 1 to 11 units/sec, the Compensation
Rate (CR) of AD increased. In Figure 4.3B-I, when R was 200, CR was 3.15 compared
to 1.60 in Figure 4.3A-I. The pause time also affects CR. Comparing Figure 4.3C-I to
Figure 4.3B-I, when we increased the pause time from 4 to 24 sec, CR was reduced to
2.26 from 3.15. The effect of nodal density is shown in Figure 4.3D and Figure 4.3E,
which show simulation experiments for 80 nodes and 100 nodes, respectively. When R is

200 units, AD for real-time traffic with the PCF is 6.3, 13.9, and 32.3 ms when the
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number of nodes is 40, 80, and 100, respectively. With the decrease of R, AD for all the

experiments decreases as well.

As can be concluded from column II in Figure 4.3 (A, B, C, D and E), there are two
factors affecting DR. If R decreases, the number of competing MTs, and corresponding
MAC collisions, also decreases. This is clearly shown in Figures 4.3 A-II, 4.3 DII, and
4.3 EII. The other factor is mobility, when R decreases, a moving MT would be more
likely to move out of its communication zone. This would lead to the transmission of
packets, for which no ACKs will be received. In Figure 4.3B-II and Figure 4.3C-II, the
speed is much higher, and a decrease in R results in an increase in DR. The mobility
factor affects the results more than the density factor does. Increasing pause time
decreases the mobility factor. In Figure 4.3C-II, DR only increased by 9.3%, but it

increased by 15.3% in Figure 4.3B-II, with a higher speed and a shorter pause time.
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Figure 4.3 Effect of transmission range
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4.2.3. The effect of the mobile speed

The Experiments in this section study the effects of changing the speed (S) of MTs on the
performance. In Figure 4.4, Column I, shows that the effect of mobility on the average
delay is limited. However, the MT’s speed had a greater effect on DR. For example, in
Figure 4.4A-II, when S grew from 1 to 51 units/sec, DR for real-time packets with the
PCF increased by 879%. When we doubled R from 100 units to 200 units, DR was
initially at a higher level when S was 1 unit/sec, but grew less sharply with increasing S.
For example, DR for real-time traffic with the PCF and R=200 was 6.6% when S was 1
unit/sec - much higher than DR in the R=100 case (2.4%). However, when S reached 51
units/sec, DR was 20% in the case of R=200 - lower than DR in the case of R=100,
where it was equal to 24%. The reason is that when we increase the Radio Transmission
Range, the nodal density radio coverage area increases, thus DR is increased when S is
small. But, the large radio transmission range increases the ability to reduce the effect of
mobility. When we double the number of nodes, the DR curve for real-time traffic with

the PCF is parallel to the former, but is 5 points higher with the increase in S.

4.2.4. The effect of the pause time

The experiments in this section study the effects of changing the pause time (P) on
performance. The results in Figure 4.5 show that both AD and DR are generally
improved with increasing the pause time for the MTs. This is because with a higher

pause time, packets can be usually delivered in fewer attempts.
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Figure 4.4 Effect of mobile speed
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Figure 4.5 Effect of mobile pause time
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4.2.5. The effect of the number of nodes

Experiments in this section study the effects of changing the number of MTs (N) in the
simulation on the performance. Both AD and DR increase as the number of nodes
increases. In Figure 4.6A-I, we see that with the increase in N, the performance
advantage of the PCF for real-time packets is more apparent. When N was 40, with the
PCF, AD for real-time packets decreased by 11.5%, as opposed to 23% for N=140. In
Figure 4.6A-I1, the use of the PCF decreased DR for real-time packets by at least 41%.

DR for non-real-time packets also decreased.

When we doubled A from 1 packet/sec to 2 packets/sec, AD also increased, but the rate of
increase is higher when N is higher. For example, when N was 40, AD for real-time
traffic with the PCF increased from 5.1 msec to 6.0 msec, (a 17.6% increase). However,
when N was 140, AD for real-time traffic with the PCF increased from 9.3 msec to 20.7
msec (a 123% increase). Also DR with A= 2 packets/sec increased more sharply with the
increase of N. When we doubled R from 100 to 200 units (see Figure 4.6C), it increased
the density of the nodes in the each radio coverage area, thus the effect is the same as

increasing A (Figure 4.6B), but AD and DR grew more sharply than the increases of R.

When we increase the value of S to 11 units/sec (Figure 4.6D), the performance gain of
using the PCF decreases. For example, when S=1 and N=40 (see Figure 4.6A-I), CR is

0.85, as opposed to 2.34 when S=11 (see Figure 4.6D-I). If the pause time is increased,
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the effect is a reduction of CR (see Figure 4.6E-I). The performance gain in DR is even

more apparent when mobility is increased, especially for a large number of MTs.

When we increased L from 1000 to 2000 octets (see Figure 4.6F), AD increased
significantly. Comparing Figure 4.6F to Figure 4.6A, (with N growing from 40 to 140),
AD for real-time traffic with the PCF increased by 4.3 msec and 23.8 msec, for small and
large packets respectively. Also, DR for real-time traffic with the PCF increased from
5.2 (see Figure 4.6 A-Il) to 17.7 (see Figure 4.6 F-II). Of more importance to us is the
relative performance gain with the use of the PCF. CR for large size packets is 0.134
(when N=140 in Figure 4.6F-II), which is smaller than for small size packets (1.05 when
N=140 in Figure 4.6A-II). This indicates that using the PCF brings in more benefit for

real-time packets as the number of nodes and/or the packet size increase.



CHAPTER 4 PERFORMANCE EVALUATION 95

Column (I) - Average Delay Column (II) - Discard Ratio
16 16 ‘
14 - 14 :
12 - 12 { 5
J 104 ;
8{E 8{<= f
6 - 6 - ;
4 - 4 ‘
] 2 ;
2 N - :
s) . . . . - 0 r T v v T 1
40 60 80 100 120 140 40 60 80 100 120 140
—@— Real-time with PCF —{— Non-real-time with PCF —@— Real-time with PCF —@— Non-real-time with PCF
—#— Real-time wh PCF —>— Non-real-ime wb PCF —a&— Real-time wio PCF —>— Non-real-time wb PCF | |
(A) »=1, R=100, S=1, P=4, L=1000
35 1| |40
! . '
30 - 35 1 ;
25 | £ || (30
o Hols{ :
20 2 1 i R :
5 Ina i |
1 Ho15 ;
10 | Il 110
5 |5 . _
N 1
0 : ‘ . R | I I N ‘ :
40 60 80 100 120 140 40 60 80 100 120 140
—&— Real-ime with PCF — 88— Non-real-ime with PCF —&— Real-time with PCF —&— Non-real-time with PCF
—a— Real-time wib PCF —>— Non-real-time wio PCF —a&— Real-time wb PCF —>¢— Non-real-time wib PCF
(B) »=2, R=100, S=1, P=4, L=1000
160 — | |60
140 50 |
120 -
40
100 4 9 g
80 1% 30 1
60 - 20 |
40 4 ;
20 | 10
N N
0 . . . . 0 . . - .
40 60 80 100 120 40 60 80 100 120
—&— Real-time with PCF —#— Non-real-time with PCF ~—@— Real-time with PCF —— Non-real-time with PCF
—#&— Real-time wib PCF —3¢— Non-real-time wio PCF —&— Real-time wb PCF —>¢— Non-real-time wio PCF

(C) =1, R=200, S=1, P=4, L=1000



CHAPTER 4 PERFORMANCE EVALUATION

96

Column (I) - Average Delay

Column (IT) - Discard Ratio

16
14 -
12 -
10 -
8 -
6
4
2
0

1

100 120 140
—— Non-real-time with PCF
—— Non-real-time wh PCF

40 60 80
—&—Real-time with PCF

—&— Real-time wio PCF

25
20
15 4 3y
10 *__*___—’//
5 4
N
0 -
40 60 80 100 120 140
—&— Real-time with PCF —&— Non-real-time with PCF
—— Real-time wib PCF —€— Non-real-time wb PCF

(D) »=1, R=100, S=11, P=4, L=1000

14
12
10 -
8
6
4
2

msec
2z \

0 - : — T - 1
40 60 80 100 120 140

~—&— Real-time with PCF —{@— Non-real-time with PCF
—&— Real-time wb PCF —>— Non-real-time wi PCF

18 ,
16 &
14 -
12
10

g
8 4
6 4

0—«———’——/

2 1 N
0 , - - ;
40 60 80 100 120 140

—&@— Real-time with PCF —@— Non-real-time with PCF

—a&— Real-time wio PCF —— Non-real-time wib PCF

(E) =1, R=100, S=11, P=24, L=1000

msec

100 120 140
—— Non-real-time with PCF
~—y¢— Non-real-time whb PCF

40 60 80
—<&— Real-time with PCF

—&—— Real-time wio PCF

40
35 1
30
25
20 1
15
10 1
5 4
0 T r N T —
40 60 80 100 120 140

—&— Real-time with PCF —il— Non-real-time with PCF
—a&— Real-time wib PCF —r¢— Non-real-time wib PCF

(%)

(F) »=1, R=100, S=1, P=4, L=2000
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4.2.6. The effect of the packet length

Experiments in this section study the effects of changing the packet size (L) on the
performance. The results shown in Figure 4.7 indicate that both AD and DR increase as
the packet size increases. However, the value of CR tends to decrease. For example, in
Figure 4.7 A-I (with N=40, A =1), when L=600, the CR was 2.00, but when the L=1600,
the CR decreased to 0.62. This confirms the fact that the performance gain is more

apparent for larger packet sizes.
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4.3. Summary

This chapter evaluated the performance of our proposed MPC-MAC protocol with PCF
control, through a comprehensive simulation model. The performance of MPC-MAC
was compared to the [EEE 802.11 DCF-based MAC without MPC. Simulation
experiments show that in all cases the use of PCF benefits real-time packets by
decreasing the Average Delay (AD) and the Discard Ratio (DR). However, this may
come at the expense of increasing the Average Delay for non-real-time data. The Discard
Ratio for both real-time and non-real-time packets improves with the use of PCF.
Therefore, our MPC-MAC outperforms the standard DCF IEEE 802.11 MAC protocol in

multi-hop ad-hoc environments.

When packet arrival rate (A) increases, both AD and DR increase. The size of data
packets (L) affects AD directly, as more time is needed to transmit a larger size packet.
DR also increases with the increase in L, but not as sharply as AD. With an increase in
the number of nodes (N), the nodal density increases. This will also increase the traffic
load, thus both AD and DR will increase. The radio transmission range (R) has more
effect on the nodal density than N does. With the increase of R, the nodal density will
also increase, causing AD and DR to increase dramatically when the node is in a low
mobility state. The node’s mobility mainly affects DR. Actually, it is the frequency of
moving in and out of the neighboring MTs’ transmission range that affects DR, and the

higher the frequency, the higher DR.
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CONCLUSION

S.1. Summary

The IEEE 802.11 standard is the most popular MAC protocol for infrastructure-based
wireless local area networks. However, in an ad-hoc environment, the Point
Coordination Function (PCF), defined in the standard, cannot be readily used. This is due
to the fact that there is no central authority to act as a Point Coordinator (PC). Peer-to-
peer ad-hoc mode in the IEEE 802.11 standard only implements the Distributed
Coordination Function (DCF). In this thesis, an efficient and on-the-fly infrastructure is
created using our proposed Mobile Point Coordinators (MPC) protocol. Based on this
protocol, we have also developed an efficient MAC protocol, namely MPC-MAC. Qur
MAC protocol extends the [EEE 802.11 standard for use in multi hop wireless ad-hoc
networks implementing both the DCF and PCF modes of operation. The goal, and also
the challenge, is to achieve QoS delivery and priority access for real-time traffic in ad-
hoc wireless environments while maintaining backward compatibility with the IEEE

802.11 standard.
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In our MPC infrastructure-creation protocol, some of the mobile nodes, based on an
agreed-upon policy, are elected as MPCs and become in charge of all, or a subset, of the
neighboring nodes located within their wireless communication range of association,
known as the MPC range. With the “large communication range but small cluster range”
concept in our MPC creation scheme, we can overcome, or at least ease, some of the
problems caused by utilizing the MTs as BSs. In our proposed scheme, when two
neighboring MPCs are more than one hop apart, both can initiate the PCF period at the
same time without resulting in collisions. The neighboring MPCs will be farther away
than the registered MT’s MPC, and thus less inter-cluster interference results. We were
also able to overcome the natural shortage of effective coordination methods between
neighboring MPCs, which cannot conventionally communicate via any wired/wireless
interconnection network, unlike BSs. Also, in a small cluster, when an MPC is shut
down during the PCF period, the node that replaces it will be capable of communicating
with all the cluster members. The cluster is small enough that any two nodes within the
cluster can communicate directly. The small cluster range also eases the problems
created by mobility: all the nodes registered to an MPC are located close to the MPC, and
a registered MT has enough time to inform the MPC of its re-association before it moves

out of its communication range.

We developed a packet-level simulator to test the performance of the MPC-MAC
protocol in a wireless ad-hoc environment. The results were compared with the peer-to-

peer mode of the IEEE 802-11 standard, which implements the CSMA/CA DCF. We
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have conducted experiments to observe the effects of mobility (including speed and pause
period), packet arrival rate, packet length, and nodal density (inciuding radio transmission
range and number of nodes), on the performance of our protocol. We found that, our
MPC-MAC has a positive effect on real-time packets by decreasing the average delay
and discard rate. On the whole, the system performance of our MPC-MAC is improved
compared to peer-to peer IEEE 802.11, especially when the mobility is greater. More
importantly it achieves QoS performance for real-time traffic by enhancing their average

delays and discard ratios.

5.2. Future work

The cluster-head protocol would facilitate the development of a comprehensive and
promising framework for QoS management in wireless mobile ad-hoc networks once the
proper integration of call admission control mechanisms and routing is done. The
cluster-head improves the centralized management of ad-hoc networks, and makes
centralized routing and call admission control possible. Consequently, high traffic loads

become more manageable, and congestion can be avoided.

Our future research work will also include developing cluster-head-based call admission
control and cluster-head-based routing. Our “small cluster” concept brings in one
feature: neighboring cluster-heads may communicate directly within one hop. This
makes direct communication between the cluster-heads without the help of “gateways”

possible. Assigning channel bandwidth fairly and efficiently using cluster-heads is both



CHAPTER 5§ CONCLUSION 104

challenging and interesting. Only cluster-heads need to maintain information about the
whole network, while the member MTs only need to collect network topology

information from their cluster-heads.

Enabling cooperation between cluster-heads and base stations is another interesting field
of research. Today, base stations and low-earth-orbit (LEO) communication satellites
cover large geographical areas. For example, in wireless LANS, cluster-heads can be used
to carry Internet traffic to the nearest access point. Moreover, cluster-heads can be
utilized to cover areas not covered by cellular base stations. They may act as
complementary access points to both types of networks, cellular and ad-hoc, for which
they will regulate efficient wireless access. Mobile nodes can then be guaranteed to roam

seamlessly between the two types of networks.

Wireless ad-hoc routing is another hot research field. With the efficient MPC formation
scheme we proposed in this thesis, routing may achieve considerable gains, since zone-
MTs need not be tracked throughout the entire network. Only cluster-heads need to track
zone-MTs during the re-association process. In cluster-head-based routing, when an MT
wishes to send a data packet to another MT that is more than one hop away, it will only
need to send the packet to its cluster-head which forwards the packet to the cluster-head
in charge of the destination. Our MPC selection scheme will establish a smaller-MPC-
range system that enables packet transmissions between MPCs. To achieve this, another

cluster-head-based routing protocol should be designed. Using our MPC-MAC protocol






