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Electrical Engineering
(ABSTRACT)

The past decade has seen an explosive growth in wireless products such as cellular phones and
pagers. The zeal with which consumers are using these products and services is a testament to our
society’s desire to remain in touch while on the move. Computing systems are now reaping the benefits of
this quest for mobility. Since their inception in the 1a®@70’s [FrE80, GfB79], wireless local area
networks have been thrust to the forefront of networking alternatives especially when confronted with
difficult or impossible obstacles sometimes associated with wired networks such as routing cables and
spontaneouad hoc LANS.

Before a wireless LAN is considered, system capabilities, cost, and limitations must be given due
consideration. To gain user acceptance, a wireless LAN must sustain data rates comparable with wired
networks, gracefully control the inherently larger number of bit errors, and allow inter-operability with
heterogeneous vendor products. Pivotal to network performance, the medium access control (MAC) is the
protocol used by all stations within the network to control when each station is allowed to transmit and
ultimately determines the degree to which the aforementioned factors satisfy the user. Current wireless
LANs are artificially limiting their performance by using a wired LAN MAC model. This “worst case”
model assumes that once the medium suffers a performance degradation, it cannot be improved.

An adaptive MAC protocol is developed and analyzed that offers a “best case” scenario by
allowing the MAC to control medium parameters thereby fully exploiting the channel afl dnoc
wireless LAN. This new, opportunistic mediwaacess control protocol is called CATER (Code Adapts
To Enhance Reliability) and is based on theppsed MAC standard for wireless local area networks
(WLAN)—IEEE 802.11 [IEE96]. As currently proposed, IEEE 802.11 uses a fixed pseudo-noise (PN)
code for spreading the information signal, implying a fixed process gain at the receiver. When the channel

degrades, IEEE 802.11 offers only retransmissions at the MAC layer to combat a corrupt medium.



However, CATER allows communicating stations to reconfigure their transceivers to use a longer PN
code after a prescribed number of failed retransmissions. This longer code increases the process gain of
the receiver and reduces the error rate. After the two stations are reconfigured, the source station sends the
frame in question. Immediately after that frame is acknowledged, the source station may send additional
frames during the reconfigured period.

Simulation and emulation are used to demonstrate and validate the adaptive protocol's
capabilities. Results show that this new protocol offers substantial improvement in system throughput
when the channel degrades to a point that reliable transmission of frames is not feasible in a standard IEEE
802.11 WLAN. Specifically, CATER continues to function, pi#timg up to 14 percent normalized
aggregate throughput at times wh&EE 802.11 permitsio frames to pass through the WLAN. In
addition, throughput experiences only a small decrease due to protocol overhead during periods when
stations experience a good channel with few bit errors. Moreover, CATER does not adversely affect the
predominate transport layer protocol (i.e., TCP), and provides equitable service to all stations within the

network.
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Chapter 1. Introduction

Men are only as good as their technical development allows them to be.
—George Orwell (1903-50), British author.

Learning without thought is labor lost.

—Confucius

1.1 Background

Communication is a fundamental need of humans which has manifested itself in our computer
systems. The evolution of computers from the mainframe monolith to the dick, lightweight laptops has
included numerous enabling technologies. Computer communication is on the brink of a new and
fascinating revolution thanks in part to the commercialization of spread spectrum technology. This
revolution is leading computing in a completely new direction away from the confines of a cramped
laboratory or office. This revolution promises to take computers to new locales while maintaining
connectivity with other computers (and other people). This revolution is breaking the traditional mindset
of a machine tethered to a costly wired network. This revolution is called mobile computing and is
destined to transform the way people use computers.

The past decade has seen an explosive growth in wireless products such as cellular phones and
pagers. The zeal with which consumers are using these products and services is a testament to our
society’s desire to remain in touch while on the move. Computing systems are now reaping the benefits of

this quest for mobility. Since their inception in the |1a@70's [FrE80, GfB79], wireless local area



networks have become better known and, consequently, are serioudy considered as options for
interconnecting computers within small areas.

Traditiona, terrestrial (wired) local area networks (LANS) have enjoyed many successes including
widespread adoption, decreasing system component costs, and standardization by the IEEE. In fact,
LANSs have progressed to the point that home nets (LAN within a residence) supporting a 10 Mbps data
rate are no longer an oddity.

Wired networks are not, however, without disadvantages. Moving a networked computer
typicaly involves an expensive rerouting of the LAN cable. In some cases rerouting is not feasible (e.g.,
presence of asbestos in a building could prohibit remodeling). Establishing a spontaneous LAN for a
meeting is virtually unknown. These limitations and recent advances in wireless LAN products have
spurred many network administrators to consider wireless LANs. However, before a wireless local area
network is casually purchased, system capabilities, cost, and limitations must be considered. To gain user
acceptance, a wireless LAN must support data rates comparable with wired networks, gracefully control
the inherently larger number of bit errors, and allow inter-operability with heterogeneous vendor products.

Designing awireless LAN involves many decisions affecting system performance. The inter-node
distance dictates the transmission medium and the power requirements of each node. These requirements
can be satisfied via three media categories: infrared light, unlicensed spread spectrum radio, and licensed
radio. Infrared cannot penetrate opague objects, limiting its usefulness to a single room. Unlicensed
spread spectrum radio performs admirably in the face of interference but its transmitting power is limited
to less than one watt thus limiting range. Licensed radio overcomes the aforementioned limitations but
requires alicense, which is becoming more difficult to obtain given spectrum crowding.

The medium access scheme is another consideration when developing awireless LAN. Since each
node must gain control of the medium to successfully transmit data, the medium access scheme is pivotal
to network performance. Within the wireless LAN ream, three access schemes have received the most
attention. These are time division multiple access (TDMA) in which each computer is alotted atime dot
to transmit; the ALOHA access family which allows a computer to transmit data as soon as it wants; and
carrier sense multiple access (CSMA) which forces a computer to first determine the status of the medium
before transmitting.

Current wireless LANs are artificialy limiting their performance by using awired LAN model at
the link layer which is the LAN layer responsible for the error-free link between two directly connected

stations. This “worst case” model assumes that once the medium suffers a performance degradation, it



cannot be improved. The adaptive protocol research presented in this dissertation offers a “best case”

scenario by allowing the link layer to control medium parameters thereby fully exploiting the channel.

1.2 Research Goals

The primary goals of the research effort defined in this document are three-fold. First and
foremost is to extend the body of knowledge relative to performance enhancements of wireless LANs via
the adaptive, opportunistic control of the link layer irdeels. Specifically, a new medium access control
protocol is developed to allow communicating wireless stations to reconfigure the connection between the
two at times when the link is degraded, thus effectively increasing the reliability of the link. The protocol
dynamically varies the data rate via the pseudo-noise (PN) code when the channel becomes corrupted.
This research investigates the effects of adaptively varying the PN code length, thus providing a trade-off
between data rate and error rate, to counteract a poor link between communicating stations. The second
goal is to optimize the protocol given a certain network configuration. The final goal is to emulate the
protocol on a wireless LAN testbed.

These goals are achieved in two ways. First, a simulation model of the proposed system is
developed and validated against analytical models of similar systems. This simulation provides valuable
insight into system performance under various operating conditions. Thus, network performance can be
gauged with and without adaptive control. The relative performance improvements and under what
circumstances these occur are learned during this research which facilitates protocol optimization.

The second means of achieving the goals is though emulation of the new protocol on a wireless
LAN testbed. The testbed consists of two personal computers networked via Ethernet. Simulation results
are validated using this emulation.

To date, adaptively varying the PN code to mediate a failing or corrupt channel between two
wireless stations has not been investigated. This research investigates this unexplored area and is a first
step in developingvireless networks instead of networks running over wireless media wivéreless
networks are networks designed specifically for wireless media.

It is shown that an adaptive protocol can be used to counter the effects of an unreliable medium.
A simulation of this protocol is discussed as well as results of simulating the protocol model. The manner
in which factors affect system performance is discussed and used to optimize the protocol for the wireless

system modeled.



1.3 Document Overview

This chapter provides an introduction to the problem under investigation. Specificaly, the
importance of providing a reliable link between communicating wireless LAN stations is discussed. A
brief overview of the merits and pitfalls of wireless LANs is presented. Design considerations are
presented as well aswhy wireless LANs are becoming viable options.

Background information is the subject of Chapter 2. Information pertinent to the development of
wireless LANSs is presented. A complete understanding of wireless LANS first requires insight into the
operation and organization of wired LANS; this chapter provides thisinsight by presenting the OSI layered
model of LANs, LAN topologies, and medium access control techniques. Performance of the medium
access control techniques is presented and compared. It is seen that using a carrier sense mechanism
significantly improves network throughput. Moreover, adding a collision detection capability further
increases throughput. However, collision detection is not aways feasible; implementing a network using
radios renders the collision detection capability impractical. Therefore, another technique known as
collison avoidance is proposed by IEEE 802.11 to enhance throughput. Chapter 2 discusses this
technique as implemented by IEEE 802.11 as well as other nuances of its implementation. An enabling
technology for wireless LANSs is spread spectrum techniques. Chapter 2 presents a brief overview of the
specific spread spectrum techniques used in this research effort. Specifically, characteristics of spread
spectrum systems that enable them to perform in adverse conditions is discussed. Chapter 2 concludes
with adiscussion of related research efforts.

The research objectives and methodologies are the topic of Chapter 3. Beginning with a problem
definition that includes bounding assumptions for the network, this chapter delineates the scope of the
research. Research methodology is presented as well.

Chapter 4 provides the first look at the adaptive protocol called CATER (Code Adapts To
Enhance Reliability). Itsoperation is described in detail in addition to examples of the protocol in action.
It is seen that CATER attempts to transmit frames using native 802.11 until the connection between two
stations becomes suspect. After a prescribed number of failed transmission attempts CATER reconfigures
the link between the two stations and retransmits using alonger PN code.

The smulation environment is presented in Chapter 5. Starting with a description of the
simulation tool, this chapter completely describes the simulation. Simulation parameters and factors are
defined and assigned values. Aggregate throughput is defined as the response variable of interest for the
simulations. The chapter continues with a presentation of the computing platform used during simulations

aswell as verification and validation efforts.



Chapter 6 presents the results of the simulation phase of this research effort. It is shown that
CATER performs better than standard IEEE 802.11 when considering the dynamic nature of wireless
links. Aggregate throughput for a wireless LAN is improved when using the CATER protocol. Thisis
demonstrated using both static BERs and dynamic BERs. This chapter demonstrates that CATER does
not allow asymmetric use of the channel; all stations are allowed afair share of the medium. The behavior
of TCP was shown to be acceptable when using CATER; TCP retransmissions are kept to a minimum
(less than 3 percent of the time for worst case). Simulation results indicate CATER offers a substantial
improvement in aggregate throughput during periods of high BER while suffering only a slight decrease in
throughput during periods of low BER. The CATER protocol offers an alternative to the rigid IEEE
802.11 standard that promises a more robust protocol and, thereby, wireless connection, which is the
ultimate goal of any wireless LAN.

The emulation is presented in Chapter 7. The emulation environment is discussed in detail along
with the experimental design and results. This chapter culminates with the validation of the simulation
using the emulation data.

Chapter 8 concludes the dissertation with a summary of the research including the significance of

research results. Finally, the chapter offers recommendations for future work within this research area.



Chapter 2. Background and Literature Survey

Those who cannot remember the past are condemned to repeat it.

—George Santayana (1863—-1952), U.S. philosopher, poet.

Every time history repeats itself the price goes up.

—Anonymous.

Wireless local area networks must contend with several issues to perform at alevel satisfactory to
end users. This chapter examines these issues. Section 2.1 presents a review of local area networks
(LANS), how they operate at the different layers of the OSI model, and how they provide connectivity.
Various medium access schemes including ALOHA and carrier sense multiple access (CSMA) are
discussed and compared; throughput performance of each scheme is addressed. Spread spectrum
technology is presented in Section 2.2; a review of its history and capabilities is presented with emphasis
on direct sequence spread spectrum. Section 2.3 is dedicated to wireless LANs. A summary of wireless
LAN standardization efforts is presented in Section 2.3.1, then the proposed IEEE standard for wireless
LANSs, IEEE 802.11, is explained in Section 2.3.2. The medium access control mechanism and physical
layer specifications are discussed. A review of relevant research in this field is presented in Section 2.4
followed by a chapter summary in Section 2.5.

2.1 Computer Communication Networks
The successful marriage of telecommunications and computer technology over the past two
decades has brought a phenomenal and exciting capability to our society—computer communication

networking. Mass production of computer communication equipment (e.g., modems and network



adapters) and the associated improvements in manufacturing techniques have driven their price down to a
point of making them standard options on most computers sold today. In addition, the recent popularity
of the World Wide Web (WWW), the growing number of Internet service providers, the improving
cost/performance ratio of computer communication equipment, and the ease with which the genera
population can assess these has heightened interest in computer networks. The ultimate goal of these
networks, in their quest to satisfy user's unprecedented demand for information, is the instantaneous
transmission of error-free data from one location to another. To this end, a network must be able to
efficiently accommodate the dynamic, bursty nature of data transmissions and bit errors over links of
varying reliability.

Computer networks can be cataloged into either a Local Area Network (LAN), a Metropolitan
Area Network (MAN), or a Wide Area Network (WAN) [BeG92, Kei89, Sal95]. Since all networks are
formed by interconnected media in one form or another, a good differentiating characteristic of these
networks is distance covered. LANSs typically provide service to a relatively small (i.e., less than 10km)
area such as an office building or a campus. MANSs extend the service area to a few hundred kilometers,
while WANs extend coverage to the entire world [Kei89, Sal95, Tan88]. Beyond distance, LANs support
higher data rates (i.e., on the order of 1 to 100 Mbps), provide lower error rates, and relylthaccess
channel [Kei89, Tan88]. Since this research effort focuses on LANS, it is the only network discussed

henceforth.

2.1.1 Local Area Networks

LANs are exploding in popularity due, in part, to the same reasons mentioned above as well as the
proliferation of available information sources on the Internet [Kei89].

LANs are used to interconnect computers and peripherals to form systems that make the
individual components (e.g., personal computers, workstations, printers) more useful—to form a gestalt.
The successful integration of these devices (often called nodes or stations) to form a LAN is strongly tied
to the adoption and implementation of a governing body anttingsstandards. Proprietary technologies

will not survive in this “open” market.

2.1.2 Layered Network Architecture

Nodes must agree on how and when they are allowed to transmit and listen. The framework for
accomplishing this is spelled out in a well-defined model developed by the International Standards
Organization (ISO) in 1978 [DaZ83]. The model is called the Open System Interconnection (OSI) Model



and establishes a set of standards all manufacturers of communication hardware and software must abide
by in order to interconnect with other computers reliably.

Figure 2-1 shows how the model is divided into seven layers. When developing the OSl mode,
the ISO realized the complexity of specifying an all-encompassing standard for al present and future
communication systems. Therefore, using sound engineering practices, the 1SO subdivided the task into
manageable pieces—the seven layers [Kei89]. This layered approactodwstie test of time by
specifying a modular framework within which industry can work. Each layer is considered a black box
that provides services to the box above and requests services from the box below. The modular
characteristic of the model allows layers (black boxes) to be continually updated as technology and
demand warrant. Naturally, any new implementation of a layer must still satisfy the OSI model.

Peer Process
Application Layer Application Layer
Presentation Layer Presentation Layer
Session Layer Session Layer
Transport Layer Transport Layer
Network Layer Network Layer
Data Link Layer Data Link Layer
Physical Layer ¢ —Pr Physical Layer
Physical Medium
Node 1 Node 2

Figure 2-1. OSl Seven Layer Model

In order for communication to occur, each OSI layer must have an associated peer process on
another node. This simply means that the transport layer of node 1 must use the same protocol as the

transport layer of node 2 [BeG92]. These peer processes are illustrated in Figure 2-1.



2.1.2.1 The Physical Layer (Layer 1)

Often called a virtual bit pipe [BeG92], the physical layer is concerned with the actual medium
connecting the nodes. Thisisthe only layer specificaly concerned with hardware admost to the exclusion
of software-implemented functionality [Col90]. Assuch, it regulates the electrical, mechanical, functional
and procedural characteristics of the link between nodes [Col90, DiL92]. Itsfundamental task is to accept
astream of bits from the data link control layer and generate the corresponding signals on the medium. In
some instances, the physical layer provides collision detection for the upper layers; this aspect of the
physical layer is addressed |ater in the chapter.

2.1.2.2 The Data Link Control Layer (Layer 2)

The function of the data link control (DLC) layer is to transform the unreliable bit pipe at layer 1
into an error-free link [Kei89] by establishing, maintaining, and releasing connections between two
directly connected nodes within a network [Con83]. Since al media experience some degradation in
performance in the form of bit errors, the data link layer must be able to handle these errors gracefully. To
this end, this layer handles the initialization and termination of the links as well as handling some error
detection and correction. It transforms a long sequence of bits into smaller frames of data via
fragmentation and then brackets the data with pre-established beginning and ending flags [DiL92]. These
flags are used by the receiving node to delineate the bounds of the frame and provide synchronization.
The data link layer uses flow control on a link-by-link basis to ensure a node is not overwhelmed by a

faster transmitting node.

2.1.2.3 The Network Layer (Layer 3)

The function of the network layer is to provide routing and flow control primarily for wide area
networks. This layer is responsible for providing a path for the end-to-end transfer of data [DiL92] by
either accepting a packet from the network or forwarding it on to another node as governed by a routing
table or other routing information. Thislayer aso provides flow control in the form of congestion control.
It is responsible for the introduction of packets into the network in such a fashion that al nodes are
provided equitable service [BeG92].

As mentioned, the network layer provides services essential for wide area networks. If aLAN is
used in which al nodes share the same medium, routing is a trivia matter. All nodes hear any
transmissions on the medium; therefore, routing is not required. Flow control is also handled at a lower

layer (datalink) inaLAN. Conseguently, the network layer is of little consequencein aLAN [BeG92].



2.1.2.4 The Transport Layer (Layer 4)

The transport layer is responsible for the reliable end-to-end transport of data, error recovery and
flow control by providing an idedlized, full-duplex connection between two end systems [DilL92].
Whereas the three lower OSl layers are responsible for providing data transfer between nodes (physical
machines some of which may be intermediate points on the way to the final end system), the transport
layer provides data transfer between user processes (end systems) [Kei89].

The transport layer accepts messages from an upper layer. If the message is longer than a
prescribed length, the transport layer breaks it into smaller packets such that the newly formed packets
stand a better chance of traversing the network. Even with smaller packets, the chance of a corrupted
packet exists. Since the service provided by the network layer is often unreliable, the transport layer
handles packets arriving in error or out of order.

The bottom four layers of the OSI model form a foundation for al data communications by
providing a high-integrity data transfer capability between end systems [Col90, DiL92]. These layers, in
some form or another, must be present in order to reliably send and receive data over a network. The
upper layers (layers 5, 6, and 7) are not always required. Their inclusion in a particular network depends
on the applications being run and the configuration of the network. However, simply sending binary data
over avirtua bit pipeisof no useif the receiving system does not know how to interpret the data or what

to do with it. The upper three layers address these questions and more.

2.1.2.4.1 Transmission Control Protocol/Internet Protocol

The Transmission Control Protocol/Internet Protocol (TCP/IP) is an example of a transport and
network layer. Officially called the TCP/IP Internet Protocol Suite, it encompasses a family of network
and transport layer protocols. Introduced in the 1960s as a packet switching research project for the
government, TCP/IP has evolved as the most widely used type of networking [Ste94]. In fact, it forms the
foundation for the Internet, which provides internetworking to heterogeneous networking systems around
theworld [Com95]. Asatransport layer protocol, TCP provides for the reliable flow of data between two
hosts by using packet-level acknowledgments, fragmentation, and timeouts. 1P is the companion network

layer for TCP, which routes packets throughout the network.

2.1.2.5 The Session Layer (Layer 5)
The session layer is tasked with establishing, maintaining, and terminating a connection between
two application processes (end systems) [Col90, Kei89]. This may entail checking access rights of users

requesting permission to use a resource. Although the session layer seems to duplicate network layer

10



functions, there are differences. The session layer operates on end-to-end connections whereas the

network layer works on link-to-link connections.

2.1.2.6 The Presentation Layer (Layer 6)

Data encryption, data compression, and code conversion are handled at the presentation layer
[Kei89]. While not essential for al data transfers, these services may be useful in a specific situation.
Data encryption is the transformation of data into unintelligible gibberish to avoid possible compromise of
sensitive information. Data compression reduces the necessary bandwidth of the channel by reducing the
total number of bits required to convey the same information. Not all devices use the same format or code
to represent data which necessitates the need to convert code formats to fit the needs of the equipment in

use. The presentation layer handles this code conversion.

2.1.2.7 The Application Layer (Layer 7)

The application layer is the interface between the network and the application processes. Thisis
to say that all application programs and processes access the network layers via the application layer. As
such, the specific protocols used at this layer are dictated by the user. Network users typically select the
application layer protocol to be used, whereas al lower layer protocols are selected by network designers
[Kei89].

2.1.3 IEEE LAN Layers

The openness of the OSlI model offers countless layer implementations. This in itself made the
model a powerful tool. However, with power came complexity and inconsistent implementations. To
dleviate potential inconsistencies, the IEEE created the IEEE 802 standard family to address how
protocols at the bottom two layers operate in a LAN environment [Kei89, DiL92]. Specificdly,
implementation-specific protocols were constructed for different mediums and topologies at the data link
and physical layers. The IEEE 802 standards [Kei89] are listed inTable 2-1.

The relationship between some of these standards and the lower layers of the OSlI model is
illustrated in Figure 2-2. The IEEE committee subdivided the data link layer into two sublayers to
facilitate LAN implementations. The sublayers are the logical link control and the medium access control.
As awhole, these two sublayers are logically equivalent to the data link control. Consequently, instead of
two lower layers, the DLC and physical layer, the IEEE LAN model consists of three layers.

Standard 802.1 specifies how the other 802 standards interrelate and how these standards relate to
the higher layers in the OSI model and is primarily concerned with general and architectural issues

[Col90]. Standard 802.2 resides at the top of the three-layer hierarchy and is responsible for addressing
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and logicd link control [Sta91]. 802.2 is a generic standard completely independent of the topology,
medium, and medium access control scheme of the LAN [DiL92]. At the next layer below 802.2 are
specific implementations of topologies and media. Standards 802.3, 802.4, 802.5, and 802.6 al dictate
the requirements of a medium access control and physical media. As Figure 2-2 shows, these standards

must still abide by 802.2 requirements.

Table 2-1. |EEE 802 Standards

Standard # | Description

802.1 Overview, internetworking, and systems managemen

802.2 Logical Link Control (LLC)

802.3 Carrier Sense Multiple Access with Collision Detection (CSMA/CD)

802.4 Token Bus

802.5 Token Ring

802.6 Distributed Queue Dual Bus (DQDB) subnetwork of a Metropolitan Area Network
802.7 Advisory group for broadband cable medium (not a standard)

802.8 Advisory group for fiber optics cable medium (not a standard)

802.9 Integrated Services LAN (ISLAN). Allowsintegrated voice and data LANS
802.10 Interoperable LAN Security

802.11 Wireless LANS (proposed)

802.12 Demand Priority LAN (DPLAN)

[| 1SO Higher
layers

| 8022 Logical link control (LLC) Data link
layer

Medium-access|
| || 8023 802.4 802.5 802.6  ||control (MAC)

| | CSMA/CD | | Token bus | |Tokenring MANs Physical layer

Figure 2-2. IEEE Family of Protocols [Kei89]
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2.1.3.1 LAN Topologies
The way in which stations are interconnected is called the network topology and often controls the
capabilities and limitations of the overall network [CIP78]. Although severa topologies exist, they all

stem from three fundamental types—the ring, the bus, and the star.

2.1.3.1.1 Ring Topology

The ring topology is characterized by a circle, or ring, of nodes all sharing a medium. As shown
in Figure 2-3, all nodes attach to the ring at a repeater. The repeaters serve a simple, yet critical, function;
they accept bits on one link and transmit them on the other without altering the data [Sta91]. Since this
unidirectional ring has no beginning or ending, the source node serves as both; it generates the packet and
absorbs it after it has traversed the entire ring. All nodes cannot transmit a packet onto the medium
simultaneously. To do so would cause a collision corrupting all packets. A medium access control
mechanism is required. A ring network will fail if any node goes down or a cable is cut or disconnected.

In addition, connecting all nodes in a ring network involves complicated wire routing [Kei89].

Figure 2-3. Token Ring Topology

2.1.3.1.2 Bus Topology

As shown in Figure 2-4, the bus topology allows all nodes to connect to a single medium. Since
the medium is shared, all transmissions are heard by all nodes virtually instantaneously, but only one node
can successfully transmit at one time. Again, all nodes must abide by a medium access control scheme.
Bus topologies do not suffer from a performance degradation when a node fails and use coaxial cable that

is widely available. Some drawbacks include limitations on the length of the bus and signal balancing
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between nodes [Kei89]. Since the advantages far outweigh the disadvantages, the bus topology is the most
common topology used in the United States [Kei89, Sal95].

Figure 2-4. Bus Topology

2.1.3.1.3 Star Topology

A centra controlling switch is the heart of the star topology. As shown in Figure 2-5, dl
transactions must traverse this switch. A transmission from a node enters the switch and is broadcast on
the remaining links [Sta91]. This behavior is logically equivalent to a bus topology in that all nodes hear
the transmissions of all others. One difference is that a star facilitates the use of fiber optic cable thereby
allowing higher data rates associated with fiber. A significant drawback to the star topology is the entire
network will fail if the central switch fails.

2.1.3.2 Medium Access Control

Regardless of the topology, a LAN must utilize a medium access control (MAC) mechanism to
handle when and how a station gains access of the medium and to decide what to do in case of colliding
frames. The purpose of the MAC is to alocate the medium in an equitable manner to al stations. The
more notable MAC techniques are categorized as asynchronous time-divison multiplexing. Further
breakdown vyields two mechanisms—contention-based (random-access) and deterministic-based
(controlled) [Kei89, Sta91].

14



Figure 2-5. Star Topology

Asthe name implies, contention techniques are based on the premise that all stations must contend
for access to the channel. Also, there is no a priori knowledge of which station will gain control.
Deterministic techniques, on the other hand, offer complete predictability of which station will control the
channel in the near future.

This section discusses some contention-based mechanisms and how their implementations affect
network performance. Specifically, ALOHA, carrier-sense multiple-access (CSMA), and CSMA with
collision detection (CSMA/CD) are presented.

2.1.3.2.1 ALOHA Protocols

Developed by Abramson [Abr73] in the early 1970s to alow geographically distant computer
terminal's access to the central computer system at the University of Hawaii, ALOHA is generally regarded
as the firgt radio multi-access technique [Sta91]. The vast distances and obstacles (200 mile radius
between the Hawaiian islands) between the operating units and the central computer necessitated the use of
radio to transmit data [Abr73].

2.1.3.2.1.1 Pure ALOHA

A truly free-for-all protocol, ALOHA alows a station to send immediately when it has a data
packet to send. Then, the station waits a prescribed time (typicaly twice the maximum round-trip
propagation delay of the network). If an acknowledgment is received within this time, the packet is
assumed to be successful. If, however, an acknowledgment is not received, the packet is retransmitted,
and the process repesats until the packet is either successful or the station gives up because of too many
transmissions [Abr73, BeG92, Kei89, Sta9l]. When receiving a packet, the station checks its vaidity. If
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the packet is in error, the station smply rejects it and does not send an acknowledgment back to the
sender. A corrupted packet may result from bit errors due to noise in the channel or two stations
transmitting simultaneously.

An analytica model for system throughput was developed using the following assumptions
[Abr73, Sta91]:

1. There are an infinite number of stations generating an infinitely small number of packets thereby
creating afinite arrival rate to the network.

2. Packets are of fixed length.

3. Thechannel isideal and faithfully transports al bits without error.

4. A station can only accept one packet at any one time from the input source.

5. The offered load is Poisson distributed.

System throughput for this model is given by [Abr73, BeG92, Kei89, KoY 77]

S=Ge™°, (2-1)
where Sisthe normalized throughput of the network and G isthe normalized offered load. The maximum
throughput of S = 0.184 occurs at an offered load of G = 0.5 implying an ALOHA network can at best use
only 18 percent of the channel capacity.

2.1.3.2.1.2 Slotted ALOHA

In an effort to improve on ALOHA’s dismal channel utilization, RoberteR5] devised a
variation of ALOHA called slotted ALOHA. Slotted ALOHA is ostensibly the same as pure ALOHA
with one difference—packets are only transmitted at the beginning of a slot. A slot is a fixed period of
time defined to be the time required to transmit a packet. Synchronization among stations is achieved by a
central mechanism. The end result is a throughput of [Abr73, KoY77, Rob75]

S=Ge°. (2-2)
Throughput is maximized at S =388 when G = 1. By requiring all stations to delay transmissithaun
slot begins, throughput is doubled over pure ALOHA [Rob75, Tan88].

Metzner [Met76] devised a technique to improve the utilization of slotted ALOHA by exploiting
the capturing effect. (Capturing allowed a sufficiently stronger signal to be correctly received by the
destination despite the presence of interfering signals.) He found that if users were divided into two
groups such that one transmitted using high power and the other using low power, the maximum channel

utilization increased to approximately 53 percent.
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2.1.3.2.2 Carrier Sense Multiple Access

Although sotted ALOHA improves on pure ALOHA, a 37 percent channel utilization is still far
from idea. Kleinrock and Tobagi [KIT75] introduced a family of protocols caled carrier sense multiple
access (CSMA) to take advantage of the physical attributes of LANs. Since stations on a LAN share a
medium and can hear each other’'s transmissions with small propagation delays relative to packet
transmission time, CSMA can exploit these phenomena by requiring a station to listen to the medium
before transmitting a packet. The fundamental difference between CSMA and ALOHA is that ALOHA
transmits a packet regardless of the state of the channel. With CSMA, if a station senses the channel is in
use, it simply does not transmit; doing so would cause a collision. Instead, the station waits some period
of time before attempting transmission. If the channel is idle, the station may transmit. Assuming a
station successfully gains control of the channel and sends a packet, it must wait for an acknowledgment
using the same procedure used in ALOHA.

A collision can still occur however. If two or more stations wait (back off) the exact same time
before transmitting, a collision will occur. Also, if two or more stations transmit within a time window
equal to the propagation delay between stations, a collision will occur. If a packet traverses the entire
network (heard by all stations) before all other stations attempt to transmit, the transmitting station has
gained control of the channel until the entire packet is transmitted [KIT75].

Kleinrock and Tobagi made assumptions in their analysis which made the problem tractable. A
station could either transmit or receive, but not do both at the same time. The carrier detect time and the
time to switch from transmit to receive were negligible. All packets had fixed length. Packet errors only
resulted from colliding packets; random errors induced by noise were negligible. Overlapping packets
were totally destroyed; the system assumed noncapture. Packets arrived from an infinite number of
sources and followed a Poisson distribution. Finally, the propagation delay was identical for all source-
destination pairs.

Two fundamental schemes are used to determine when to transmit and how to handle collisions.
These are referred to as nonpersistent and 1-persistent CSMA. The distinguishing characteristics of each

are presented below.

2.1.3.2.2.1 Nonpersistent CSMA
In nonpersistent CSMA, if a station senses the medium to be idle, it transmits its packet. If the
medium is busy, the station waits a random amount of time and then listens to the medium again. This

process continues until the packet is successfully transmitted or the station gives up [Kei89, Kle76, Sta91].
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Random wait times help avoid collisions from multiple transmitting stations. Thisis a nondotted scheme
since slots are not implemented.
Channel throughput for this nonslotted variation is[Kei89, Kle76, KIT75, Stadl]

S 2:3
T G(1+2a)+e” =3

where S is the normalized throughput of the network, G is the normalized offered load, and a represents
the fraction of a packet in which a collision can occur. Specifically,

_ propagation delay
" packet transmission time

(2-4)

A dlotted version of nonpersistent CSMA aso exists. This variation operates similar to dotted ALOHA in
that all stations are synchronized and stations are alowed to send packets only during the beginning of a
slot. The throughput for a slotted nonpersistent is [Kei89, Kle76, KIT75, Stadl]

aGe

S=——©7—.
1-e% +a

(2-5)

Sinha and Gupta [SIG85] provide further insight into how the nondotted, nonpersistent CSMA
behaves in the presence of packet errors. They analyze channel throughput under the assumption that a
digitally modulated signal is corrupted by Rayleigh fading and additive white Gaussian noise. Their

findings are

S= Ge
~ G(1+2a)+e™’

(2-6)

where O isthe average signal-to-noise ratio (SNR). The analysis finds that at an average SNR of 50 dB

the channel throughput achieves the same performance as a nonfading channel.

2.1.3.2.2.2 1-persistent CSMA

The 1-persistent scheme was developed to improve throughput over nonpersistent CSMA for
systems experiencing lighter loads [KIT75]. Since nonpersistent CSMA uses random wait times, time
may be wasted while waiting to transmit. The 1-persistent scheme follows the same rules as nonpersistent
CSMA if the medium isidle. However, if the medium is busy, the station will continue to listen to the
channedl and transmit immediately with probability 1 (hence the name 1-persistent) when the channd is
free. If a collison occurs, the transmitter waits a random amount of time and starts listening to the

medium again after the wait time expires.
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The 1-persistent scheme is a speciad case of the p-persistent CSMA protocol in that the p-
persistent protocol does not necessarily transmit immediately when the channel becomes free. Instead, the
p-persistent protocol transmits with probability p. The p-persistent scheme has not been readily adopted,
and in general, 1-persistent is preferred over p-persistent.

Channel throughput for unslotted 1-persistent CSMA is[KIe76, KIT75, SoM87, TaK 85]

u AG M (1420
GH.+G+aG§+G+ 5 %é

S= : 2-7
G(1+2a) - (1-€)+(1+aG)e *® @0
Channel throughput for slotted 1-persistent CSMA is[Kle76, KIT75, TaK85]
Ge—G(1+a) (1+ a- e—aG)
= (2-8)

T (1+a)(1-e7¢) +ae )

Figure 2-6 illustrates the behavior of dotted and pure ALOHA as well as dotted variations of 1-
persistent CSMA and nonpersistent CSMA. The vaue for ais set to 0.01 for both CSMA schemes. Al
techniques eventually become unstable under heavy loads (larger values of G). Even stations using
random backoff times ultimately become overwhelmed. To maximize system performance, the network

should operate in the region of the plot that maximizes throughput.

2.1.3.2.2.3 Carrier Sense Multiple Access with Collision Detection (CSMA/CD)

Metcalfe and Boggs [MeB76] devised a scheme to improve CSMA channel utilization by
enhancing it with a collision detection mechanism. CSMA/CD is essentidly the same as CSMA but
behaves differently when a collision occurs. If the medium alows a station to listen to the channel as it
transmits, CSMA/CD can improve channel utilization by providing an early collision indication to all
stations.  Since a station can hear itself transmitting, it is able to determine immediately when a collision
has occurred by detecting a garbled signal on the medium instead of its signal alone. When this occurs,
each colliding station continues to transmit bits for a predetermined amount of time to ensure all stations
hear the collision. In other words, each station purposely jams the channel with gibberish. This is where
CSMA/CD departs from the CSMA scheme. CSMA alows colliding stations to continue transmitting
until the entire packet is sent; CSMA/CD does not. After jamming the channel, each transmitting station
waits arandom time before attempting to transmit again. This random backoff hel ps avoid subsequent

collisions.
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Figure 2-6. Performance of MAC Schemes [Kei89]

CSMA/CD comes in the same varieties as CSMA—slotted and unslotted versions of
nonpersistent, 1-persistent, apebersistent. Although each protocol has been analyzed by various
researchers [ChK91, ChR85, Gon85, MeB76, MelL83, SoM87, TaK85, TaK87, ToH80], only one is
addressed here due to its popularity—unslotted 1-persistent CSMA/CD [CoL83, ShH82, Sta91, Tan88,
Tas86].

Channel throughput for unslotted 1-persistent CSMA/CD is [SoM87]

(P + Ry )e™

, (2-9)

(1_ P11)F()23(‘) + P10P21 + ﬁl_e—ae)%a_l_b_*_ég_'_ e—aGalDzo + le] +(2a+b)[l_ P10 - Pll]

where

1
— ~-G(a+1) , =~ o-G(at+b)[q _ 4-2Ga
P10 =e + > e [1 e ],
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Rll — Ge—G(l+a) + %e—G(eHb) [1_ e—ZGa](1+ ZG(a + b)) ,

F)zo — e—G(a+b)

P, = G(a+b)e ),
and b is the time required to transmit the jamming signal. The protocol’s behavior is shown in Figure 2-7.
It is interesting to note how the throughput now has a broad maximum.

Due to its popularity, this scheme was developed into a standard called Ethernet [MeB76]. To
improve stability under heavy loads, Ethernet added a random backoff time drawn from a truncated binary
exponential backoff mechanisneach collision doubles the potential time a station must wait before

attempting retransmission). Ethernet was so successful that the IEEE used it as the basis for the IEEE
802.3 standard [IEE85].
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Figure 2-7. Throughput of CSMA/CD as a Function of G [Kei89]
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2.2 Spread Spectrum Techniques

Spread spectrum is coming into vogue as a popular transmission form for commercia

applications. Spread spectrum techniques have been used extensively by the military for over 50 years
with very good results [Sch82]. In addition, recent events have enabled its commercialization to the point
that handheld Globa Positioning System (GPS) receivers and even residential cordless telephones are
implementing this technology to improve performance [Dix94]. The U.S. Federa Communications
Commission (FCC) opened three license-free frequency bands in 1985 to spread spectrum users [BaB94,
Dix94]. Also, recent cutbacks in military spending has coaxed several spread spectrum companies as well
as small startup companies to diversify into consumer products [PaP95]. Advances in chip manufacturing
such as digital signa processing and application-specific integrated circuits have spurred this emerging
technology by permitting implementations of complex spread spectrum functions in cost-effective
packaging [BaB94, Fre9l]. Consequently, markets for wireless communication products and services are
growing to satisfy the demand for autonomous and untethered communications.

In its most basic form, spread spectrum can be defined as “a technique in which an auxiliary
modulation waveform, independent of the information data, is employed to spread the signal energy over
a bandwidth much greater than the signal information bandwidth” [MaN94]. The receiver despreads the
signal using a synchronized replica of the original spreading (auxiliary) signal to recover the information
signal [MaN94].

Spread spectrum techniques offer many unique capabilities. Spreading the signal allows a spread
spectrum system to operate with little interference to conventional radio systems. The signal is easier to
hide from unauthorized or unfriendly systems. The possibility of jamming is reduced, and signal detection
is more difficult leading to increased security. Spread spectrum systems offer selective addressing and
code division multiplexing [X94]. They can reduce the effects of lipath thereby increasing node
mobility within an enclosed area such as an office [Mit91, Pah85, TsC95, WeC90]. (Multipath can be
described as multiple copies of the same signal arriving at the receiver via different paths at slightly
different times, potentially causing mutual interference [Mit91, TsC95].) Although spread spectrum has
many qualities, not all capabilities can be provided by one system configuration at one time.

Spread spectrum is not without disadvantages. It requires increased bandwidth to accommodate
the spread signal. Although spread spectrum offers a performance improvement in the presence of other
signals, it does not negate the corrupting effects of Gaussian noise. Spread spectrum systems are typically
more expensive than traditional radio systems. Finally, FCC regulations dictate operating parameters that

may limit system performance.
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FCC Part 15.247 dlocated the unlicensed use of spread spectrum systems in the Industrid,
Scientific, and Medical (ISM) frequency bands (Table 2-2) [BaB94, Dix94].

Table 2-2. Industrial, Scientific, and Medical (1SM) Frequency Bands

ISM Frequency Band (MHz | Available Bandwidth (MH}
902 - 928 26
2400 - 2483 83.5
5725 - 5870 125

Astheterm ISM implies, other systems use these same bands; therefore, spread spectrum systems
operating in these bands must contend with interference from these “other” systems. In addition, the
spread spectrum systems are considered the secondary users and must not interfere with primary users. To
this end, the FCC regulations state that secondary users, which includes wireless LANs, must abide by
certain limitations [Dix94]. (Althagh the FCC regulations address both frequergpimg and direct
sequence systems, only a few regulations germane to direct sequence are discussed here.) The
transmitter's maximum peak output power into the antenna (6-dBi maximum antenna gain) is limited to
less than one watt and the processing gain must be at least 10 dB. Processing gain is explained later in this
chapter.

A better appreciation of the potential interference is gained by realizing that primary users in the
ISM bands are authorized to transmit on the order of 100 to 10000 times more power than a secondary
user. Therein lies the possibility of significant intervention. Primary sources are scarcely used, so these
drawbacks do not preclude the successful use of secondary sources.

Spread spectrum capabilities are based on a direct implementation of Shannon’s channel capacity
formula which is [Dix94]

C=Wlogzﬁ+%§, (2-10)

where C is the channel capacity in bits per second, W is the bandwidth in hertz, N is the noise power, and
S is the signal power. Switching bases and assuming S/N is small (this removes the log function), the

equation becomes [Dix94]

N woWw (2-11)
c c’

which simplifies to
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W= NeE : (2-12)
S
Equation 2-12 offers an intuitive understanding of the principles of spread spectrum and the
tradeoffs required. Bandwidth requirementsincrease if channel capacity increases while channel noise and
signal power remain unchanged. Channel bandwidth must increase if the capacity remains the same but
the channel becomes noisier (the noise-to-signal power ratio increases). The tradeoff is bandwidth for
noise and capacity.
There are two spreading techniques used by radio spread spectrum systems known as direct
sequence and frequency hopping. Direct sequence is the only spread spectrum technique used in this
research; therefore, frequency hopping is not discussed.

2.2.1 Direct Sequence Spread Spectrum
Direct sequence spread spectrum (DSSS) is accomplished by modulating the information signal
with a digital code sequence, called the pseudo-noise (PN) code, that resembles (the sequence is not truly
random since it has a period) a random series of “ones” and “zeroes” called chip$, [Dof95]. As
shown in Figure 2-8, the heart of DSSS is the modulo-2 addition of the binary information signal with the
PN code. This PN modulated signal is then sent to a modulator, typically a biphase phase-shift keying
(BPSK) variation. It is this simplicity that makes DSSS the best known and most used techni§dg [Di
The modulated signal, by virtue of its “increased data rate,” is characterized by having a much wider

bandwidth than the original information signal.

1 . 1 0

Mod Biphase
2 ™ Modulator >
A
PN code T
1011001 1011001 7
PN Local
Generator Oscillator

Figure 2-8. Direct Sequence Spread Spectrum Transmitter
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2.2.1.1 Maximal Linear Code

As illustrated in Figure 2-8, a PN code is used to spread the information signal. Selecting the
proper code is not a trivial task. Code length, type, and rate must all be considered when designing a
DSSS system since these parameters dictate system performance. In fact, an incorrect code selection may
invalidate advertised spread spectrum capabilities and actually decrease system performance [MaN94].

Once chosen, a code can be easily implemented using a sequence generator similar to the modular
multiple-tap sequence generator shown in Figure 2-9. (Other generator configurations are available and
offer the same performance; however, the modular generator is addressed here due to its versatility.) A
series of delay elements act as a shift register where feedback from various stages is provided via logic
gates (exclusive OR gatesin this case). Actua feedback implementation is a function of the required code
and has been conveniently generated for shift registers with up to 100 stages [Dix94].

L Dy »@» D; Dy Dp.g D, L

Figure 2-9. Modular Multiple-Tap Sequence Generator [Dix94]

To fully exploit DSSS systems capabilities, amaximal linear code sequence should be used. This
class of codes has been shown to be the most efficient for general communication needs and must satisfy a
host of requirements which are described here [Dix94]. A maximal linear code sequence must have a
length of 2" — 1chips where n represents the number of shift register stages (number of delay elements).
The number of ones can only exceed the number of zeros by at most one, and the distribution of the ones
and zeros must follow rigid guidelines [Dix94]. Autocorrelation of phase-shifted versions of a code with
itself results in a value of -1 with one exception—autocorrelation of a code with a one chip shift in either
direction results in a linear relationship between -1 aha 1. Figure 2-10 illustrates this concept which

is critical for recovering the signal in the presence of jamming. Modulo-2 addition of a code with a phase-
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shifted version of itself yields yet another version with a unique phase shift. The sequence generator must
cycle through al possible states, with one exception which is explained later, while creating a maximal
linear code. If al of these prerequisites are met, the resultant sequence is amaximal linear code.

Once a maxima linear code is chosen and implemented via appropriate feedback logic, the
sequence generator is loaded with any initial vector except the all-zeros vector. (An all-zeros vector will
lock the generator in that state; therefore, the generator must never transition to this state.) The generator
then produces the code by outputting one chip per generator clock cycle. As shown in Figure 2-8, the PN
code is exclusve-ORed (Modulo 2 addition) with the information-bearing binary signal, modulated and
sent to the channel. Upon detecting this signal, a spread spectrum receiver attempts to demodulate it. If
properly coded and implemented, the resulting signal appears like noise to al receivers without an exact
PN code match [CoM83].

| 0 - shift (magnitude = 2N-1)

~\o
— 1

1 chip‘ ‘+1 chip
Figure 2-10. Autocorreation Function [Dix94]

2.2.1.2 Demodulation

The underlying power of spread spectrum technology lies squarely in the demodulation process.
It is here that process gain isrealized.

A spread spectrum receiver attempts to despread the incoming signal by multiplying it with an
exact synchronized replica of the PN code used during modulation. This technique is implemented via
one of two types of despreaders—a serial correlator or a matched filter [MaN94]. Both perform the same
basic operation of calculating the cross-correlation of the incoming signal with the reference PN sequence.
The fundamental difference between the two lies in how the reference sequence is generated and compared

to the incoming signal. As the name implies, the serial correlator performs correlation in a serial fashion;
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the matched filter operates in paralel. The serial correlator must generate the PN code serialy for each
correlation check. Matched filters use a parallel register to store the sequence implying faster acquisitions
[CoM83, MaN94]. Since internal registers are used in matched filters, the sequence length is typically
limited to 64 chips; serid correlators do not suffer from code length limitations [MaN94]. Selecting one
implementation over the other is a design decision based on system requirements. Regardless of the
implementation, both yield the same results assuming the receiver is properly synchronized with the
received signal [CoM83].

Figure 2-11 [Dix94] isamodel of a direct sequence correlation receiver along with representative
signal spectra at various stages of despreading. The input to the correlator is a mixture of the desired
direct sequence signal and an interfering signal. The correlator despreads the desired signa such that its
narrow-band representation is output to the bandpass filter. Incidentally, any interference is also subjected
to this multiplication. Since the interference is not correlated to the PN code, the result is to spread the
interference power over a wide bandwidth. Passing these two signals through the filter allows the desired
signa to pass unabated while the diffused interference signal is vastly attenuated. Thus, the signal-to-
noiseratio is[Dix94]

G, +1
.

where Sisthe signal power, | is the interference power, and G, is the process gain.
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Figure 2-11. Direct Sequence Receiver Modd [Dix94]

(2-13)
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2.2.1.3 Process Gain
Process gain is a measure of merit for spread spectrum systems and is defined as
— BWRF
" Ruo
where BWke is the RF bandwidth and Ry, is the data rate of the information. For DSSS systems, the
process gain is usually taken as [Dix94, CoM83, MaN94]

G

(2-14)

Chipping Rate
DataRate

Assuming the system is symbol synchronous (one PN code sequence per data bit), the process

G, = (2-15)

gain is simply the number of chips used per data bit [CoM83, MaN94]. The process gain isin the form of
a signa-to-noise improvement which comes at the expense of channel capacity. Therein lies a critical
feature of spread spectrum. [If capacity can be sacrificed, an improvement can be achieved in the signal-

to-noiseratio. This characteristic is exploited in this research effort.

2.3 Wireless LANs

After the FCC opened the ISM bands to spread spectrum usersin 1985 [BaB94, Dix94], wireless
networking gained popularity and several wireless computer communication products emerged. These
products can be divided into three broad categories. wireless LANS, Personal Communication Services
(PCS), and home wireless networks. Wireless LANs are typicaly used for computer-to-computer
communications within arelatively smal area (e.g., within a building) and support data rates of around 1
Mbps. PCS is targeted towards voice and data applications that support data rates less than 56 Kbps.
Finally, home wireless networks are an attempt to service homes with integrated voice and data service via
cable into the home, and distribute the information throughout the home via wireless techniques with data
ratesless than 1 Mbps[DaE93]. This section addresses wireless LANS.

Wireless LANS provide a unique capability to users in the form of dynamic network topologies.
More specifically, two fundamental configurations are providad—hoc and infrastructure. First,
wireless LANSs allow highly-mobile portable (typically laptop) computers to connect with each other in an
ad hoc peer-to-peer configuration (Figure 2-12) with virtually no setup or disconnect overhead. , That is
ad hoc networks do not depend on a backbone structure; each computer implements a distributed MAC.
Althoughad hoc computers are in close proximity to each other, a fully connected network cannot always
be guaranteed [Che94]. Depending on the transmission band, signal strength may vary by 30 dB within
one meter [ANR95, Gol94, MaN94, Mit91, Pah85]. Second, wireless LANs may be used to extend an
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existing network by alowing wireless computers to access a wired network by using an access point or
similar device in an infrastructure configuration (Figure 2-13). Regardless of the intended application, a
wireless LAN offers the ability to move networked computers at will.

The first truly wireless LAN products arrived in 1990 and were labeled the “fiestiuse of their
high data rates and compliance with existing networking software [PaP95]. The wireless LAN market has
continued to grow at an explosive rate to the point that numerous companies are marketing wireless
peripherals for personal computers. AT&T's WaveLAN technology is the most prolific with Digital,
Solectek, and Persoft all licensing the technology for their own products [Bal95]. Other products include
Motorola’s Altair system, Proxim’s RangeLAN2, Aironet's ArLAN, Xircom’s Netwave, and Windata's
Freeport [Boy95, DaE93, NeT95]. These are but a few of the more well-known systems on the market;
others exist.

Figure 2-12. Ad hoc Network Configuration

2.3.1 Standardization Efforts

This proliferation of wireless LAN products and services has prompted standardization efforts for
wireless technologies. Parallel efforts are currently underway in Europe and the United States. The
European Telecommunications Standards Institute (ETSI) Committee RES10 was foud®&d ito
develop a standard called High-PErformance Radio LAN (HIPERLAN). HIPERLAN is designed to
provide high speed (up to 20 Mbps), short distance (50 meters) radio links between computers using
dedicated frequency bands at 5.2 and 17.1 GHz [Fla94, Kru92, PaP95].



High Speed Backbone Base Station

Figure 2-13. Infrastructure Configuration

Another LAN standards committee, called the IEEE Standards Project 802, is also formulating a
standard for wireless LANs. The wirelesslocal area networks standards working group, designated |IEEE
P802.11 (often referred to as smply 802.11), was established in July 1990 with the purpose of specifying
a medium access control protocol and physical layer implementations [Fla94, Hay9l, LiD94].
Interestingly enough, this working group was establish after the Executive Committee of IEEE Project 802
decided that a token bus protocol would lead to ineffective use of the radio frequency spectrum [Hay91,
Ryp92]. The basisfor this decision was that paths between stations are unreliable [Ryp92].

HIPERLAN and IEEE P802.11 are both setting the standards for wireless LANs. Although both
are reaching for the same fundamental goals, variations may exist between the two due to spectrum
allocation differences [BaB94]. To mediate differences, liaison has been established between these two
governing bodies [Hay91].

2.3.2 IEEE 802.11

The IEEE Project 802.11 Comittee was tasked “to develop a medium access control (MAC) and
Physical Layer (PHY) specification for wireless connectivity for fixed, portable and moving stations
within a local area” [IEE96]. The end product of this committee is Ef#E1802.11 standard, which is
currently in draft form. The IEEE 802.11 standard (hereafter referred to as simply 802.11) addresses
connectivity to fixed and moving devices including those mounted on moving vehicles. It also describes
requirements ford hoc and infrastructure networks and how mobile stations move within and across
these networks. Asynchronous and time-bounded MAC procedures to support delivery of MAC service

data units (MSDU) are described as well as security, privacy, and authentication issues [IEE96].
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2.3.2.1 Distributed Foundation Wireless Medium Access Control

The Distributed Foundation Wireless Medium Access Control (DFWMAC) was chosen as the
MAC for 802.11 devices. Designed for versatility, the DFWMAC services both ad hoc and infrastructure
networks via a layered approach. This hybrid nature of this MAC is illustrated in Figure 2-14. The
Disgtributed Coordination Function (DCF) is the lowest protocol level in the DFWMAC upon which all
other MAC functions rely. DCF provides contention-based, asynchronous access by implementing a
mechanism called Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) with a positive
MAC-level acknowledgment. All stations, whether in an ad hoc or infrastructure network configuration,
must implement the DCF. An optional access method, called the Point Coordination Function (PCF), may
be used within an infrastructure network only. The PCF relies on the DCF while providing contention-free
services. This access technique uses a point coordinator to determine which station has the right to gain
access to the medium. The point coordinator serves as the polling master while querying al stations
within the infrastructure. Both DCF and PCF must coexist such that both access methods can gain control

of the medium.

Time-bounded services/

asynchronous Asynchronous
Contention- )
free service Contention
service
PCF
DCF
(CSMAICA)
Physical layer

Figure 2-14. Distributed Foundation Wireless M edium Access Control (DFWMAC) [ EE96]
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2.3.2.1.1 Distributed Coordination Function
As the foundation of al MAC functions, the distributed coordination function (DCF) using
CSMA/CA must provide a flexible means of controlling the medium. This access mechanism is shown in

Figure 2-15.

Immediate access when medium

is free >= DIFS
« DFS
< PIFS Contention Window
DIFS
< > SFS
/_Il " 4
Busy Medium ///// / Next Frame
Slot Time
Defer Access <

Select slot and decrement backoff as long
as medium is idle

Figure 2-15. Basic Access Method [| EE96]

2.3.2.1.1.1 Carrier Sense Mechanisms

CSMA/CA relies on the ability of the station to detect the presence of acarrier. Two carrier sense
mechanisms are used. One is the mechanism provided by the physical layer upon detecting the presence
of acertain amount of signal energy in the frequency band. The other is avirtual mechanism provided by
the MAC itself called the Net Allocation Vector (NAV). The NAV isexplained later in this chapter.

2.3.2.1.1.2 Inter-frame Space

Inter-frame space (IFS) is the time between frames. The spaces in Figure 2-15 provide a priority
scheme. When a station senses the medium to be free for the prescribed IFS, it may gain control of the
channel. Once a station starts transmitting (gained control) al other stations will hear this transmission
and wait. Naturaly, the station using the shorter IFS will win access; hence, a shorter IFS implies a higher
priority. The highest priority IFS is the Short-IFS (SIFS), followed by the PCF-IFS (PIFS), and, findly,
the lowest priority space called the DCF-1FS (DIFS).

The SIFS is used for all immediate responses such as acknowledgment frames, clear-to-send
frames, polling responses, and fragmented data frames. PIFS is used to initiate a contention-free

transmission, and DIFS is used to transmit asynchronous, contention-based data and management frames.
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2.3.2.1.1.3 Access Mechanism

When a station wants to transmit a frame, it first senses the medium. If the medium has been free
for at least DIFS, the station may transmit immediately. Assuming the frame is correctly received at the
dedtination, the destination waits for SIFS to elapse and then sends a short acknowledgment frame back to
the source indicating a successful transmission. The SIFS priority is used to ensure other stations do not
attempt to transmit before this transaction is completed. If a correct (the acknowledgment frame may
actually bein error) acknowledgment is not received within an allotted time, the source station assumes the
frame was received in error and retransmits.  This retransmission must abide by the backoff procedures
discussed below.

If the medium is sensed busy, the station will defer until it detects a DIFS at which time the station
generates a random backoff time. The backoff mechanism is implemented to alleviate possible collisions
when they are most likely to occur—immediately after a busy period. If a backoff is required, the station
selects the appropriate contention window (CW) based on the number of frame transmissions attempted.
For example, the initial frame transmission has a CW of 31; the next transmission of the same frame has a
CW of 63 and so on. This truncated binary exponential backoff mechanikustrated in Figure 2-16
and is used to improve network stability under heavy loads. Once the appropriate CW is selected, the
backoff time is calculated by multiplying the CW with a uniformly-distributed random number between 0

and 1. This result is then multiplied by the medium’s slot time yielding the number of slots to backoff.

CW

255

127

CW

min

31
63

\ U Third Retransmission
Second Retransmission

First Retransmission
Initial Attempt

Figure 2-16. Exponential Increase of Contention Window [| EE96]
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After the station selects the backoff time and DIFS has elapsed, the station’s backoff timer is
allowed to decrement while the medium remains free. Other stations may have also performed backoff in
hopes of gaining access to the medium. The station selecting the smallest backoff time will win. Its timer
will expire first, and it will transmit immediately. Upon hearing this transmission, all other deferred
stations will halt their backoff timers until DIFS is sensed once again. At this point, all backoff timers are
allowed to countdown again. This process continues until all stations are serviced. Figure 2-17 illustrates
multiple stations in various stages of backoff. Station A gains access to the channel immediately. Stations
B, C, and D all wish to transmit at the same time as A, so they all defer until DIFS is sensed. Each
chooses a backoff time using a CW equal to 31 (initial transmission). Station C chooses the shortest
backoff time (it chooses the smallest random number between 0 and 1) and is allowed to transmit when its
backoff timer expires. Stations B and D freeze their timers while the medium is busy. Eventually all
stations are allowed access to the channel. In fact, stations that loose the contention and defer are more
likely to be serviced during the next contention than a new station entering backoff for the first time.

DIFS DIFS DIFS DIFS
Station A| Frame ]
}‘ Defer . Backoff I_I
Station B I \ Frame
| Defer|
Station C ! Frame

|l Defer |, s
StationD I Frame
| Defer 1
< > 1] Frame

Station E \

[ ] Backoff
[ ] Remaining Backoff

Figure 2-17. Backoff Procedure[IEE96]

2.3.2.1.1.4 Request-to-Send and Clear-to-Send
Within the DFWMAC, a mechanism exists to essentially reserve the medium for a specified
period of time. This mechanism is implemented via a four-way handshake involving the exchange of

special frames called request-to-send (RTS) and clear-to-send (CTS) as depicted in Figure 2-18. These
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frames contain a duration field that defines how long the station wishes to control the channel. When the

source transmits the RTS to the destination, al stations hearing the RTS copy the duration field to their

NAV, which is smply a countdown timer. All stations avoid using the channel until the NAV has

expired. Since the CTS frame also contains a duration field, the destination’'s CTS response back to the
source causes all stations hearing this frame to update their NAV. This technique of distributing medium
busy reservation information via RTS/CTS frames is called the virtual carrier sense mechanism. Any
station requesting access to the channel must first check both the physical layer and virtual carrier sense
mechanisms.

RTS/CTS brings fortunate capabilities802.11. This technique can be tight of as a collision
detection mechanism since the data frame is transmitted only after a successful RTS/CTS exchange
[I[EE96]. A collision is most likely to occur during the transmission of the relatively small RTS frame
resulting in earlier resolution. In addition, the hidden terminal problem is solved [BhD94, Gol94, IEE96,
WeW95]. Figure 2-19 demonstrates the hidden terminal scenario. If station A sends to B, station C,
being out of A’s range, will not sense the channel busy. Instead, station C could attempt to transmit
causing a collision at B. If RTS/CTS is used, station A transmits a RTS to B. All stations hearing this
update their NAV and start the countdown. Upon receiving the RTS, station B responds with a CTS
(assuming of course it is ready to receive). Stations hearing the CTS, including C, update their NAV and

wait. This scenario ensures all stations that might cause a collision are aware of a pending transmission.

Request to Send

Clear 10 send
ws
acknowledde

Source Destination
Station Station

Figure 2-18. RTS/CTS Mechanism [Go0l94]

Time
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Figure 2-19. Hidden Terminal Situation

The indiscriminate use of RTS/CTS may degrade network performance, since it adds overhead in
the form of transmitting two extra frames. Small (less than 100 bytes) data frames may forego the
RTS/CTS mechanism to improve performance [Gol94]. For this reason, each station is allowed to manage
RTS/CTSuse. A station may decide to dways useiit, never, or only when frames are of a specified size or

larger.

2.3.2.2 Physical Layer Specifications

The IEEE Project 802.11 Committee was tasked with developing a MAC capable of handling
multiple physical transmission layers. Specifically, three physical layer implementations are proposed by
802.11—direct sequence spread spectrui@S®) in the 2.4 GHz ISM band, frequen@pping spread
spectrum in the 2.4 GHz ISM band, and diffused baseband infrared in the 850 to 950 nanometer range
[Che94, IEE96]. As shown in Figure 2-20, this is accomplished through the use of a physical layer
convergence function and a physical medium dependent sublayer. The convergence function maps MAC
service requests into appropriate medium-dependent frame formats for sending and receiving. The

physical layer convergence procedure (PLCP) sublayer is responsible for this convergence function.

2.4 Related Research Efforts

Wireless local area networks are currently enjoying a concentration of research efforts focused in
two areas which, not coincidentally, correspond to either the network/transport layers or the MAC/physical
layers. The following sections discuss this research with emphasis on the MAC and physical layers. It is
shown that most efforts study one layer at a time while dismissing inter-layer management and how to

exploit this to improve system performance.
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Figure 2-20. Direct Sequence Protocol Reference Model [ EE96]

2.4.1 IEEE 802.11

2.4.1.1 Modified Backoff Schemes

The methods spelled out in the proposed |IEEE 802.11 standard [IEE96] are analyzed for a better
understanding of network performance under various conditions. Woesner, et al. [WoW95] anayze the
backoff mechanism and propose aternates. They explain that DFWMAC uses a uniformly distributed
probability function when selecting a random backoff dot and how this distribution skews the overall
probability of selecting an earlier dot (awinning slot). Since a station entering the contention for the first
time selects from the same uniform distribution as remaining stations, the probability of earlier slots being
in use is much higher than later dots. For example, when the network is in equilibrium under high load,
dot one is more likely to be in use by a station than slot two. This increased probability leads to more
collisions.

Woesner, et al. propose an alternative—force new stations arriving in the contention to select
from later slots. Not only does this reduce the probability of collisions, it also ensures a level of fairness
amongst stations since new stations are not allowed to barge ahead of waiting stations. Simulation results

indicate an improvement of up to 20 percent in throughput and 15 percent in average access delay.

2.4.1.2 RTS/ICTS Mechanism

Weinmiller, et al. [WeW?95] recognize the dichotomy of the RTS/CTS mechanism and offer
solutions to the question of when to use this optional feature, since prudent use of this mechanism will
improve performance. Collision probabilities will decrease since all stations, including hidden terminals,

will know of the impending transmission. Also, when collisions do occur, they involve the relatively
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small control frames. However, performance can simultaneously be degraded since two additiona frames
(RTSand CTS) must be sent. Their research attempts to strike a balance.

Weinmiller, et al. find that, even though network performance increases significantly, using
RTS/CTS does not completely solve the hidden terminal problem. Using a simulation of eight stations
exchanging data, they discover multiple hidden stations cause a breakdown. Since mutually hidden
gtations cannot hear each other, they attempt to transmit simultaneously and ultimately become
synchronized further exacerbating the situation.

Based on their simulation configuration and parameters, Weinmiller, et al. feel the threshold for
when to use RTS/CTS is 200 bytes. In other words, use RTS if the packet is over 200 bytes. Otherwise,
overhead negates improvements. For best performance they believe this threshold should be adaptively
varied based on system load to increase the threshold under high load.

2.4.2 Wireless Medium Access Control
Beyond the proposed |IEEE 802.11 standard, researchers are exploring other forms of medium
access control (MAC) for wiredless LANs. They investigate various access techniques and how

performance is affected.

2.4.2.1 Demand Assigned Multiple Access (DAMA)

Cheah [Che92] proposes a DAMA scheme, which is based on dlotted ALOHA, for the 802.11
MAC. Hefedsthisscheme will satisfy 802.11 requirements while maintaining implementation simplicity
by designating a head-end to act as the coordinating agent for a basic service area (BSA). He defines a
BSA as the physical area serviced by one head-end.

The head-end mentioned by Cheah is similar to the point coordinator used in the point
coordination function of 802.11. His implementation, however, addresses both infrastructure and ad hoc
networks via the use of management dots within the data stream. He aso suggests that any node could

assume the role of a head-end.

2422 MACAW

MACAW is a research effort by Bharghavan, et al. [BhD94] designed to improve on existing
wireless medium access protocol based on collision avoidance. They fedl that initial work in this areawas
commendable, but perhaps a better scheme existed. Based on the Multiple Access, Collision Avoidance
(MACA) protocol by Karn [Kar90] and subsequently refined by Biba [Bib92], MACAW enhances

MACA'’s performance.
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Bharghavan, et al. fed that since congestion is location dependent, the relevant contention is
located at the receiver instead of the sender thereby rendering the carrier sense mechanism ineffective.
Further, they feel congestion information, including contention synchronization, should be broadcast
explicitly viathe medium access protocol to all stations.

MACA is based on the same RTS/CTS mechanism found in 802.11. After simulating MACA,
Bharghavan, et al. find that the binary exponential backoff algorithm used in MACA alows a level of
unfairness amongst the stations. They explain the unfairness is a result of the way the backoff time is
determined. A station with a much smaller backoff time will win the contention as well as subsequent
contention periods (assuming it has more packets to send) while the losing stations continualy increase
their backoff times. They contend the winning stations will maintain control of the channel indefinitely if
a maximum backoff time is not used. Their remedy is to embed the winning backoff time in the
transmitted packet. All stations hearing this packet copy this time into their own timers. Bharghavan, et
al. find that broadcasting the backoff time ensures fairness.

Bharghavan, et al. also propose modifications to the RTS-CTS-DATA-ACK scheme used in
802.11. They show that under certain network conditions the insertion of a data-sending packet (RTS-
CTS-DSDATA-ACK) improves performance when a CTS is lost. This DS packet also provides

contention synchronization to the rest of the network.

2.4.2.3 Analysis of Client-Server Traffic and Capture

LaMaire, et al. [LaK94] devise an efficient medium access control for single-cell wireless LANS.
They consider a generic channel access protocol based on atime-dotted reservation scheme where one slot
accommodates a single packet. A fixed-length frame is composed of data periods and a reservation
periods. Data periods are used for the actual transmission of data packets, whereas the reservation periods
inform the base station (server) of a datarequest. Accessto the reservation dotsis dictated using a dotted
ALOHA mechanism with the probability of transmission in a slot defined asp.

Using detailed analytical models and simulations, LaMaire, et al. anayze the effects of p and
capture on network performance. Specificaly, they investigate performance for a fixed p and a variable
(optimized) p. They find that if the number of contending stations can be estimated, the optimal-p case
yields best results. If there are no transmission errors, a fixed vaue of p = 1 (1-persistent) gives the best
performance. In addition, they consider the effects of capture on performance. They develop a model to

describe the increased throughput of stations in the presence of capture. If capture isignored, a worst-case
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estimate of throughput is obtained. Their results show throughput can increase by as much as 34 percent

when asingle remote (far away from al others) station experiences capture.

2.5 Summary

This chapter highlighted various wireless local area network issues pertinent to this research effort.
An al encompassing presentation of wireless LAN aspects was not warranted. Although minute details
and irrelevant issues were not discussed, sufficient information was provided to facilitate an appreciation
of the unique contributions made by this effort.

An overview of computer networks was provided with emphasis on local area networks. The
division of networks into the OSl seven layer model to facilitate modular design and manageability was
presented; each layer and their interrelationships were explained. Next, the ring, bus, and star LAN
topologies were briefly presented along with their pros and cons. The IEEE 802 family of standards and
how LANS require a medium access control protocol to allow stations equitable access to the channel were
discussed. Variations of the ALOHA and CSMA medium access control protocols were discussed. It was
shown that CSMA is superior to ALOHA and, if feasible, CSMA/CD is superior to both.

Spread spectrum techniques were presented next. The impetus behind its growing popularity were
discussed. A brief tutorial of direct sequence spread spectrum, its capabilities, possible implementations,
and why it is becoming increasingly accessible were also presented. It was shown that by virtue of its
process gain, direct sequence spread spectrum offers an effective means to combat interference while
simultaneously enhancing network security.

Wireless LANs were discussed next. A brief explanation of the two predominate wireless LAN
network configurations (ad hoc and infrastructure) is followed by a presentation of wireless LAN
standardization efforts in the U.S. (IEEE 802.11) and abroad (HIPERLAN). More germane aspects of
802.11 were presented including the distributed foundation wireless medium access control and the
physical layer specifications.

Finally, related research at the MAC sublayer of wireless LANS was presented. Various research
efforts investigating how to improve network performance by changing different aspects of the MAC

sublayer were presented.

40



Chapter 3. Objectives and Methodology

After all, the ultimate goal of all research is not objectivity, but truth.
—Helene Deutsch (1884-1982), U.S. psychiatrist.

This chapter discusses the objectives and assumptions of this research as well as the methods used

to achieve these objectives. According to Jain [Jai9l], there is a systematic approach common to all

performance evaluation efforts. He lists ten steps to help avoid common mistakes in this type of
investigation [Jai91]. These steps are listed below; the first four are discussed in this chapter with the

remaining being discussed in subsequent chapters.

1.

© © N o g &~ W N

State goals and define system boundaries

List system services and possible outcomes

Select performance metrics

List system model parameters

Select factors and their values

Select evaluation techniques

Select the workload

Design experiments to offer maximum information with minimal effort

Analyze and interpret the data

10. Present theresults

3.1 Problem Definition

Chapter 2 discussed the various aspects of wireless LANS, including a brief background of

networking systems, spread spectrum techniques, 802.11, and a review of past and present research into

MAC protocols for WLANs. One underlying theme permeates these research efforts. They assume the
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medium is a fixed asset similar to coax used in Ethernet in that its characteristics cannot be altered
dynamically to improve performance. The medium is modeled as a worst-case scenario.  Wireless
communications, by its very nature, experience wide perturbations which indubitably change the
characteristics of the medium. Wireless LANs implemented with spread spectrum technology offer a
means to vary the spread spectrum parameters during a communication session to combat these

perturbations. A more optimistic approach to medium accessis taken in this investigation.

3.1.1 Research Objective and Methodology

The overal objective of this research effort is to determine how and when the spread spectrum
parameters can be dynamicaly adjusted to improve network performance and how this affects the data-
link and transport layers of the OSI model. To achieve this objective, this investigation addresses the
following specific areas.

A new, unique MAC protocol is developed for wireless LANs to exploit the dynamic nature of the
channel. This protocol is based on the proposed IEEE standard 802.11 with modifications and
enhancements to the distributed coordination function. Specifically, the improved protocol monitors
network performance at the MAC sublayer and dynamically changes spread spectrum parameters at the
physical layer to increase process gain when needed. Depending on the severity of channel degradation,
time required to reconfigure the spread spectrum transceivers, and length of the data packet, throughput
should increase. Since spread spectrum transceivers must agree on certain transmission parameters, such
as the PN code, a unilateral decision by one station to change its parameters is not possible. The new
protocol ensures proper coordination between stations.

Retransmissions at the MAC sublayer affect the time required to transmit a packet successfully.

Since the transport layer also monitors network performance using timers, it might be impacted by these
retransmissions. To this end, TCP’s performance is investigated to ensure the new MAC protocol does
not severely degrade TCP performance.

Adaptively altering the spread spectrum characteristics to improve network performance is a novel
approach to wireless LANs. As shown in Chapter 2, other researchers focus on different aspects (MAC,
network, and transport layers) of wireless LANs, but do not address how to improve performance by
taking an opportunistic view of the channel. This research views the physical layer as a valuable resource
to be dynamically altered to match network requirements.

Successful completion of this research effort requires solving new problems in the field of

wireless LANs. As mentioned above, a station cannot unilaterally change spread spectrum parameters.
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This effort investigates how to coordinate such a change given an aready stressed (increased BER)
channel. During coordination, stations exchange management frames. Losing one of these frames is a
consideration; recovery involves retransmissions which could further degrade network performance.
Changing spread spectrum parameters too often can adversely affect overall system performance; not
changing them at all yields worst-case utilization of the channel. A compromise is required to maintain a
viable network. Informing the transport layer of impending, yet acceptable, delays is another problem.
Service primitives can be used to provide this inter-layer communication, but the transport layer must be
able to adapt its timeout mechanism. Current implementations of timeout mechanisms allow variation in
timeout periods, but may be too slow to adapt.

This research effort extends the existing body of knowledge within the wireless LAN domain. A
novel approach to improving network performance is proposed along with supporting studies.
Specifically, this investigation extends existing knowledge by defining when and how a direct sequence
spread spectrum wireless LAN can take advantage of dynamic channel management. Anticipated benefits
include increased overall throughput of the system which leads to a more robust wireless LAN. Although
links between stations experience more traffic, the end result is a more reliable link with fewer
retransmissions at the transport layer.

This effort uses two proven methods to investigate these problems—simulation and emulation.
First, a throughput analysis for wireless LANs is performed using simulation. These performance metrics
are explained later in this chapter. A wide range of operating parameters are used to determine an optimal
time to initiate adaptive control of the MAC sublayer such that the channel is utilized to its fullest. The
second method is to implement an emulation of the adaptive protocol on a wireless network testbed and
study the effects of these parameters by measuring system performance on a real system.

Computer networking covers a wide range of scenarios including configurations, protocols, and
standards. The following sections define the scope of this research effort and further explain the issues

discussed above.

3.1.1.1 Network Under Investigation
This research focuses on performance issues related to wireless LANs. MANs and WANs do not
lend themselves well to high-speed wireless networking given today’s technology; they also are not forced

to contend for one medium as does a LAN. As such, MANs and WANSs are not discussed.
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3.1.1.2 Transport Protocol

The transport protocol chosen for a particular network often dictates system performance. A
protocol is often selected based on its past performance and acceptance by the networking community.
Based on its proven past and still promising future, TCP/IP is selected as the foundation for this effort.

3.1.1.3 MAC and Physical Layer Implementations

Maintaining conformance with standards is an underlying objective in order to hasten acceptance
by the wiredless LAN community. Although still in draft form, the 802.11 standard is followed as much as
feasible throughout this effort. 1ts medium access control is used as the basis of al network transactions.

Several factors determine which physical medium to use. The ability to penetrate walls,
performance in the face of multipath, and component availability are just a few reasons this investigation
uses direct sequence spread spectrum as the physical layer. Also, the ability to vary the process gain of
transceivers dynamically forces the selection of direct sequence spread spectrum.

3.2 System Services

The system services supported include data communications via packet-switched transmission of
data frames. Each computer station is alowed to send frames to another station within the wireless
network.

Two possible outcomes exist for this service. A successful transmission in which the frame
arrives without error at the intended destination is certainly possible. This, after dl, is the reason for the
network and is the desirable outcome. Another outcome could be that the packet is lost due to a collision
or bit errors caused by excessive, corrupting noise in the channel or interfering propagation phenomenon;
thisisundesirable.

3.3 Performance Metrics

Virtualy al research efforts studying LANs use throughput as the predominate metric for
determining system performance. This research is no different. Throughput is typicaly defined as the
number of bytes of user data transferred per second from one station to another. Usually represented in
bits per second and normalized to the channel speed, this metric determines the ability of the network to
move datain spite of overhead.
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3.4 System Model

The complexity of local area networks and radio communications necessitates some simplifying
assumptions to make modeling tractable. Asis seen in the analytical derivations of the MAC protocols
(e.g., ALOHA, CSMA) in Chapter 2, such assumptions are common. In addition, the somewhat unsure
character (still in draft) of 802.11 necessitates assumptions. Regardless of assumptions made, the thrust of
this research is to show a relative improvement in performance. The following sections define the

operating assumptions for the system model.

3.4.1 Network Topology

Given the dynamic nature of mobile computers and the interconnecting network, a myriad of
network configurations could exist. This effort assumes the stations are fully meshed in a bus-style
topology. In other words, al stations hear the transmissions of al other stations. This does not preclude a
temporary fade or degradation in a link between two stations. The implication of this is that the hidden

terminal situation is avoided. Although important, hidden terminals are not the focus of this effort.

3.4.2 Capture

The spread spectrum receivers will not experience capture of frames. As explained in Chapter 2,
capture occurs when two or more frames collide and at least one receiver successfully receives the frame
addressed to it. This could be due to one transmitter transmitting at a much higher power level. Without

capture, if acollision occurs, al colliding frames are destroyed beyond recovery.

3.4.3 Number of Stations

Network performance is affected by the number of stations contending for the channel. This
investigation uses 10 stations as a network for the simulation. This is a common network configuration
for simulations [Crw96, KoN92, Ryp92, WaN92, WeW95, WoW95].

3.4.4 Power Considerations

Mobile computing conjures up an image of a person carrying a laptop computer around while
maintaining connectivity to a LAN. Since laptops rely on batteries, power consumption is aways a
concern. Some wireless LAN adapters consume amost as much power as the rest of the computer while
continualy sensing the medium. Consequently, some adapters incorporate a sleep mode to conserve
power. This research effort does not dwell on power consumption, nor does it dismiss it altogether. To
this end, network traffic is minimized when feasible to decrease the number of times the transceiver is
activated.
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3.4.5 Distributed Foundation Wireless Medium Access Control (DFWMAC)

Chapter 2 discusses the mechanisms comprising the DRNVMAC. Since the distributed
coordinating function (DCF) is the foundation of the 802.11 MAC and offers al requisite capabilities,
DCF isused exclusively in this effort. The point coordination function (PCF) is not addressed. The PCF
requires a central controlling station such as an access point connected to a wired backbone. In other

words, this research effort addresses thead hoc network instead of an infrastructure network.

3.4.6 Transmission Mode

Since LANstypically experience bursty traffic [BeG92], a packet switchingmechanism is used.

3.4.7 Addressing Modes
Three types of addressing are available to a transmitting station: unicast to a single station,
multicast to a set of stations, and broadcast to all stations. This effort supports al transmission modes but

only modifies unicast transmissions.

3.4.8 Propagation Delay
Since wireless LANSs have stations located in close proximity to each other (less that 1000 feet),
propagation delay of the radio signal is negligible compared to other system parameters such as the actual

frame transmission time. Thisis acommon assumption for wireless LANs [CrW96].

3.4.9 Packet Generation Rates

Each station uses a Poisson process to create packets. This distribution represents a good model
for systems such as this that have an uncertain arrival rate [BrP95, Jai91]. The actua rate the packets are
generated is determined by the system load which is described in detail in Chapter 5.

3.4.10 Frame Length

Frame lengths are fixed at 8000 bits for this investigation. This represents a reasonable estimate
of frame length given the different types of TCP traffic (e.g., FTP, email, TELNET) expected over the
LAN and is based on actual network traces [DaJ91, KIT75] and other research efforts [Cr\W96].

3.4.11 System Queues
All system queues are based on first-come-first-served. Each station is equipped with a finite
capacity queue within the MAC layer. Each queue is capable of holding up to 10 frames.
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3.4.12 Forward Error Detection and Correcting
Beyond the error detection provided by the CRC (cyclic redundancy check) in 802.11, no other

detection or correction techniques are employed.

3.4.13 Destination Addresses

All gations transmit to the station with the next highest address; the last station transmits to the
lowest numbered station. For example, station 1 transmitsto 2, 2 to 3, and 3 to 1 if there are three stations
in the network. When considering the system, the amount of traffic arriving a each station is
approximately equal, which closely approximates a discrete uniform distribution. This assumption
facilitates a balanced load across al stations; no one station is receiving al frames which could skew

resultsif that station is experiencing problems.

3.4.14 Direct Sequence Spread Spectrum Transceiver Parameters
Transceiver parameters define the operation and limitations of the physical layer. The following

sections define these parameters.

3.4.14.1 PN Code Sequence
IEEE 802.11 specifies the use of the 11 chip Barker sequence:
+1,-1,+1,+1,-1,+1, +1,+1,-1, -1, -1
The leftmost chip is output first, aligned with the start of the transmitted symbol, and is symbol
synchronous (11 chips per symbol). The 11 chips satisfy the FCC requirement of aprocess gain of at least
10; the Barker sequence has again of 11.
This research effort aters the spread sequence during a session. Depending on the channel

conditions, each station uses either the 11 chip Barker code or a 63 chip code.

3.4.14.2 Modulation Format and Channel Data Rates

Two modulation formats and corresponding data rates are supported by 802.11. The first is the
basic access rate using Differential Binary Phase Shift Keying (DBPSK) modulation that provides 1 Mbps
datarate. Thisbasic accessrateis supported by al stations. The second access rate is called the enhanced
access rate which uses Differential Quadrature Phase Shift Keying (DQPSK) and provides 2 Mbps data
rate. Thisresearch will only addressthe DBPSK format (also referred to as BPSK in this effort).

3.5 Summary
This chapter presented the objectives of this research effort as well as the methods used to attain

these objectives. As an introduction, the chapter presented a proven systematic approach to computer

a7



systems performance evaluation as described by Jain [Jai91]. Used as aroad map for this research effort,

Jain’s approach was further expanded in subsequent sections in the chapter. An introduction to the
problem was presented followed by the novel solution provided by this research. System boundaries were
discussed to include assumptions made regarding the type of network to be investigated; this research
investigated the performance of an 802.11 wireless local area network operating under TCP/IP. System
services (a packet-based communication system) were explained. Throughput was identified as the
performance metric followed by a discussion of system model assumptions that were used to make this
research effort tractable. The model discussed includes a fully-meshed, 10 station network operating
without capture and power control. Frames with a length of 8000 bits of data were injected into the

network using a Poisson process.

48



Chapter 4. CATER—AN Adaptive MAC-Level Protocol

caster vb to supply what is required or desired

—Webster’s Dictionary

Opportunities multiply as they are seized.

—Sun Tzu

This chapter describes an adaptive protocol developed during this research effort called CATER
(Code Adapts To Enhance Reliability). True to its name, CATER provides what is necessary to make a
link between two computers more reliable. The reliability is built into the MAC sublayer by dynamically
varying the PN code length of frame transmissions. The protocol is best understood by going through
examples, thus, three scenarios are presented in this chapter. Following the examples is a top level
description presented via flowcharts. Section 4.1 introduces the erratic environment mentioned and how
this affects wireless LANs. This section also addresses the rationale for reconfiguring the links between
stations. Section 4.2 provides the first insight into CATER'’s inter-workings by way of examples. Three
scenarios are given along with CATER’s response. A more formal explanation of CATER is given in

Section 4.3 when flowcharts are used to describe its detailed operation.

4.1 The Link Environment within a Wireless LAN
There are two primary causes for a frame error at the receiver in a WLAN—a collision with
another frame or bit errors. The exponential backoff mechanism of 802.11 alleviatedlisihen co

problem but cannot help with bit errors. Bit errors often result from multipath fading which causes the

49



received signal power to fluctuate by as much as 30 dB within a span of 1 meter [AnR95, Mit91, Pah85].
If the channel is severely degraded and experiencing numerous bit errors, it is unlikely that retransmissions
alone will successfully transmit the frame in question before the retransmission limit is exceeded.

If the channel is well behaved with relatively few bit errors, 802.11’s retransmission scheme will
suffice. CATER builds on and expands 802.11's c#iiab. That is, if a frame experiences excessive
retransmissions, 802.11 simply gives up and signals upper layer protocols of this occurrence. Fortunately,
the capabilities of DSSS allow us to address the noisy channel by reconfiguring DSSS parameters in real
time.

The key feature in CATER is the ability to change the PN code length of a direct sequence spread
spectrum signal. The adaptive protocol uses two PN code lengths—the 11-chip Barker code selected by
802.11 and a 63-chip maximal sequence code. Succinctly stated, CATER changes the PN code length of
two communicating stations from 11 chips to 63 chips if a frame continually fails transmission. The
adaptive protocol is the mechanism that controls when this transition occurs as well as when a station is to
revert back to using 11 chips. All stations in the network use 11 chips as the default, reconfigure to 63
chips when necessary, and some time later revert back to 11 chips. Reconfiguring PN code length is done
on a per station pair basis; the entire network is not reconfigured.

Selecting the longer PN code length involves an analysis of channel characteristics and current
transceiver hardware limitations. The signal-to-noise ratio of a binary phase-shift keying signal increases
by 7.58 dB when the DSSS PN code is increased from 11 to 63 chips [Cou93]. Assuming a bit error rate
(BER) of 10? for a distressed channel, the transition to 63 chips decreases the BER[@o193]. A
BER of 10° to 10° represents a practical minimal error rate of wireless transceivers using BPSK without
encoding (forward error correction coding) and is often used in simulations as the BER experienced by
network traffic as well as analytical derivations of channel performance [Bis93, BrB95, GuM94, HaK89,
Vit85, WaN92]. This conservative lower bound is chosen for an acceptable BER to°.beThQs,

CATER uses 63 chips for the longer PN code, although the concept could be applied to other code lengths
or to additional code length levels.

A consequence of using a longer PN code is that the effective data rate decreases. For example,
assuming a fixed chipping rate of 11.26#lion chips per second (Mcps), a PN code of 11 chips results
in a data rate of 1.024 Mbps (11.264 Mcps/11). If the PN code is changed to 63 chips, the corresponding
data rate is 187 kbps (11.264 Mcps/63). This drastic reduction in the data rate implies that using 63 chips
should be considered only when the probability the frame is failing due to bit errors is higher than the
probability of collisions. This is accomplished by monitoring the number of frame retransmissions; as the
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number of retransmissions increases, so does the probability the frame is failing due to bit errors. To this
end, if a link continually experiences an unacceptable BER using 11 chips, CATER reconfigures the

communicating stations to use 63 chips.

4.2 Demonstrating CATER

CATER is demonstrated via Figure 4-1 through Figure 4-3 and the accompanying narrative. The
figures demonstrate the protocol at various times during frame transmissions from station A to station B.
Figure 4-1 and Figure 4-2 depict unsuccessful reconfiguration attempts and the implications. Figure 4-3
illustrates a successful transaction.

The vertical axis represents time, and the circled numbers represent a PN code length change. All
transmissions and receptions from that point forward use the specified PN code length.

4.2.1 Unsuccessful Reconfigure Request Frame

Figure 4-1 illustrates CATER being invoked while station A is attempting to send frame 2 to
station B. Frame 1 is successfully sent and acknowledged using the 802.11 DCF with 11 chips. Station A
then attempts to transmit frame 2. Since the acknowledgment timer expires before an ACK is received
from station B, the transmission is assumed to have failed. As noted earlier, this could be a result of
collisions or of a poor channel, but neither station has a way of knowing which. Failing on its first
attempt, station A selects a backoff time for frame 2 (following 802.11 guidelines) and waits for its timer
to expire. Once the backoff timer expires, station A retransmits frame 2. Assuming this transmission also
fails, station A once again selects a backoff time and waits. Although only two stations are depicted in
this illustration, they are not monopolizing the channel; other stations in the network are also
communicating on the same channel.

This adaptive protocol requires each station to maintain several parameters. The first parameter is
Sart Reconfigure Limit (hereafter called Sart). This parameter controls when a link between two stations
should be reconfigured and is measured in failed frames. For example, if it is set to two as used in this
illustration, two failed frames are permitted before the source station initiates the reconfigure protocol.
Therefore, the next transmission attempt of frame 2 will initiate reconfiguration.

Returning to Figure 4-1, when the backoff timer expires this second time, station A does not
retransmit frame 2 again. Instead, it transmits a short reconfigure request frame to station B. Due to its
relatively short length, this frameis far more likely to arrive successfully at station B. Moreover, athough
not currently implemented, increasing the transmitted power for this frame could also increase the

probability of successfully receiving it. Immediately after station A sends the reconfigure request frame, it
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reconfigures its transceiver to 63 chips and waits for an acknowledgment from station B that it received
the reconfigure request frame successfully and is ready to receive a data frame using 63 chips. Assuming
the reconfigure request frame does not arrive at station B, the reconfigure acknowledgment timer on
station A expires. The station reverts back to 11 chips, selects another backoff time for the data frame,

and waits.

Station A Station B
D
ACK 1

~ —
I
'§. Frame 2
2 [ —X
S
% ACK Timeout__
% wx
[0y

ACK Timeout__|

Reconfigure __|

ACK Timeout A

Figure 4-1. Unsuccessful Reconfigure Request Frame

4.2.2 Successful Reconfiguration But Unsuccessful Data Frames

Figure 4-2 continues the exampl e after the backoff timer of station A expires. At this point, frame
2 isonce again held at station A, and another reconfigure request frame is sent. Note that once CATER is
initiated for a data frame, it remains in control of that frame until it is successfully sent or experiences
excessive retransmissions. Moreover, subsequent retransmission attempts for this frame automatically
result in areconfigure request being generated. In the illustration, thisis depicted by a reconfigure request

frame being sent instead of requiring two more failed attempts at sending frame 2.
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This reconfigure request frame successfully arrives at station B, and station A goes to 63 chips at
the end of the transmission in anticipation of station B’s acknowledgment. Station B meanwhile also
reconfigures to 63 chips and then sends the reconfigure acknowledgment.

Before proceeding with the figure narrative, it is vital to understand that station B reverts back to
11 chips after receiving data frames from station A. This brings up an important issue—if a data frame is
never received by station B it will be fixed at 63 chips and essentially locked out from the rest of the
network; no other stations will be able to communicate with it until they also go to 63 chips. However,
station B will never be able to acknowledge a reconfigure request from another station since the
reconfigure request frame is sent using 11 chips. To protect against this lockout, Station BDstiarts a
Not Received timer immediately after sending the reconfigure acknowledgment frame. If a data frame is
not received before this timer expires, the reconfigure attempt is declared a failure and station B reverts
back to 11 chips. Station B uses another network parameter Raflewfigured Transmissions Limit to
compute thdata Not Received timer. This limit represents the number of times frame 2 is allowed to be
sent using 63 chips before station A declares the reconfigure a failure.
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Figure 4-2. Successful Reconfiguration But Unsuccessful Data Frame
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Assuming station A receives the reconfigure acknowledgment for station B, it immediately sends
frame 2 using 63 chips. If frame 2 fails, instead of selecting a backoff time and unnecessarily repeating
the link reconfigure after backoff, station A immediately retransmits frame 2 after sensing the medium for
acarrier. If acarrier is present, another station must have sensed an idle medium and started transmitting
first. If thisisthe case and a carrier is present, station A does not attempt to transmit frame 2 a second
time. Instead, station A sends the frame to backoff, and reverts to 11 chips. If, however, no carrier is
present, station A sends frame 2 and waits for an acknowledgment. Once again frame 2 fails in this
scenario. Station A’s acknowledgment timer expires, it realizes that it has made the maximum number of
attempts at transmitting the reconfigured frame as controlldgetynfigured Transmissions Limit, and it
reverts back to 11 chips. At this time, frame 2 is sent to backoff. Meanwhile, statidata’sNot
Received timer expires causing it to also revert back to 11 chips.

Since multiple, unsuccessful reconfigure request frames could be sent on behalf of a data frame,
simply counting the number of failed data frames to determine excessive retransmissions is not feasible.
Therefore, in determining when to declare excessive retransmissions, CATER counts not only the number

of failed data frames but also the number of failed reconfigure request frames.

4.2.3 Successful Reconfigure Request Frame and Data Frames

Figure 4-3 continues this example. Both stations are using 11 chips at this time. After station A’s
backoff timer expires, it sends a reconfigure request, reconfigures to 63 chips, and waits for station B’s
acknowledgment. Upon receiving the reconfigure request from station A, station B reconfigures to 63
chips and transmits a reconfigure acknowledgment. Station A successfully receives this acknowledgment.

Station A is now ready to transmit frame 2 once again. There is, however, an additional step
purposely left off previous discussions for the sake of brevity and clarity. Before station A transmitted the
reconfigure request frame, it checks its transmit buffer for frames queued to be sent to station B and
compares this number against another network parambtax-Additional Frames to Transmit During
Reconfigure (hereafter calledMax). This parameter sets an upper limit on the number of additional
frames to send over a reconfigured link. The rationale behind this parameter is that if a link has been
reconfigured, it most probably is experiencing excessive bit errors. To just send one frame over this
reconfigured link would require future frames (queued frames) to experience the added overhead
discussed above before the link is ultimately reconfigured again. For example, station A sends frame 2
only during this reconfigured period, and frame 3 is queued for transmission to station B as well. Frame 3

will have to fail twice Reconfigured Transmissions Limit = 2) before it can benefit from a reconfigured
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link. Sending queued frames over the reconfigured link eliminates some of the overhead by allowing

additional frames to immediately follow frame 2.
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Figure 4-3. Successful Reconfigure Request Frame and Data Frames

Therefore, station A determined how many additional frames to attempt to transmit during the
reconfigured period, inserted this number into the reconfigure request frame, and sent it to station B.
Station B strips off this field and records this number. At this point, station A sends frame 2. Station B
receives the frame and sends an acknowledgment back to station A. If there are no additional framesto be
sent to station B, both stations revert back to 11 chips. If, on the other hand, there are additional framesto
send, both stations remain at 63 chips, and station A continues to transmit until it sends al of the
additiona data frames or an acknowledgment is not received from station B. When either one of these
occurs, both stations revert back to 11 chips and the last unsuccessful data frame is sent to backoff.
Station B uses a feature similar to the Data Not Received timer mentioned above to prevent lockout for

each data frame.

4.3 Describing CATER
This section presents atop-level description of CATER. Five flowcharts completely describe the

details of the protocol and are presented in the following sections.
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4.3.1 Process Packet Transmission Request from TCP/IP

As Figure 4-4 illustrates, the primary functions in this flowchart are to accept a packet from
TCP/IP or some similar upper level protocols, convert the packet to an 802.11-compliant frame, and
transmit the frame after some processing. The first step is to accept the frame from TCP/IP by means of a
service primitive request called MAUNITDATA.request. Upon receiving the packet, the protocol
encapsulates it within a frame structure suitable for transmission over an 802.11 wireless LAN. At this
point, CATER determines if the station is aready in a reconfigured state as a result of earlier frame
transmissions. A dstation is reconfigured if the station PN code length is set to 63 chips. If the station is
reconfigured, CATER determines if this station is the source station during the reconfigure period. If so,
the protocol determinesif this frame is one of the additional frames to be sent during reconfiguration. If it
is, the frame is sent to the Transmit Frame flowchart after a SIFS period has elapsed and the MAC
Protocol Data Unit (MPDU) identification number is recorded. The MPDU ID is used to verify that the
received acknowledgment corresponds to the last data frame transmission. If the frame is not one of the
additional frames to be sent during reconfigure, the frame is sent to the Backoff flowchart. This occurs
when the maximum number of additional framesto send during reconfigure has aready been reached and
the station has not had an opportunity to revert back to 11 chips and, therefore, no longer reconfigured.

If the gtation is not the source station in a reconfigured connection or reconfigured at al, the
station attempts to transmit the frame after verifying three criteria. First, the station must sense the channel
has been idle for at least DIFS. If this time has not elapsed, send the frame to the Backoff flowchart.
Second, if the number of transmissions for this frame is less than the Start Reconfigure Limit parameter,
send the frame to the Transmit Frame flowchart after recording the MPDU ID. If the Start Reconfigure
Limit has been exceeded, create a reconfigure request frame for transmission to the destination station
while storing the original data frame in a buffer. Third, a carrier must not be present just prior to
transmitting the reconfigure request frame. This ensures this station does not barge in on another pair of
stations communicating over areconfigured link. If acarrier is present, the station sends the data frame to

the Backoff flowchart and discards the reconfigure request frame.
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Figure 4-4. Process Packet Transmission Request from TCP/IP Flowchart

57



4.3.2 Transmit Frame

The Transmit Frame function flowchart in Figure 4-5 is responsible for transmitting a frame onto
the channel. If the datatimer is set on the station about to transmit a frame, the station must have been on
the receiving end of a reconfigured link. A reguest to transmit a frame from this station implies the
channel was quiet (no carrier present) for DIFS. As previously mentioned, the data timer is used by the
destination station to determine if a reconfigured connection has failed. A channel that has been quiet for
DIFS implies the frame that was suppose to be received during the reconfigured period was unsuccessful.
Therefore, the reconfigured exchange must have failed and the reconfigured link should revert back. If
thisisthe case, the station cancels the data timer and sets the station PN code length back to 11 chips.

The next step is to increment the number of transmission attempts for this frame. This
information is used to determine when to declare an excessive retransmissions situation for aframe.

If the frame to transmit is a reconfigure acknowledgment, the station sets the PN code length to 63
chips and sends the frame to the physical layer for subsequent transmission onto the channel. If this frame
is not a reconfigure acknowledgment, the station simply sends the frame to the physica layer without
changing the PN code length.

After the frame is completely transmitted, the station determines the type of frame just sent and
acts on that information. If the frame was a data frame, the station sets the acknowledgment timer. If the
frame was areconfigure request frame, the station sets the reconfigure acknowledgment timer and changes
the station PN code length to 63 chips. An acknowledgment frame will set the data timer if there are
additional frames to be received during a reconfigured period. If there are no additional frames to receive
during reconfigure, the station changes the PN code length to 63 chips. A reconfigure acknowledgment

frame will set the data timer.

4.3.3 Accept Frame From Channel

As shown in Figure 4-6, Accept Frame From Channel is responsible for routing incoming frames
from the channd to the proper functions. If the incoming frame is a data frame, the station compares the
MPDU ID against the last received frame’s MPDU ID as stored in the MPDU ID cache. The station
discards the frame if the two numbers match. This situation can occur when the destination station
successfully receives a data frame, but the source station never receives an acknowledgment for that frame
and then retransmits the data frame. Only one data frame is required, so subsequent receptions of the

same frame are discarded. If the two ID numbers do not match, the station stores the MPDU ID in the
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MPDU ID cache for future comparisons, sends the data frame to the TCP/IP stack, and then cancels the
data timer if set. The station creates an acknowledgment frame for this data frame and sends it to
Transmit Frame after waiting SIFS.

If the frame is an acknowledgment, the station compares the MPDU ID of the acknowledgment
frame against the stored MPDU ID. These two number should match indicating this acknowledgment is
for the last data frame. If the two number do not match, the station discards the acknowledgment frame.
Otherwise, the station cancels the acknowledgment timer. If there are no additional frames to send during
a reconfigure period, the station changes the PN code length back to 11 chips and sends confirmation to
TCP/IP that the data frame was successfully transmitted. The station then requests the next packet for
transmission from the MAC buffer and sends it to Accept Packet From TCP/IP for processing.

When areconfigure request frame is received, the station reads the number of additional framesto
be sent during the reconfigured period. Thisinformation is embedded within the frame. In addition, the
station creates a reconfigure acknowledgment frame and sends it toTransmit Frame after waiting SIFS.

Findly, if the frame is a reconfigure acknowledgment, the station cancels the reconfigure
acknowledgment timer, waits SIFS, retrieves the data frame from local memory, records the MPDU ID,

and sends the data frame to Transmit Frame.

4.3.4 Backoff

Backoff (Figure 4-7) controls the exponential backoff mechanism as discussed in Chapter 2. An
excessive retransmission is declared if the total number of transmissions plus the total number reconfigure
request frames sent on behaf of this data frame exceeds the retransmission limit. If this limit is not
exceeded, the station computes the backoff time for the frame and starts the timer when the medium has
been clear for at least DIFS. The station stops the timer each time the medium is sense busy and restarts it
when the medium is clear for a least DIFS. The station sends the data frame to Accept Packet From
TCP/IP when the backoff timer expires.
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4.3.5 Service MAC Timers

Figure 4-8 illustrates three flowcharts collectively referred to as Service MAC Timers. Thefirst is
ACK Timer Expires. This flowchart describes the actions when the acknowledgment timer expires. If the
station is not in a reconfigured state, the station changes the PN code length to 11 chips if necessary and
sends the data frame to backoff. The station then sends the data frame to Transmit Frame after recording
the MPDU ID if al of the following are true: the station is in a reconfigured state, the number of
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reconfigured transmissions of this data frame is less than the Reconfigured Transmission Limit, the data
frame is not an additional frame sent during reconfigure, and a carrier is not present. If any of the
aforementioned conditions are not true, the station changes the PN code length to 11 chips if necessary
and sends the data frame to backoff.

The second flowchart is Reconfigure ACK Timer Expires. This flowchart simply shows that when
the reconfigure acknowledgment timer expires, the PN code length is changed to 11 chips and the data
frameis sent to Backoff.

The third flowchart is Data Timer Expires. The PN code length is changed to 11 chips when this

timer expires.

4.4 Summary

This chapter presented a description of wireless environments and the adaptive protocol developed

during this research effort. The potentially erratic environment in which awireless LAN must operate was

presented along with the affect that this has on wireless LANs. The first insight into CATER’s inter-

workings was presented by way of examples; three scenarios were given along with CATER'’s response to

each. Finally, a more formal explanation of CATER was given via flowcharts and accompanying

narrative. Designed for performance enhancement and robustness, CATER dynamically varies the PN

code length of frame transmissions to compensate for an erratic channel. CATER focuses on enhancing

system throughput of aad hoc local area network controlled by 802.11's distributed coordination

function (DCF). Although the point coordination function of the DFWMAC is not implemented, there is

no reason to believe CATER will interfere with any of its functions.
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Chapter 5. Simulation

I do not fear computers. | fear lack of them.

—Isaac Asimov

Computers are useless, they can only give you answers.

—Pablo Picasso

Three evauation techniques are commonly used for computer system research efforts: analytical
modeling, simulation, and measuring a real system [Jai91]. Since the research effort detailed in this
document involves more than a basic medium access control protocol, analytical modeling is prohibitively
time consuming for the level of accuracy provided by the model. Thisis not to say anaytical modeling
does not have its place in this effort; simulation results are compared against other models such as CSMA
for validation.

The predominate evaluation technique is simulation due to its versatility and accuracy. An entire
wireless LAN is modeled via simulation including the CATER MAC sublayer and the DSSS physica
layer. The specifics of the simulation are presented in the subsections bel ow.

Finaly, the wirdless LAN is emulated on a wireless LAN testbed. There is a synergistic
relationship between the simulation and emulation; each validates the results of the other. The ssimulation
isideal for tradeoff evaluations. Once an idea is simulated with good results, it can be transferred to the
emulation for further evaluation and validation. Likewise, the emulation evaluation may produce insight
into an area of the research not yet considered which in turn can be simulated.
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This chapter discusses the smulation of a wireless LAN implementing both native |IEEE 802.11
and CATER. The chapter begins with a discussion of the simulation tool in Section 5.1 followed by how
the system is modeled within the simulation in Sections 5.2 (data structures) and 5.3 (simulation mode!).
The next three sections present the parameters and variables within the simulation—Section 5.4 presents
the parameters; factors are presented in Section 5.5; and Section 5.6 discusses the response variable. The
simulation platform is presented in Section 5.7. Sections 5.8 and 5.9 discuss verification and validation,
respectively. The chapter concludes with a summary in Section 5.10.

5.1 Simulation Tool

Selecting a proper language or tool for a simulation affects many aspects of the simulation and its
results. Two avenues are available for the simulation designer—implement the simulation using either a
high order language (HOL) or a tool built specifically for simulations. Writing a custom simulation using
a HOL is rarely practical for larger efforts. In most cases, an appropriate simulation tool already exists
with numerous application-specific libraries. This is the case for this research effort.

This investigation uses Desighkrversion 2.6 [Com93] by Comdisco Systems, Inc. for all
simulation studies. (Desigriérhas been acquired by Cadence Design Systems, Inc. since the release of
version 2.6.) Designeris a discrete-event simulator specializing in modeling computer communication
networks by capturing the network design using hierarchical, data-flow block diagrams. The hierarchical
nature of the tool allows the development of a network system from lower level blocks. The network
system is modeled at the top layer and is further decomposed into lower layers. Deesigrtis
networks by propagating data structures. Analysis is assisted by placing probes within the model to collect
statistics and data which are later used by a post-processor to display results.

The following sections describe the data structures and modules used to implement the wireless
LAN. Presentation order of the modules follows the same hierarchical character upon which the system is
based (top level first followed by lower levels). Only the upper, most significant modules are presented.
All supporting modules are found in Appendix A.

5.2 Data Structures
As mentioned above, data structures traverse the simulation model much the same way as actual
data packets. Each structure has a variable number of fields to mimic a data packet such as the source

address and destination address. Not all fields required in a data packet are, or need be, present in the data
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structure. Only enough information to accurately model the network isincluded. Conversely, to facilitate
the gathering of statistics, additional fields are added such as transmission times.

Table 5-1 lists the fields in the most common structure in this effort—a frame. The frame is the
only structure exchanged between stations; all other structures are service primitives that allow
communication amongst the lower layers of the OSI model. The source address, destination address, data,
and data length fields are obtained from the MA_DATA.req primitive. A ROOT-OBJECT data type
allows the insertion of any other data structure within the field. This is used to encapsulate a packet within
a frame data field. The data length field holds the number of bits within the actual data itself excluding
overhead bits. The MAC model appends the remaining information in the appropriate fields; these fields
are discussed when appropriate during the explanation of the simulation modules. The 802.11 frame types
can be either Data, ACK, Reconfigure, or Reconfigure ACK.

Table5-1. Frame Data Structure

Field Data Ty
Source Addres Intege
Destination Address Integer
Data ROOT-OBJECT
Data Length (in bits) Integer
Frame Length (in bits) Integer
Frame Generation Time Real
Initial Transmission Time Real
Number of Transmissions Integer
Number of Backoffs Integer
MAC Protocol Data Unit ID Integer
Latest Time Transmitted Real
Frame Type 802.11 Frame Typg
Collision Integer
Reconfigure Attempts Integer
Total Reconfigure Frames Integer
PN Code Length Integer
Data Generation Time Real
Additional Frames to Transmit During Integer
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Table 5-2 lists the fields in the MA_DATA .req data structure, which models the service primitive
request (hence the .req extension) from the logica link control (LLC) sublayer to the MAC sublayer
requesting a packet be sent.

Table5-2. MA_DATA.req Data Structure

Field Data Type
Source Address Integer
Data ROOT-OBJECT
Destination Address Integer
Length Integer

Table 5-3 lists the fields in the MA_DATA..ind data structure, which models the service primitive
indication (.ind extension) from the MAC sublayer to LLC sublayer indicating the receipt of a frame.
M A C-Reception-Status can only assume the value of Reception OK since the MAC only forwards correct
packets up the stack.

Table5-3. MA_DATA.ind Data Structure

Field Data Type
Source Address I nteger
Data ROOT-OBJECT
Destination Address Integer
Length Integer
Reception Status M A C-Reception-Status

Table 5-4 lists the fieldsin the MA_DATA.conf data structure, which models the service primitive
confirmation (.conf extension) from the MAC sublayer to LLC sublayer of the source station conveying
the status of the last transmission attempt. Possible values for MAC-Transmit-Status include Transmit OK

and Excessive Retransmissions.

Table5-4. MA_DATA .conf Data Structure

Field Data Type
Transmit Status MA C-Transmit-Status
Data Frame Generated Time Red
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5.3 Wireless LAN Simulation Model

This section describes the simulation model implemented in Designer[]. The discussion starts at
the upper most layer of abstraction (the system) and progresses downward through the model hierarchy.
Although al modules are essential for the successful operation of the model, only the most significant
modules are shown here; all others are shown in Appendix A.

The 10 gtations module is the “system” for this effort and is shown in Figure 5-1. It is composed
of 10 wireless LAN stationsWireless Workstation Component) running CATER and sharing the same
channel called Channel Memory. Stations transmit frames by sending them to the Channel Memory where
all other stations immediately sense the new arrival and retrieve the frame. Each station is connected to
the channel sink via thBeceived Data Frame port; the sink is used to collect aggregate data. When a
station successfully receives a data frame, it is forwarded tGhhenel Snk where a simulation probe
collects pertinent data. Tl&hannel Control module controls the bit errors over all links when running the
simulation with a dynamic bursty channel (i.e., the BER is not static). The list down the left side
represents the parameters and memory variables used throughout the simulation. Memory variables are
allowed to be altered during the simulation and are denoted with a capital M inside a box. Parameters are
set once during simulation initiation and are not allowed to change during the simulation; parameters are
represented by a capital P just to the right of an up arrow. This up arrow is an indication that the
parameter is exported to the next layer up in the model hierarchy. In this case, the next layer up is the

simulation control module where all parameters are set.

5.3.1 Wireless Workstation Component Module

Each wireless workstation, Figure 5-2, is equipped witl8Gill MAC and a packet generator
(Traffic Source) used to simulate transmission requests from the LLC sublayer. Upon initialization,
Traffic Source starts generating packets for transmission following a Poisson distribution. When a packet
is generated, it is sent to t882.11 MAC where it attempts to contend for the channel and transmit the
packet. Regardless of its success, 80211 MAC reports its transmission status backitaffic Source
which schedules another packet for transmissidnaffic Source also calculates the round-trip delay

experienced by each packet; this data is used to determine how TCP is affected by the enhanced protocol.
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Wireless Workstation Component [ 8-Nov-1996 13:50:15 ]
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Figure 5-2. Wireless Workstation Component Simulation M odule

5.3.1.1 MAC Module
Figure 5-3 illustrates how the 802.11 MAC module is composed of three modules called Contral,
Transmit, and Accept Frame from Channel. Each performs the task associated with its name and is

explained in the following sections.

802.11 MAC [ 8-Nov-1996 13:42:04 ]
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Figure 5-3. 802.11 MAC Simulation Module
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5.3.1.1.1 Control Module

The Control module is responsible for the overal timing of the 802.11 MAC. Asshown in Figure
5-4, it implements most of the MAC protocoal.

Discriminate Type routes the incoming frame (received frame from the channel) to the appropriate
output port based on the frame type field. For example, if the frame is a data frame, it is sent to Data
Received.

Data Received compares the incoming data frames against data frames previously received by this
station. Duplicate data frames are discarded. If it is not a duplicate, the data packet is stripped from the
frame and sent up the stack in the form of aMA_DATA.ind primitive. In addition, the data frame is sent
to the Channel Sink via the Received Data Frame port. Data Received aso cancels the data timer, and
then requests an ACK transmission by sending the data frame to theTransmit ACK module.

Transmit ACK accepts the incoming data frame and generates an ACK frame to send back to the
source station. Specifically, this module first waits for the SIFS period to elapse. Then, it creates an ACK
frame with all germane fieldsfilled. Control then sends this ACK frame to the Transmit module after the

datatimer is canceled using Cancel Data Timer if Active.
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Figure 5-4. Control Simulation Module
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ACK Received accepts an ACK frame and verifies it is for the data frame last sent from this
station. If this is the corresponding ACK frame, a MA_DATA.conf is generated and the time the data
frame was generated is inserted into the appropriate field. Control first sends the MA_DATA.conf to
ACK Wait and then to Traffic Source requesting another packet for transmission.

Transmit Reconfigure ACK accepts a reconfigure frame. It then reads the Additional Frames to
Transmit During Reconfigure field and stores this number in the Additional Frames to Receive During
Reconfigure memory. This mechanism is the means by which communicating stations can coordinate how
many additional frames to send after a link is reconfigured. This module then waits for SIFS time to
elapse before it creates a reconfigure ACK frame. Control then sends this frame to the Transmit module
after the data timer is canceled.

The Transmit Data module (Figure 5-5) implements most of the reconfigure protocol. As such, it
accepts one of five inputs, three of which are for the adaptive protocol. There are two possible outcomes
from this module—transmit the data or reconfigure frame, or send the data fraBsektalf. The
MA_DATA.req input accepts this primitive type frofiraffic Source and converts it to a frame via the
Convert MA_DATA.req to Frame module. If the station is not in reconfigure (Reconfigure?), it
determines if DIFS has elapsed. If it has not, the data frame is sBatkaff. If DIFS has elapsed,
Transmit Data determines whether to initiate CATER by comparing the number of transmissions for that
data frame again&art Reconfigure Limit. If it is determined that the station should be reconfigured, the
data frame is sent tReconfigure Control; otherwise, the data frame is sentTi@nsmit after the MAC
Protocol Data Unit ID (MPDU ID) is recorded. Assuming the station has been reconfigured and it is the
source station, an additional frame is seffremsmit after a SIFS delay and the MPDU ID is recorded.

Reconfigure Control is shown in Figure 5-6. This module accepts a data frame oftafte
Reconfigure port and stores it for future use. The module then creates a reconfigure fraGreatéa
Reconfigure and verifies the maximum number of reconfigure attempts have not already been made via
the Reconfigure Attempts Limit parameter. If this limit has been exceeded, the data frame is sent to
Backoff after theTotal Reconfigure Frames field is updated to include the number of reconfigure frames
sent on its behalf. If the limit is not exceeded, the medium is once again sensed for a carrier. Assuming
the carrier is not present, the reconfigure frame is seftatmsmit; else, the data frame is sentBackoff
with the Total Reconfigure Frames field updated as discussed above. WReeonfigure Control module
also accepts a reconfigure ACK frame, which causes the stored data frame to b isamdid after a
SIFS delay. This module will also retransmit reconfigure frames accepted dRettla@smit this

Reconfiguration Request Frame port after checking for excessive reconfigure attempts as discussed above.
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Lastly, this module retransmits data frames that were unsuccessful on previous attempts over the

reconfigured link. These data frames enter on theRetransmit this Reconfigured Frame port.

Transmit Data [ 8-Nov-1996 13:49:37 ]
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Figure 5-5. Transmit Data Simulation Module

The Backoff module accepts a data frame and first increments the number of backoff attempts.
The module then verifies the sum of the number of transmissions and the number of reconfigure frames
sent on behaf of this data frame does not exceed the retransmission limit. If this limit is exceeded, an
excessive retransmissions is declared and an appropriate MA_DATA.conf is sent up the stack. If,
however, the retransmission limit is not exceeded, the frame is held in memory and Compute Backoff
Time selects a backoff time. This time is rounded to the nearest dot time using Round to Nearest Sot
Time; this ensures that if two stations start transmitting almost at the same time, the resulting collision is
detected. Backoff controls when the backoff timer is alowed to decrement by sensing when DIFS has
expired. Asdictated by 802.11, the only time this timer is alowed to count down is when DIFS has been
detected. Infact, if astation uses the medium while the backoff timer is counting, it must be frozen until a
DIFS period is once again detected. Each time the timer is frozen, the residual time is rounded to the
nearest dot time as previously explained. Once the backoff timer elapses, the data frame is sent to
Transmit Data via the Backoff Complete port.
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Reconfigure Control [ 8-Nov-1996 13:47:49 |
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Figure 5-6. Reconfigure Control Simulation Module

Compute Backoff Time calculates the appropriate backoff time using the following scheme. A

uniformly distributed random number is selected between 0 and min( 2™ O Bakeftst4 _ 1 955) where

min isafunction that returns the smaller of the two arguments. The resulting number is then multiplied by
the Jot Time.

Round to Nearest Sot Time rounds the incoming time to the nearest slot time and attempts to
remove roundoff error. It implements the following equation:

%?ound%@* Yot Time
Time= RoundD o ime
O

-
100000 5-16
100000 0 (>-16)

O

O O
The ACK Wait module controls most of the timeout functions of the protocol as well as PN code
length selection. After a frame is transmitted using the Transmit module, a copy of the frame is sent to
ACK Wait on the Tx_done port. This frame is then sent to the appropriate module functions based on its

type. Data frames are sent to Compute ACK Timeout Period where an appropriate timeout is calcul ated;
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the ACK timer is then started using this value. ACK frames trigger a process whereby the number of
additional frames to receive during reconfigure is checked. If additiona frames are expected from the
source, the data timeout timer is set; otherwise, the PN code length for the station is set to 11 chips.
Reconfigure frames set a reconfigure ACK timeout timer and the station PN code length to 63 chips.
Reconfigure ACK frames set the data timeout timer.

The ACK Wait module also cancels the reconfigure ACK timeout timer when it receives a
reconfigure ACK. After receiving a MA_DATA.conf primitive, it cancels the ACK timeout timer and
then resets the station PN code length to 11 chips if there are no additional frames to be sent over the
reconfigured link.

Before aframeis transmitted using the Transmit module, a copy of the frameis sent to ACK Wait
on the Sent Frame port. This frame is then routed to the appropriate module functions based on its type.
If the sent frame is a reconfigure ACK, ACK Wait sets the station PN code length to 63 chips. Data and
reconfigure frames are stored in local memory. If the reconfigure ACK timeout timer expires, the station
PN code length is set to 11 chips and the stored reconfigure frame is sent to Transmit Data via the
Retransmit this Reconfigure Request Frame port. If the ACK timeout timer expires, the stored data frame
is sent to Backoff if the station is not in reconfigure or if the Reconfigured Transmissions Limit is
exceeded. If thislimit is exceeded, the station PN code length is reset to 11 chips before the data frame is
sent to Backoff. Assuming the station isin reconfigure and the limit has not been exceeded, the data frame
is sent to Transmit Data on the Retransmit this Reconfigured Frame port if a carrier is not present. If a
carrier is present, set the station PN code length to 11 chips and send the data frame to Backoff. ACK Wait
also resets the station PN code length to 11 chips if the data timeout timer expires.

Compute ACK Timeout Period calculates the appropriate time to wait before declaring a data
transmission afailure. This module first determines the transmission time of the ACK frame by dividing
the total number of bitsin the ACK frame by the data rate of the link at that moment. Two SIFS periods
are then added to the transmission time. One is the specified period between the end of the data frame and
the beginning of the ACK frame; the other is a time buffer. To this end, the module implements the

following equation:

0 O

O
d= PLCP Preamble Length+ACK Frame Length
- HS . Chipping Rate H 0
8 ation PN Code Length B

0
ACK Perio (2> 9FSTime)  (5-17)
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5.3.1.1.2 Transmit Module

The Transmit module, Figure 5-7, is responsible for the actua transmission of frames onto the
channel. This module accepts the frame from the Tx Req port, updates its transmission time fields,
increments the number of transmissions field, and sends the frame to Control via the Sent Frame port.
Transmit then updates the PN code length field and sends the frame to Frame Transmission Delay. The
module then determines if this station is the source or destination station based on the frame type being
sent. Before sending the frame to the channel (a global memory named Channd Memory), Transmit

determines if a collision has occurred using theCheck for Collisions module.
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Figure 5-7. Transmit Simulation Module

The Frame Transmission Delay module calculates the time required to transmit a frame given the
frame length, chipping rate, and PN code length. Specifically, it uses the following equation:

Frame Length + PLCP Preamble Length
U Chipping Rate [
PN Code Length

Transmission Time=

(5-18)

Frame length is the sum of the packet length and the overhead bits. Once the transmission time is
calculated, this module holds the frame until that time has elapsed at which time the frame is sent out the
Delayed Frame port.

The Check for Collisions module compares the contents of Channel Memory versus the frame
about to be sent. If both frames have the same transmission time, a collision has occurred. The Round to
Nearest ot Time module discussed earlier ensures that transmission times can be offset by up to one dot
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time and till result in acollision. If acollision does occur, the frame length of the last frame is updated to
reflect the larger of the two frames; this mechanism is used to ensure that al stations sense the channel is
occupied for the larger of the two frames. Also, the frame is marked as being in a collision by writing a 1
to the Collision field. A global memory caled Collision Occurred is updated to indicate whether a
collison happened. Collison and Collison Occurred are used in Accept Frame from Channed to
determine if the frame is recognized upon reception. The reason two mechanisms are required is that the
first frame sent over the channel cannot see subsequent frames sent at the same simulation time; therefore,
the first colliding frame is discarded in Accept Frame from Channel by using Collision Occurred and
future colliding frames are discarded using the frame field Collision.

5.3.1.1.3 Accept Frame from Channel Module

The Accept Frame from Channel module, Figure 5-8, is responsible for discarding frames
received from the channel that have either collided, are not addressed to that station, were sent with a PN
code length that does not match the receiving station’s PN code length, or contain errors.

This module first reads a frame sent to the channel as soon as it is written by the source station. If
the receiving station is active (i.e., address is less than the number of stations in the network), the frame is
allowed to pass through; if not, the frame is discarded. This feature is used to improve simulation
performance. The absolute delay module is a first-in first-out queue used as a synchronization
mechanism, since the propagation and detection delay time is set to 0. This delay module accumulates all
transmitted frames until the simulation clock increments indicating the end of the collision vulnerability
period. As soon as all frames sent during the same simulation time are received by the delay module, they
are sent t®urge Initial Collided Frame where the first frame sent is discarded if a collision occurred.

The moduleCarrier Sense and DIFS Control is responsible for determining when a carrier is
sensed on the channel and when DIFS time has elapsed. After accepting a frame, this module updates the
DIFS memory and carrier sense memory, which are used by various parts of the simulation. Then, the
frame is sent térame Transmission Delay to simulate the time required to transmit the frame. A copy of
the frame is then sent ©heck Frame Error to mark the beginning of the frame. Then, the station PN
code length is recorded at the beginning of the frame. RAftane Transmission Delay releases the frame
(simulating the end of the transmission time), the current station PN code length is compared against the
code length at the beginning of the frame. The result of this comparison is written to memory for later use
in Check PN Code. The module then updates the carrier sense memory to reflect that a carrier is not

present, starts the DIFS timer, and sends the fraBsbetd Collision via theEnd of Frame port.
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Accept Frame from Channel [ 8-Nov-1996 13:42:29 ]
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Figure 5-8. Accept Frame from Channel Simulation M odule

The Select Collision and Switch modules simply discard any frames that have their collision field
set. It is vital that these frames are not discarded until after Carrier Sense and DIFS Control because
athough the colliding frames are not readable, they still occupy the channel, which affects carrier sense
and DIFS.

The next two modules filter out frames based on PN code length and destination address. Check
PN Code Length verifies the PN code lengths of the source and this station match. Moreover, it verifies
that the same code is used throughout the entire transmission of the frame using the PN Code Length
Sable During Frame memory. Addressed to Me? verifies this frame is addressed to this station.

Check Frame Error (Figure 5-9) determines if an error has occurred within the received frame. It
has two modes of operation—static BER and dynamic BER. The static BER mode is implemented if the
Satic BER parameter is set to anything other than 1. If this is the case, a binomial distribution is used to
determine if an error has occurred within the frame. The mdlatamial Rangen accepts two values;
they are the number of bits in the frame and the BER. The total number of bits is found by adding the
frame length and the PLCP preamble length. The BER is eith&atie BER parameter if the PN code
length is set to 11 or tHRER for Max PN Code Length if the PN code length is set to 63.

The dynamic BER is found by monitoring the channel performance viahene Control and
Initialize and Wrapup modules. These modules simply open and read a data file containing the times at

which bit errors occur as well as which stations are affected and posts this information to the network via
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the Bit Error Memories. The format of the file is the following information on one row: smulation time
when the error occurs, source station, and destination station. For example, a valid entry could be
0.000123 3 4 representing a bit error at simulation time 0.000123 between stations 3 and 4.

Setting Satic BER to 1 forces the smulation to use the dynamic bit errors read from the file.
Each time a bit error is read from the file and posted to the simulation, each station reads this error and
determinesif it affects any frames currently being received. A bit error between two stations affects traffic
in both directions; as in the example above, an error in a frame sent to station 4 from station 3 could aso

cause an error in aframe going in the opposite direction at that moment. If any errors occur in a received
frame, the frame is discarded.

Check Frame Error [ 8-Nov-1996 13:44:26 |
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Figure 5-9. Check Frame Error Simulation Module

5.3.2 Wireless Channel Model

Simulating a wireless channel is an issue drawing much attention especially with the current

heightened emphasis on ubiquitous computing. Numerous techniques exist to characterize channel
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behavior and performance a various levels of abstraction. This research effort focuses on channel
performance as it pertains to bit errorsin awireless LAN environment.

The symmetric binary channel is the classic model for noisy binary channels. A memoryless
model, the symmetric binary channel has the same probability of generating a bit error over al time. In
other words, the probability of error is constant and independent of all previous bits. In practice, however,
this model is not suitable since channels do exhibit memory implying bit errors can and do occur in
isolated bursts thereby negating the error independence assumption of a symmetric binary channel [Gil60].

Gilbert pioneered channel modeling using Markov chains in the early 1960s. He developed a
model of a burst-noise channel to characterize error clustering using a 2-state Markov chain [Gil60]. As
shown in Figure 5-10, the two states are denoted as G (good) and B (bad). A binary noise digit is
generated before each trangition of the model. This digit corresponds to a bit error if it is 1 and no bit
error if itisa 0. The noise digit is aways 0O in state G; state B may generate a noise digit of 1, or not.
Once in state B, an error noise digit (1) is generated with probability 1-h thereby modeling the fact that
good noise digits exist within an error burst. The bursty characteristic is achieved by keeping the inter-
state transition probabilities (P and p) small forcing a clustering of bad states and, consequently, a
clustering of good states. Adding (modulo 2) the noise digits to the source binary stream produces the

output of the channel and the input into receiving station.

Prob{error} =0 Prob{error} = 1-h
Figure 5-10. Gilbert Modéel of Burst Noise Channels[Gil60]

Since the introduction of Gilbert's model, several other Markov models have been developed that
simulate a channel (both wired and wireless) using increasingly sophisticated models and mathematics
[BeM63, EIl63, Fri67, KaS78, MuB89, Tur88, Tur90, TuS93, WaM95]. To validate these models, many

researchers have applied empirical data and analytical models against the developed models ranging in
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complexity from telephone lines to wireless radio to satellite links [ChH72, DrM88, DuR96, SwF91,
SwWF93, SwF94, TrL95, Tsab9].

This research effort, as have others [CrW96], uses a Gilbert mode to emulate the bursty channel.
Although smplistic in design, the Gilbert model provides sufficient granularity for bit errors. Since a
single bit error will render an entire 8000-bit frame in error, it is not essential to determine the number or
pattern of bit errors within the frame. Other Markov models are more complex and offer a better match to
true channel performance, but at the price of more complexity. In addition, the number of parameters
(e.g., P, p, and h as used in the Gilbert model) that must be set increases. Determining these parametersis
either accomplished via comparison with empirical data or through analytica models. Since neither of
these techniques are currently available for the environment in question, a senditivity analysisis performed
using the Gilbert model’s three parameters—P, phand

Although the three Gilbert parameters could be varied over a wide range of probabilities, only a
small subset is used. For example, if the probability of a transition fronotiiesgate to the bad state (P)
is greater than vice versa (p) (i.e., P > p), the resulting BER approaches unity and the channel is unusable
at that point. The error rate within the bad stath)(tekes on values of either 0.2 or 0.8; these two values
provide maximal coverage of bit error rates using just two settings. Table 5-5 illustrates the parameter
values applied to the simulations. Each row in the table represents an individual simulation run. These
values are entered into a small C program that generates the aforementioned ASCII error file. The column
labeled file size is the size of the resulting file in kilobytes. This file is then used by the Désigner
simulation to model a bursty channel. The average BER can be estimated from the three Gilbert

parameters using the following expression [Gil60]:

(1—h)*D P U
HﬁH (5-19)

To summarize, twelve error files using the three parameter values indicated in Table 5-5 are used during
simulations. The average BER was calculated for each row and verified against the data provided by the
small C program.

5.3.3 TCP Model

As discussed in Chapter 2, TCP is responsible for the reliable end-to-end transport of data, error
recovery and flow control by providing an idealized, full-duplex connection between two end systems
[DiL92]. The simulation does not model a fully functional TCP. Instead, the delay, also known as round

trip time (RTT), associated with each TCP packet is recorded during simulations for later analysis;
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specificaly, the time required to receive an acknowledgment for each TCP packet is recorded. By not
implementing TCP within the simulation the true performance improvements of the adaptive protocol can
be investigated without calling into suspicion any TCP interactions. Moreover, the degree of simulation
complexity is kept at a manageable level; adding TCP could double the complexity and, therefore,
increase the runtime with marginal increase in simulation accuracy over ssimply collecting RTT values.
The RTTs are analyzed using a spreadsheet designed to calculate when TCP would timeout and force

another retransmission.

Table 5-5. Gilbert Model Parameter Values

P p 1-h Average Bit Error Rate File Size (KB)
0.000001 0.001 0.2 0.0002 1,540
0.000001 0.001 0.8 0.0008 7,463
0.000001 0.01 0.2 0.00002 168
0.000001 0.01 0.8 0.00008 713
0.000001 0.1 0.2 0.000002 18
0.000001 0.1 0.8 0.000008 71

0.0001 0.01 0.2 0.002 15,999
0.0001 0.01 0.8 0.008 64,092
0.0001 0.1 0.2 0.0002 1,600
0.0001 0.1 0.8 0.0008 6,485
0.001 0.1 0.2 0.002 15,984
0.001 0.1 0.8 0.008 63,847

The spreadsheet implements the retransmission timer agorithm found in the 4.4BSD-L.ite release
as described in [WrS95]. This version was released to the public in April 1994 and contains
enhancements to the 1988 4.3BSD Tahoe release, the 1990 4.3BSD Reno release, and the 1993 4.3BSD
release [WrS95]. The algorithm [Sted4] is

Err=M -A,
A=A+g* Err,
D=D+h* (|Err|-D),
RTO=A+4*D,
where M is the measured round-trip time (RTT) for a packet and A is the smoothed, or average, round-trip

time. Thevalue g isthe gain associated with the average and is held constant at 0.125; h is the gain for the
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deviation and is assigned the value 0.25. D is the smoothed mean deviation, and RTO is the

retransmission timeout value.

5.4 Simulation Parameters
Two types of simulation parameters are used in this effort. The first controls such simulation
behavior aswhen to stop. The second is a parameter that defines a physical attribute or characterigtic (e.g.,

number of bits) of the system. Both types are discussed in the following subsections.

5.4.1 Start Time

Start time refers to when data collection begins within the smulation. The obvious answer of the
beginning is not always correct, especialy if analysis based on steady-state performance is desired as is
the case in this effort. Transient removal is used to eliminate initia data to allow the system to reach
steady-state.

To decrease the effect and duration of the transient, the simulation is started in a state closdly
approximating steady-state. Each station is allow to send one frame in turn. For example, station 1 sends
one frame at startup; station 2 sends when station 1 finishes and so on until al stations have sent at least
one frame. If al stations are allowed to send at startup, a massive collision would result causing a flurry
of backoffs and retransmissions. Eventualy, the stations would either successfully send or give up dueto
excessive retransmissions. In either case, the time required for the system to settle into steady-state would
be greater than the initialization scenario discussed above. Although this technique lessens the duration of
the transient, it may not be representative of steady-state particularly for lightly loaded systems.
Therefore, the transient must be removed.

Figure 5-11 illustrates the behavior of the simulation at startup for system loads of 0.1 and 0.9
when Sart is set to 5 (Max = 6) and 999. The legends indicate the load and Start levels (e.g., 0.1-999
indicates the simulation was run using load = 0.1 and Start = 999). Figure 5-12 shows the same databut is
zoomed in on the region between 0 and 2 seconds. The figures depict the instantaneous throughput over
0.1 second intervals. It is seen that the network reaches steady-state after one second. Therefore, all

simulations start collecting data after this one second transient is removed.
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Figure 5-11. Normalized Throughput versus Time over 0.1 second intervals
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5.4.2 Stop Time

Equally important when determining simulation parameters is when to stop the simulation.
Stopping too early may lead to misleading results, and running the simulation too long wastes computing
resources. Thereis apoint when alonger smulation duration yields very little improvement in accuracy.
In addition, some files generated by the ssimulation become too large to be practical. Pilot simulations are
used to determine a suitable compromise between accuracy as measured via confidence intervals and
resources as measured by file sizes and runtimes. It is found that a stop time of 51 seconds provides the
best balance between accuracy and computing resources utilization. Since data are not gathered until after
the one second startup interval, the 51 second stop time alows 50 seconds of monitored, steady-state
simulation.

There are two exceptions to using 51 seconds as the simulation duration. The first is when
fairness of the protocols is determined. The second is when the impact of the protocols upon TCP is
determined. In both cases, 500 seconds is used as the ssimulation duration to facilitate a comprehensive,

long-term view of network behavior.

54.3 CWhpn

The contention window is used to determine the maximum number of slots a station should
backoff after a collison. CW,,, is the size of the window before a backoff occurs and is set to 31 in
accordance with 802.11 [IEE96]. The simulation does not use this parameter directly; instead, it isused in
the calculation of CW,;,, Scale, which is used in the simulation.

5.4.4 CW,,;, Scale

This parameter is used to calculate contention window sizes for successive backoffs of a data
frame. As specified by 802.11, the contention window follows a truncated exponentia backoff
mechanism with the following increments for the direct sequence physica layer: 31, 63, 127, 255
[IEE96]. The following formulafinds the power of 2 that resultsin CW,p-1:

og(CWin + 1)
0————~20-1 (5-20)
0 log2 O

CWhin Scale=

This calculated value is used in the Compute Backoff Time module to determine the next contention

window size.
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54.5 CWpax
This parameter represents the largest size of the contention window and is set to 255 as directed
by 802.11 [IEE96]. Once the window grows to 255, it stays there; subsequent backoffs for the same data

frame will use 255.

5.4.6 Number of Stations

This parameter represents the number of stations in the ad hoc network. The simulation uses 10
stations for all simulations, which is a common network configuration for simulations [Crw96, KoN92,
Ryp92, WaN92, WeW95, WoW95).

5.4.7 Retransmission Limit

The retransmission limit determines when the MAC protocol stops its attempts to retransmit a
frame. If this limit is reached, the protocol declares an “excessive retransmission” condition and signals
the upper layer protocols. This limit is set to 15. Since the first draft of 802.11 [IEE94] did not specify
this limit, an approximation was made based on the known limit of 16 implemented in IEEE 802.3
(CSMA/CD) [IEES85].

5.4.8 Maximum Queue Size
The parameter determines how many packets may be queued at the MAC-layer first-in-first-out

(FIFO) queue awaiting transmission. As currently configured, 10 packets may be queued.

5.4.9 PN Code Length max
This parameter is set to 63 to indicate that when reconfiguration does occur, the PN code consists
of 63 chips.

5.4.10 PN Code Length min

When a station is not reconfigured, it transmits using the minimum PN code length of 11 chips.

5.4.11 Chipping Rate
The chipping rate is set to 11.264 ition-chips-per-second (Mcps) to match the hardware

configuration of the wireless LAN testbed.

5.4.12 PLCP Preamble Length
In accordance witl802.11, the physical layer convergence procedure (PLCP) preamble for direct

sequence spread spectrum is set to 192 bits [IEE96].
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5.4.13 ACK Frame Length
IEEE 802.11 specifies the length of ACK framesto be 112 bits.

5.4.14 Packet Length
Packet Length represents the number of data bits in the packet. This parameter is held constant at
8000 bits (1000 bytes) thughout the simulations. This value corresponds to roughly ha&dDafl1's

maximum of 2312 bytes.

5.4.15 Prop/Detect Delay

This parameter models the delays associated with signal propagation and detection. aéfor the
hoc network configuration chosen, the maximum feasible distance is 300 meters. Usify 3x10
meters/second as the speed of light, the time required for a frame to propagate from one station to another

is 1 microsecond, which is negligible for the given network. Therefore, this parameter is set to 0.

5.4.16 Slot Time
This parameter is set to 50 microseconds as specified in the first draft of 802.11 and subsequent
working papers [IEE94]. Slots are used to facilitate timing within the network including the calculation of

backoff times.

5.4.17 SIFS Time
The Short Interframe Space (SIFS) time is define8@8.11 as the shortest time interval between
frames and is used when a station must maintain control of the medium for a period of time [IEE96].

SFSTimeis set equal t8lot Time.

5.4.18 DIFS Time
The Distributed Coordination Function (DCF) Interframe Space (DIFS) is used to transmit data

frames [IEE96]. This parameter is set equal t&SFS Time.

5.4.19 Start Reconfigure Limit
This parameter determines when the adaptive protocol is initiated as previously explained. Setting
this parameter to any value aboRetransmission Limit will disable the adaptive protocol since an

excessive retransmissions condition is declared b8fanteReconfigure Limit is reached.

5.4.20 Reconfigured Transmissions Limit
Reconfigured Transmissions Limit determines how many times a reconfigured frame is sent. In

other words, if the first attempt at transmitting the data frame over the reconfigured link is unsuccessful
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and this parameter is set to two, the source station will attempt another transmission assuming the medium

isfree (acarrier isnot present). Reconfigured Transmissions Limit is set to 2.

5.4.21 Reconfigure Frame Length
This parameter is the length of the frame sent from the source station to attempt a link

reconfiguration. It isset to 160 hits.

5.4.22 Reconfigure Attempts Limit

Reconfigure Attempts Limit is a parameter used during initial development of the adaptive
protocol and has since been deemed unnecessary. However, it was not removed from the overall
simulation in order to maintain a certain baseline configuration. Thus, this parameter should always be set
tol.

5.4.23 Reconfigure ACK Frame Length
This parameter is the length of the reconfigure ACK frame sent from the destination station to

acknowledge a reconfiguration attempt by the source station. It is set to 112 bits.

5.4.24 Reconfigure ACK Timeout Period

This parameter determines how long the source station is to wait before declaring the reconfigure
frame afailure. The period includes the time to transmit the reconfigure ACK frame back to the source
station using the slower data rate (use longer PN code length) plus one SSFS Time. Also included in the
period calculation is a small time buffer of SFS Time. Reconfigure ACK Timeout Period is set using the
following:

Reconfigure ACK Frame Length + PLCP Preamble Length
U Chipping Rate [
BPN Code Length maxH

(2* SFS Time) +

(5-21)

5.4.25 Additional Frame During Reconfigure Timeout Period
This parameter determines when a destination station should consider the reconfiguration a failure

as previoudy explained. Additional Frame During Reconfigure Timeout Period is calculated using the

following:
(2* AFSTime) + _ _'B (5-22)
U Chipping Rate U
HPN Code Length maxH
where
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B = Packet Length + Number of TCP/IP and MAC Ovehead Bits+ PLCP Preamble Length

5.4.26 Max Additional Frames to Transmit During Reconfigure
This parameter determines how many additiona frames to transmit after the origina data frame

during areconfiguration period.

5.4.27 BER for Max PN Code Length
This parameter is the BER used during periods when the maximum PN code length is used. Itis
set to 10°.

5.4.28 Data Not Received Timeout Period
This parameter aso determines when a destination station should consider the reconfiguration a

failure as previously explained. Data Not Received Timeout Period is calculated using the following:
. , - ... . B O
(2* SFSTime) + Reconfigured Transmissions Limit * #—+ (2* SFSTimer; (5-23)
P O

where

= Packet Length + Number of TCP/IP and MAC Overhead Bits +
Reconfigure ACK Frame Length + (2*PLCP Preamble Length)

and

_ Chipping Rate
PN Code Length max

5.4.29 Best Service Time

This parameter defines the best possible time that a frame can be serviced by the MAC. It
includes the time required to send the frame and wait for the acknowledgment. Best Service Time
implements the following:

DIFS Time+SIFSTime + ﬁgﬁ (5-24)
o)

where

S = Packet Length + Number of TCP/IP and MAC Overhead Bits + ACK Frame Length +
(2* PLCP Preamble Length)

and

_ Chipping Rate
~ PN Code Length min
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5.4.30 Number of TCP/IP and MAC Overhead Bits

This parameter is used to model the addition of overhead bits from TCP, IP and the 802.11 MAC
as the packet flows down the OSI stack. TCP and IP add 320 bits of overhead, and 802.11 adds another
272 bhits to make the total number of overhead bits equal to 592.

5.4.31 Mean Interarrival Time
The rate at which packets are generated by a station is determined by this parameter. In other
words, system load isimplemented using the Mean Interarrival Time. Itisdefined as

(Best Service Time* Number of Sations)
Load

(5-25)

5.4.32 Global Seed

The global seed is used by all random number generators within the simulation. Designer( is
designed to use this seed aong with the instance number of each generator to form a reliable sequence of
random numbers. MacDougall [Mac92] points out that running a simulation with just one set of seeds
gives results valid for that specific set. He recommends using at least 5 to 10 sets to decrease the
confidence intervals. This research effort uses 5 global seeds. Therefore, every simulation is run five

times (once for each seed), and the simulation results are averaged over thefive.

5.5 Factors

Factors are the parameters that are varied during an evaluation such that they significantly impact
system performance when altered [Jai91]. A minimum set of factors is identified as fitting this criteria.
The factors include the BER (when not reconfigured), offered system load, Start, and Max. These are
listed in Table 5-6 along with levels for each factor.

Table5-6. Simulation Factors

Factor Levels

BER 0.00001, 0.00002, 0.0001, 0.0002, 0.001, 0.002, 0.01
stem Load 0.1,0.3,05,0.7,0.9

Sy

Sart 3,4,5,6,7,8,9, 999 (disable reconfigure protocol)

Max 0,246,810
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5.5.1 Bit Error Rate (BER)

Commonly used as a figure of merit for digital links, the BER is the probability that a bit is
received in error at the destination [PrB86]. The dynamic characteristics of awireless link necessitates an
evaluation using severa BERs. Numerous simulations are run to determine network performance over a

wide range of BERS.

5.5.1.1 Static BER

Two means of introducing bit errors are allowed in the simulation—static BER and dynamic
BER. Satic BER means the BER does not change during a simulation. For example, SationER
to 0.0001 causes all frames traversing the network to experience 1 bit error in every 10,000 bits based on a
uniform distribution. Any value less than one will cause this BER to be applied to the entire network. If
Satic BER is set to 1, the error-generation mechanism just discussed is disabled, and the individual bit
errors are read from the ASCII error file as explained in the following paragraph. Regardless of the
method (static or dynamic) of simulating bit errors, when the station enters the reconfigured state, all

frames experience the conservative lower bound estimat€ ofidiitioned earlier.

5.5.1.2 Channel Control Matrix File

This file is used to read bit errors between two stations and when they occurred. The file is
formatted such that the first row contains the total number of entries in the file. The remaining rows
contain the actual errors with the time the error occurred first followed by the source station number and

then the destination station number. The following is an example of a properly formatted file.

0.001 4 5
0.083 8 9

This example generates two bit errors within the simulation; the first occurs at 0.001 seconds between
stations 4 and 5. The second error occurs at 0.083 seconds between stations 8 and 9. The 6 in the first

row is the total number of entries in the file and is required by the simulation.
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5.5.2 Offered System Load

The number of stations contending for the channel and their packet transmission rate dictate
system load. When severa stations attempt to transmit packets, the channel becomes more utilized and
may actually saturate. This is characteristic of a heavily loaded system. Conversely, few stations
contending for the channel infrequently constitutes a light load. Instead of nebulous terms such as heavy
and light, load is typically expressed as a percentage of the maximum capacity of the channel. Most
researchers use 10 percent (0.1) to 90 percent (0.9) as the lower and upper bounds. The number of steps
between these bounds varies, but 0.1 (i.e., stepsof 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) or 0.2 (i.e.,
steps of 0.1, 0.3, 0.5, 0.7, and 0.9) are often seen. This investigation uses the 0.2 increment to conserve

simulation resources with little loss in accuracy.

5.5.3 Start

Sart controls when a link between two stations should be reconfigured and is measured in the
number of times a frame fails transmission. For example, if it is set to two, two failed attempts are
permitted before the source station initiates the reconfigure protocol. Therefore, the next transmission
attempt of the failed frame will initiate our protocol. When Start is set to 999, our adaptive protocol never

initiates since attempts halt due to excessive retransmissions before 999 failed attempts.

5.5.4 Max

Max determines an upper limit on the number of additional frames to send over a reconfigured
link. The actual number of additional frames to send over the reconfigured link is also bounded by the
number of frames awaiting transmission to the reconfigured destination. That is, Max equal to 6 does not

guarantee 6 additional frames are transmitted when only 2 frames are awaiting transmission.

5.6 Response Variable
The simulation variable of interest is aggregate throughput of the system. A simulation probe is
used to measure this throughput for each simulation run. The objective is to maximize the throughput over

al factor levels.

5.7 Simulation Platform
Designer[d runs on a Sun workstation. All simulations are run on the Sun workstations found in

the Virginia Tech Information Systems Center (VISC). The maority of the simulations are run on a Sun
UltraSparc 1 with 256 MB of RAM and a 170 MHz processor.

93



5.8 Model Verification

Jain [Jai91] states that verification is the process to determine if the model is correctly
implemented. Often called debugging, it is concerned with whether the model does what it is intended to
do.

A large portion of the verification process is automatically performed by the Designer(] tool.

Built-in blocks have been verified by the tool's designer. However, the interaction of the blocks must still
be verified.

Model verification is performed by running numerous interactive simulations and noting the
behavior of the system as frames traverse the network. Probes are used to collect data and subsequently
plot them to confirm there are no discontinuities in the plot. The model behaves in accordance with the
proposed 802.11 standard.

5.9 Model Validation

Proving the simulation model is representative of a real system is validation [Jai91]. It addresses
the validity of the operating assumptions, input parameter values, and output values [Jai91]. Three
validation techniques exists: expert intuition, real system measurement, and theoretical results. These are
discussed below.

The operating assumptions and parameter values are presented earlier in this chapter and follow
guidelines set forth by 802.11 and sound engineering practice. The output values are validated using all
three techniques discussed above. Simulation results are compared with what seems reasonable using
expert intuition. For example, as the BER increases, throughput should decrease and, in fact, ultimately
reach zero.

The simulation parameters are altered to make the 802.11 MAC act very similar to a 1-persistent
CSMA access scheme. This comparison is shown in Figure 5-13. As can be s&©92.1fiemodel
behaves comparably with theoretical 1-persistent CSMA.

We also validated our simulation model by comparing our nominal 802.ligtipot with other
published results [WeW95, WoW95]. In all cases, our simulation results matched the other models.

Finally, the most comprehensive validation occurs when simulation results are compared against

emulation results in Chapter 7.
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Figure 5-13. Validation of the Simulation Model

5.10 Summary

This chapter presented the simulation environment used to attain the objectives listed in Chapter 3.
This chapter discussed the simulation of a wireless LAN using native |IEEE 802.11 and CATER as the
underlying MAC protocols. Designerl] was identified as the simulation tool used to construct, simulate
and anayze the two protocols. It was shown that Designer] used the propagation of data structures to
mimic network traffic; these data structures were presented and explained in this chapter. The actua
wireless LAN simulation model was then presented and explained in detail. The upper modules of the
model’s hierarchy were then presented along with an explanation of their general operation. Gilbert's
two-state Markov chain model was then introduced as the mechanism used to simulate bursty errors on a
wireless channel. Since reliable bit error characteristics were not available for the channel in question, a
sensitivity analysis was performed over the three Gilbert model parameters. The TCP model was then
presented. Round trip times were collected for each successful frame and later analyzed using a
spreadsheet designed to duplicate the timeout mechanism within TCP with the intent of determining how
many times TCP would timeout. Simulation parameters were discussed followed by system factors.
Aggregate throughput was then identified as the response variable to be maximized. Model verification

and validation efforts were then discussed.
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Chapter 6. Simulation Results

A little inaccuracy sometimes saves a ton of explanation.
—H.H. Munro (Saki) (1870-1916)

The chapter describes the results obtained during simulation evaluations. Divided into four main
sections, the chapter presents a comparison between the proposed IEEE 802.11 and CATER. Specifically,
Sections 6.1 and 6.2 discuss how the response variable (aggregate throughput) is affected by both
protocols in the presence of static and dynamic (Gilbert) BERS, respectively. Section 6.3 discusses the
fairness issue amongst competing stations. Finally, Section 6.4 presents results pertaining to how TCP is
affected by the protocols followed by a summary in Section 6.5.

6.1 Aggregate Throughput with Static BER

Defined as the rate at which frames from al dations are successfully serviced, aggregate
throughput is a common metric for measuring system performance for a LAN. This effort attempts to
maximize aggregate throughput across all four factors. To this end, a full factorial experiment with
replicationsis chosen.

Designer[J uses aglobal seed along with the instance number of each random number generator to
form a reliable sequence of random numbers. At least five different globa seeds are required to obtain
suitable confidence intervals for the aggregate throughput [Mac92]. This is analogous to replications as
defined by Jain [Jai91]. Therefore, every ssimulation run is replicated five times (once for each seed), and
the aggregate throughputs obtained for the five runs are averaged.
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A comprehensive analysis of dl factor interactions requires all combinations of factors with one
exception—when the reconfigure protocol is disab®&dr{ = 999),Max is meaningless. Therefore, the
following simulation runs are made: all levels of BER (7), all levels of system load (5), all le\dbxof
(6), the first 7 levels (i.e.art = 3 through 9) ofSart (7), and 5 global seeds. This yields 7,350
simulation runs.

In addition, simulations are run with the reconfigure protocol disabled. This requires 7 levels of
BER, 5 levels of system loads, and 5 levels of global seeds, resulting in another 175 simulation runs.
Therefore, a total of 7,525 simulation runs are made. This took approximately 250 CPU hours on a
lightly loaded Sun UltraSparc 1 with 256 MB of RAM and a 170 MHz processor running Solaris 2.5.

CATER offers interesting and noteworthy performance improvements over native 802.11. When
compared with the proposed 802.11 protocol, CATER offers substantial improvementsuihjirio
during periods of high BERs while operating with minimum degradation during low BERs. This
degradation is attributed to protocol overhead, which consists of transmissions of management frames
(e.g., reconfigure request frames) and decreased data rate for a reconfigured link due to a longer PN code.
The protocol objective is to reconfigure a link between two stations only when frames are lost due to bit
errors and not collisions. Thus, reconfiguring a link should be attempted only after a “sufficient” number
of data frame retransmissions. Since collisions also cause lost frames, an early reconfiguration caused by
collisions instead of bit errors results in more network traffic. This occurs at a time when the network is
already congested further exacerbating the situation.  Therefore, CATER should not initiate
reconfiguration until several attempts are made to resolve collisions 8&&hfgil's backoff mechanism.
However, attempting too many retransmissions wastes channel bandwidth. A balance is required to
maximize throughput. Similarly, a balance is essential for the number of additional frames sent over a
reconfigured link. To illustrate this behavior, simulation results for aggregate throughput odpbegat

802.11 protocol followed by the results of CATER are presented.

6.1.1 Standard IEEE 802.11

Figure 6-1 shows the simulation results for 802.11. The two independent variables are BER and
offered system load. The dependent variable, normalized aggregate system throughput, is plotted on the
vertical axis. Throughput is normalized to the maximum data rate corresponding to the default PN code
of 11 chips (1.024 Mbps). As could be expected, uhinput increases with increasing load and
decreasing BER. The graph illustrates the failurdd#.11 when confronted with high BERs—no frames
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are able to traverse the channel. No amount of retransmissions successfully send the frames, and all

frames experience excessive retransmissions!
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Figure 6-1. Aggregate Throughput with the Reconfigure Protocol Disabled (Standard 802.11)

6.1.2 CATER

Figure 6-2 through Figure 6-5 illustrate CATER'’s performance over various valuestaft and
Max. Figure 6-2 shows protocol performance vthrt set to 3 and/lax set to 0—meaning the protocol
will initiate after 3 failed frames and will only send one frame after the link is reconfigured. The
interesting region of this graph is when the BER is high (EER0002). Notice the thughput does not
go to 0 as in the 802.11 protocol (See Figure 6-1)dft is held at 3 and/lax is now changed to 6,
CATER exhibits the behavior shown in Figure 6-3. Throughput increases at high BERs. However, at low
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BERs this configuration results in a discernible decrease in throughput due to protocol overhead
mentioned earlier—reconfiguring the link too early and wasting bandwidth by tying the channel up with
additional frames sent during reconfiguration. As the two reconfigured stations occupy the channel, other
stations are holding frames for transmission in backoff. The longer the channel is occupied, the more

likely another collision will occur when the two reconfigured stations relinquish control.

Normalized Aggregate Throughput

Figure 6-2. Aggregate Throughput when Start =3 and Max =0
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Normalized Aggregate
Throughput

Figure 6-3. Aggregate Throughput when Start = 3and Max =6

Now consider the case when Start is set to 9 and Max is set to 0. Figure 6-4 shows this
configuration’s performance is similar @art = 3 andMax = 0 with slightly lower throughput at high
BERs. Figure 6-5 illustrates the case wheax is set to 6. Notice how throughput once again increases at
high BERs. The throughput, however, does not significantly decrease for low BERs. In this
configuration, 9 failed transmission attempts are required before our protocol is initiated—drastically
reducing the probability of reconfiguring a link too early. Optimum valueStéot andMax are found in

subsequent sections of this chapter. Appendix B contains a compendium of all surface plots.
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Figure 6-4. Aggregate Throughput when Start =9 and Max =0

Throughput

Normalized Aggregate

Figure 6-5. Aggregate Throughput when Start =9 and Max = 6
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6.1.3 Confidence Intervals

Instead of showing the confidence intervals for al 1,470 surface data points (7 levels of BER, 5
levels of Load, 7 levels of Sart, and 6 levels of Max) when CATER is used, the average reative
confidence interval half width is computed for each combination of Start and Max. The same metric is
calculated for the 35 (7 levels of BER and 5 levels of Load) data points for native 802.11 as well.

Average relative confidence interval half width is derived by finding the mean, standard deviation,
and 90 percent confidence interval half width for all data points on the surface plots. As noted earlier,
each data point is an average of the values obtained from the smulation using 5 different random seeds (5
replications). Specifically, setting n equal to 5 for the 5 replications, the following formula is used to

determine the mean value for data points on the surface plots:

1 n

Mean Surface PIotVaIue:—EZr Xoug - (6-26)

n =1

Standard deviation is calculated using
2
ny x*—() x

Standard Deviation = z—(z) : (6-27)

n(n-1)

The 90 percent confidence interval half width (H) is calculated from the following equation [Mac92]:
[(Standard Deviation[]

H=2132* E 7n E

where 2.132 is the value of the t distribution for a confidence level of 0.90 with n-1 observations. Once
the half width is found, the relative confidence interval half width is calculated using

(6-28)

, H
RdativeH = M *100. (6-29)

ean
This relative half width provides a measure of accuracy of the estimate of the mean and is derived for all
surface data points. Table 6-1 isan example of relative H when Start is set to 3 and Max is set to 0.

The average relative confidence interval haf width is found by averaging all values in Table 6-1.
This represents afigure of merit for the goodness of the data when Start is 3 and Max is 0. The remaining
relative half width tables are found in Appendix C. The averaged relative half widths are shown in Table
6-2. The low values for the relative half widths indicate the means derived from the 5 replications closely
approximate the true mean. In addition, thisis a good indication that the simulation duration for each run

is sufficient.
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Table 6-1.

Relative Confidence Interval Half Width for Start=3 and Max=0

BER
Load| 0.00001 | 0.00002 0.0001 0.0002 0.001 0.002 0.01
0.1 | 2.788829 | 2.788829 | 2.759136 | 2.814589 | 2.874153 | 2.757621 | 4.980026
0.3 | 3.859965 | 3.859965 | 2.482929 | 4.702612 | 2.619931 | 0.649541 | 1.904545
0.5 | 2.340103 | 2.365847 | 3.948412 | 3.816846 | 1.731569 | 1.257758 | 2.847065
0.7 | 2.118679 | 1.969644 | 2.725683 | 3.198647 | 1.514357 | 1.548119 | 3.103756
0.9 | 2.147969 | 2.336103 | 4.555127 | 3.928625 | 1.510161 | 1.349706 | 4.000359
Table 6-2. Average Relative Confidence Interval Half Width
Sart
Max 3 4 5 6 7 8 9

0 2.6 2.8 2.7 2.8 3.3 3.2 3.2

2 4.5 3.7 35 35 34 3.7 3.7

4 4.9 4.3 4.0 39 3.8 39 39

6 59 4.6 4.4 3.7 3.8 3.7 3.8

8 6.1 5.0 4.6 35 3.8 3.7 3.7

10 6.4 4.8 4.1 4.0 4.1 3.7 3.6

|EEE 802.11 average relative half width = 2.6

6.1.4 Analysis of Variance

A four-factor analysis of variance (ANOVA) is used to investigate the statistical significance of
the four factors and their interactions as they pertain to aggregate throughput. The goa is to determine
which factors contribute to the variance of the aggregate throughput in a significant way. An ANOVA is
applied to a subset of the simulation data gathered using the data analysis software package called SAS®
[SAS854]. (A subset of the data is used to keep the SAS® analysis tractable both from the standpoint of
volume of datarequired by the analysis and execution time.) Table 6-3 details the factors involved as well
astheir values used during the ANOVA analysis. Table 6-4 shows the results of the ANOVA.

Of the values shown in Table 6-4, R-Square provides the best indication of how well the model
fits the smulation data. This parameter is a measure of how much variation in aggregate throughput can
be accounted for by the system model [SAS85b]. Ranging in value from 0 to 1, R-Square indicates the
best match when it is closest to 1. A high degree of confidence is indicated by the R-Square value of
0.997 as shown in Table 6-4. In addition, it is seen that the model is statistically significant by observing
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the low value for the significance probability (Pr > F). Now that the overall model is known to be good,

the statistical significance of each factor is determined.

Table 6-3. ANOVA Factor Levels

Facta Factor Leved

Sart 3,5,7,9

Max 0,2,4,6

BER 0.00001, 0.00002, 0.0001, 0.0002, 0.001, 0.002, 0.01

Load 0.1,0.3,0.5,0.7,0.9

Table 6-4. ANOVA Results
Soure Degrees of Freedo Sum of Squares Mean Sqgaar
Model 559 96.26633 0.172212
Error 2240 0.219429 0.000098
Corrected Total 2799 96.485767
Model F Value = 1757.99 Pr>F =0.0001

Aggregate Throughput Me

R-Square Coefficient of Variance Root MSE
0.997726 4.777553 0.0099

0.2072

Statistical significance is easily found by examining the F Vaue and significance probability

(Pr > F) generated by the ANOVA anadysis. The ANOVA output for each factor and interactions are

shown in Table 6-5. The F Value is an indication of how much a factor’s variance or factor interactions
affect aggregate throughput.
interaction of factors) is assumed to explain a significant fraction of the variance [Jai91]. If the F Value is
less than 1, the mean square of the factor is less than the model's mean square error; thus, experimental
error contributes more to the variance than does the factor, and the factor is not statistically significant.

Inspecting Table 6-5, one finds that all factors and factor interactions are statistically significant.

As such, a larger F Value (much greater than 1) indicates the factor (or

expected, Load and BER significantly affect aggregate throughput variance. It is also setamtthatdS

Max are statistically significant!

104



Table 6-5. ANOVA Resultsfor Factor Significance

Soure DF SS Mean Squal F Value Pr>F
Sart 3 0.012820 0.004273 43.62 0.000
Max 3 0.026228 0.008743 89.25 0.000[L
Sart * Max 9 0.037281 0.004142 42.29 0.000[L
BER 6 53.119576 8.853263 90376.71 0.0001
Sart * BER 18 0.723137 0.040174 410.11 0.0001
Max * BER 18 0.444092 0.024672 251.86 0.0001
Sart * Max * BER 54 0.095171 0.001762 17.99 0.000j1
Load 4 18.090277 4.522569 46167.72 0.0001
Sart * Load 12 0.149764 0.012427 127.40 0.0041
Max * Load 12 0.029128 0.002427 24.78 0.0001
Sart * Max * Load 36 0.047169 0.001310 13.38 0.0001
BER * Load 24 22.624365 0.942682 9623.17 0.0001
Sart * BER * Load 72 0.562610 0.007814 79.77 0.0041
Max * BER * Load 72 0.148902 0.002068 21.11 0.0041
Sart * Max * BER * Load 216 0.155818 0.000721 7.36 0.0041

6.1.5 Comparison Analysis

In an attempt to quantify the impact Start and Max have on aggregate throughput, another analysis

technique isused. In addition, the optimum settings for these two factors are sought.

Simulations for al 42 combinations of Start and Max are compared against the smulation of the

802.11 protocol. The nominal 802.11 values shown in Figure 6-1 are subtracted from the data in each of

Figure 6-2 through Figure 6-5 and an average is taken of these differences. For example, each data point

in Figure 6-1 is subtracted from the corresponding data point in Figure 6-2 resulting in a difference surface

plot as shown in Figure 6-6. The objective is to obtain a large positive difference indicating CATER is
performing better than the standard 802.11 protocol. As can be seen in Figure 6-6, CATER performs

better at higher BERS, while 802.11 performs dightly better at lower BERs. This is attributed to the

added overhead of the CATER protocol; specifically, the adaptive protocol is initiated when perhaps bit

errors were occurring due to collisons instead of interference. Examining the difference plots in

Appendix D reveals CATER'’s behavior over different valuestaft andMax. In general, a§art and

Max increases, the overhead for low BERs decreases.
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Figure 6-6. Difference Between 802.11 and CATER with Start=3 and Max =0

Given the wide range of Start and Max, a selection must be made for the wireless LAN. In an
attempt to find these optimum values, a single relative improvement metric is derived by averaging the
data points on each difference plot (i.e., al 35 surface data points across the 7 BERs and 5 loads). This
metric is called Average Difference and is plotted inFigure 6-7 for all values of Sart and Max.

6.1.6 Optimizing CATER (Selecting Values for Start and Max)

Selecting the proper values for Start and Max requires an understanding of the time involved in a
reconfigure attempt as well as the time spent in reconfigure. A larger value of Start increases the time
before alink is reconfigured thereby increasing the time delay seen by TCP. The same is true of Max; a
larger value allows more frames to be sent during the reconfigured period once again increasing the delay
experience by TCP. A baance is required to maximize aggregate throughput, minimize the impact of
delay on TCP and prevent one station from monopolizing the channel for an extended period of time (Max
set too high). Therefore, even though the graph indicates larger differences (improved performance) for
values of Start greater than 5 and Max greater than 6, these two values are sdlected for this network

configuration over what, on the surface, appear to be better combinations with little impact on Average
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Difference. Infact, thereis only athree percent increase in Average Differenceif Start is set to 6 and Max
is set to 10, which corresponds to the maximum data point on the graph; however, the delay experienced
by TCP increases by approximately 60 percent over settingStart to 5 and Max to 6.
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Figure 6-7. Average Differencefor Valuesof Start and Max

Figure 6-8 shows system performance when Start is set to 5 and Max is set to 6. A comparison of
802.11 against CATER at these factor levels shows that throughput increases by 273 percent when
operating at high BERSs (between 0.0002 and 0.01 inclusive) and decreases by 6.6 percent when operating
at low BERs (between 0.00001 and 0.0001 inclusive). The most notable region is at high BERs where
standard 802.11 fails to transmit frames yet CATER till enables communication over such a degraded
channel. In fact, instead of no throughput using 802.11, CATER supports up to 14 percent aggregate

throughput—a substantial improvement for BERs up t8.10

107



Normalized Aggregate Throughput

[
o
S
S
Q
o

Figure 6-8. Aggregate Throughput when Start =5 and Max =6

A critical feature of CATER is the low overhead found at low BERs. By reconfiguring the link
only after experiencingSart” failed frames, overhead is significantly reduced versus reconfiguring the
link immediately. As noted above, using this network configuration, CATER experiences a slight 6.6
percent decrease in aggregate throughput for low BERs. A station operating within a WLAN
implementing CATER will perform at approximately the same level a80&111 network. However,
when the station experiences a degraded link due to fading, multipath, or other disruptive phenomena,
CATER significantly enhances overall network performance by transforming the corrupt link into a viable

one.
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6.2 Aggregate Throughput with Dynamic BER (Gilbert Model)

This section presents the results of simulations run using a dynamic BER. The BER is controlled
by the bit error file discussed in Chapter 5 which varies bit errors as simulation time progresses. A total of
600 simulations are run comparing 802.11 and CATER. The twelve error files discussed in Chapter 5 are
used as the source of bit errors. Load is varied from 0.1 to 0.9 in 0.2 increments. Rather than run the 12
error files against all possible combinations of Start and Max as was done for the Static BER simulations,
the aforementioned optimum setting are used. Thus, a comparison is made between native 802.11 (Start
set to 999) and CATER (Start set to 5 and Max set to 6). The global seed is assigned 5 different values.
As can be seen from Figure 6-9, the aggregate throughputs for 802.11 and CATER are plotted against
Load. Rather than show all simulation results here, the three most significant plots are shown. Appendix
E contains al simulation plots. These three plots shown are representative samples of all plots; in other
words, all plots not shown in this chapter have the same characteristics as the ones that are shown. Figure
6-9, Figure 6-10, and Figure 6-11 demonstrate simulation behavior using various values for P, p, and 1-h.

6.2.1 Protocol Comparison

Figure 6-9 illustrates the comparison of the two protocols when the channel is relatively free of bit
errors. It is seen that both perform the same until the system becomes heavily loaded. When this occurs,
more bit errors start occurring due to collisions which causes CATER to initiate. As seenin Table 6-6, a
dlight 2 percent drop is observed at aload of 0.9 which is attributed to the added overhead associated with
CATER.

Figure 6-10 illustrates the comparison when the channel is experiencing a moderate amount of bit
errors. Inthis particular situation, CATER does not perform as well as standard 802.11. Table 6-7 shows
this comparison.

Figure 6-11 shows the comparison of the two protocols for a degraded channel. CATER
performs quite well even though 802.11 is crippled by the channel. In other words, 802.11 only alows a
few frames to pass which effectively renders the link useless since TCP is constantly timing out and

retransmitting. Table 6-8 highlights CATER’s improvements.
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Aggregate Throughput for Gilbert Errors
using P=0.000001, p=0.001, and 1-h=0.8
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Figure 6-9. Aggregate Throughput for Gilbert Errors (P=0.000001, p=0.001, and 1- h=0.8)

Table 6-6. Comparison of Aggregate Throughput for 802.11 and CATER for Gilbert Errorsusing
P=0.000001, p=0.001, and 1- h=0.8

Sart
Load 999 5 Percent Improvement
0.1 |0.079719 | 0.079719 0
0.3 | 0.253656 | 0.253656 0
0.5 | 0.424375 | 0.424375 0
0.7 ]0.597031 | 0.597031 0
0.9 | 0.722688 | 0.706813 -2.19666
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Aggregate Throughput for Gilbert Errors
using P=0.0001, p=0.01, and 1-h=0.2
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Figure 6-10. Aggregate Throughput for Gilbert Errors (P=0.0001, p=0.01, and 1- h=0.2)

Table 6-7. Comparison of Aggregate Throughput for 802.11 and CATER for Gilbert Errorsusing
P=0.0001, p=0.01, and 1- h=0.2

Sart
Load 999 5 Percent Improvement
0.1 | 0.079719 | 0.079625 -0.1176
0.3 10.253281 | 0.241531 -4.63911
0.5 10.325438 | 0.279625 -14.0772
0.7 10.327813 | 0.29175 -11.001
0.9 10.328031 | 0.295406 -9.9457
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Aggregate Throughput for Gilbert Errors
using P=0.001, p=0.1, and 1-h=0.2
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Figure 6-11. Aggregate Throughput for Gilbert Errors (P=0.001, p=0.1, and 1- h=0.2)

Table 6-8. Comparison of Aggregate Throughput for 802.11 and CATER for Gilbert Errorsusing
P=0.001, p=0.1, and 1-h=0.2

Sart
Load 999 5 Percent Improvement
0.1 | 0.001063 | 0.079469 7379.412
0.3 | 0.00125 | 0.139625 11070
0.5 0.00125 | 0.145094 11507.5
0.7 | 0.001656 | 0.142844 8524.528
0.9 | 0.001594 | 0.14425 8950.98

These three comparison plots provide an indication of protocol performance in the face of three
different channels. It is seen that CATER performs best when the channel is degraded to the point that
802.11 is unable to operate. In all scenarios, aggregate throughput behaves similar to when static BERs

are used as the error sources.
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6.2.2 Confidence Intervals

The average relative confidence interval half widths are shown in Table 6-9. It is seen that these
averages are relatively low indicating high confidence that the ssmulation closely approximates the actual
population mean. However, two exceptions are noted when P is set to 0.001. The high values for the
average when Start is set to 999 is a result of the aggregate throughput means being nearly 0, which, in
turn, cause the relative haf width to become large. These higher values are not an indication of a poor

simulation. Relative confidence interval half widths are provided in Appendix E.

Table 6-9. Average Relative Confidence Interval Half Widthsfor Gilbert Errors

Gilbert Parameters Sart
P p 1-h 999 5
0.000001 0.001 0.2 24 2.6
0.000001 0.001 0.8 24 24
0.000001 0.01 0.2 2.3 2.6
0.000001 0.01 0.8 24 24
0.000001 0.1 0.2 25 2.6
0.000001 0.1 0.8 2.6 25
0.0001 0.01 0.2 2.0 6.1
0.0001 0.01 0.8 2.2 6.7
0.0001 0.1 0.2 2.0 7.4
0.0001 0.1 0.8 2.0 6.2
0.001 0.1 0.2 34.3 4.6
0.001 0.1 0.8 97.0 4.1

6.3 Fairness

Measuring aggregate throughput for the system does not provide insight into how individual
stations are behaving. It is conceivable that one station could monopolize the channel to the detriment of
al others such that aggregate throughput would still remain high due to the manner in which aggregate

throughput is measured. Therefore, this section addresses the fairness of the protocols.
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This section presents the results of simulations run to demonstrate fairness. A tota of 24
simulations are run using a combination of the following settings: Load set to 0.1, 0.5, or 0.9; Sart set to
999 (802.11) or 5 with Max set to 6 (CATER); and BER set to 0.01, 0.001, 0.0001, or 0.00001. Only one
replication is run for each setting combination since the variable of interest is packet number versus time.
Each simulation is run for 500 seconds. Although 24 simulations were run, only 18 produced data since
throughput for a native 802.11 is O for degraded channels (BER > 0.0001) as can be verified in earlier
sectionsin this chapter.
Fairness is measured by observing the number of frames successfully sent for each station. A fair
protocol will ensure al stations are alowed equitable time to transmit on the channel. This is shown by
plotting the identification number of each frame from each station sent across the channel versustime. An
equitable protocol is evident by inspecting the plot—all stations send approximately the same number of
frames in a given time span resulting in a linear relationship. Figure 6-12 and Figure 6-13 illustrate this
relationship and are representative of the simulation results. All fairness plots are found in Appendix F.
Table 6-10 summarizes the fairness of the protocols via a comparison. Standard 8a&. $&t(
to 999) is compared to CATERXért set to 5 andvax set to 6) using the coefficient of variance (COV)
as the metric. The number of successful frames for each station is recorded during the simulations. The
mean of the 10 stations is shown in the table as well as the standard deviation. Defined as the ratio of the
standard deviation to the mean, COV provides a unitless indication of system variance and is also shown
in the table. Since the values in the COV column are small, variance amongst the stations is small. Thus,
all stations operate fairly using both protocols. In addition, CATER82®#I11 are compared against
each other. Although the COV is slightly larger when using CATER with a BER of 0.01G0M Q.is
noted that 802.11 fails and the COV is undefined.
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Figure 6-12. System Fairnessfor Load=0.1, BER=0.01, and Start=5
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Figure 6-13. System Fairnessfor Load=0.9, BER=0.00001, and Start=999
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Table 6-10. Fairness Comparison of CATER and 802.11 using Coefficient of Variance
Sart | Load| BER Mean| St.Dev. COV

5 0.1 0.0 151.9 13.4 0.09
5| 0.1 0.003 531.1 25.6 0.01
5/ 0.1 0.0001 532.2 25.3 0.0%
5| 0.1 0.00001 532.1 25.2 0.0%
5/ 05 0.0 473 72 0.15
5| 0.5 0.003 909.2 52.4 0.06
5| 0.5/ 0.0001 1526.9 44.6 0.03
5| 0.5/ 0.00001 2730.>, 73.7 0.03
5/ 0.9 0.01 482.9 90.6 0.19
5| 09 0.001 884.2 27.1 0.03
5| 0.9/ 0.0001 15256 35.2 0.0%
5| 0.9] 0.00001 4037.6 82.3 0.0p
999 0.1 0.01

999 0.1 0.001
999| 0.1 0.0001 532 25.3 0.01
999 0.1y 0.00001 532.1 25.2 0.0p
999| 0.5 0.01
999 0.5 0.001

o

-

999| 0.5 0.0001 2042.2 52.9 0.0B
999/ 0.5 0.00001 27305 73.7 0.0B
999| 0.9 0.01
999| 0.9 0.001
999| 0.9 0.0001 2044.2 63.6 0.0B
999| 0.9 0.00001 42755 94.9 0.0p

To provide further insight into the operation of CATER, a microscopic view of system fairnessis
provided. The macroscopic view provided by the fairness figures shown above show a near linear
relationship between packet number and time. Zooming in on a smaller time scale illustrates the effect
Sart and Max have on CATER'’s performance. Figure 6-14 and Figure 6-15 provide this insight when
Start is set to 5 and 999, respectively. It is seen thatMik set to 6 as in Figure 6-14 there are typically
7 frames transmitted over a reconfigured link yielding the bursty nature of frame traffic. Reddlthat

is actually the parameter that controls the maximum number of additional frames to send over a
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reconfigured link; thus, atotal of 7 frames are sent in a burst. Figure 6-15 depicts system behavior when
Sart is set to 999 thereby disabling CATER. In this case, frame traffic is less bursty but still exhibits

bursty periods.
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Figure 6-14. Microscopic View of System Fairness (L oad=0.5, BER=0.0001, and Start=5)

A graphic illustration of CATER’s performance is seen during high BER (Figure 6-16). The
effect ofMax is clear in this plot.

System fairness is illustrated in this section by means of plotting packet numbers against time.
The near linear relationship between the two demonstrates the system behaves fairly across all stations.
An unfair protocol would allow one or more stations to dominate the channel resulting in a graph where

the unfair stations would have a significantly larger slope than the remaining stations.
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6.4 TCP Delay

As discussed in Chapter 2, TCP is responsible for the reliable end-to-end transport of data, error
recovery and flow control by providing an idealized, full-duplex connection between two end systems
[DiL92]. This section presents the results of simulations run to demonstrate TCP’s performance over a
range of operating conditions. A total of 24 simulations are run using a combination of the following
settings: Load set to 0.1, 0.5, or 0grt set to 999 (802.11) or 5 wittlax set to 6 (CATER); and BER
set to 0.01, 0.001, 0.0001, or 0.00001. Only one replication is r@adébr setting combination since the
variable of interest is TCP delay time for individual packets. TCP data are collected from station 0; since
system fairness is shown and each station uses the same traffic model, TCP data collected from station O is
representative of all stations. Each simulation is run for 500 seconds. As seen in the fairness simulations,
although 24 simulations are run, only 18 produce data. As can be verified in earlier sections in this
chapter, throughput for a native 802.11 is O for degraded channels (BER > 0.0001).

The desirable outcome for these simulations is to minimize the number of TCP timeouts, since a
timeout causes the retransmission of the packet in question. If the packet is simply delayed and not lost,
this retransmission generates more network traffic further exacerbating the situation. Figure 6-17
illustrates a case where TCP does not timeout. The two lines on the graph are the retransmission timeout
and the actual round-trip time for each packet. In addition, a timeout calculation marker is displayed to
indicate the times when a TCP timeout calculation is made. Since TCP utilizes one timer for timeouts, not
all packets are timed [WrS95]. A timeout marker displayed above the retransmission timeout line
indicates an actual TCP timeout. A marker displayed at TCP Delay = -1 indicates a calculation without a
timeout. In Figure 6-17, the timeout markers are so close together they almost appear as a thick solid line.
Figure 6-18 demonstrates a simulation where TCP would timeout. All TCP timeout plots are found in

Appendix G.
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TCP Delay for Load=0.1, BER=0.001, and Start=5
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Figure 6-17. TCP Delay for Load=0.1, BER=0.001, and Start=5

Table 6-11 summaries TCP performance over the various settings. The number of TCP timeouts
is shown for standard 802.11 (Start set to 999) and CATER (Start set to 5 and Max set to 6). In addition,
to provide proper perspective on the relative number of times TCP times out, the total number of TCP
timeout calculations are also shown. It is noted that 802.11 fails for al cases when BER is set to 0.01 or
0.001. Inall cases except one (Load set to 0.9 and BER set to 0.00001) CATER experiences fewer TCP
timeouts. In &l cases, however, the ratio of the number of TCP timeouts to the total number of

calculations is less than three percent.
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Figure 6-18. TCP Delay for Load=0.5, BER=0.001, and Start=5

Table6-11. TCP Timeouts

Load| BER [802.11 Timeouts| CATER Timeouts| Number of 802.11 | Number of CATER
TCP Cdculations | TCP Calculations
0.1 0.01 N/A 0 N/A 106
0.1 | 0.001 N/A 0 N/A 327
0.1 | 0.0001 0 0 463 458
0.1 |0.00001 0 0 470 470
0.5 0.01 N/A 1 N/A 69
0.5 | 0.001 N/A 3 N/A 106
0.5 | 0.0001 5 2 468 229
0.5 |0.00001 0 0 2397 2397
0.9 0.01 N/A 0 N/A 67
0.9 | 0.001 N/A 2 N/A 92
0.9 | 0.0001 0 0 247 171
0.9 |0.00001 5 8 1160 1013
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6.5 Summary

This chapter presented the results of the simulation phase of this research effort. 1t was shown that
CATER performed better than standard IEEE 802.11 when considering the dynamic nature of wireless
links. In genera, aggregate throughput for a wireless LAN was improved substantially when using the
CATER protocol. This improvement was demonstrated clearly using both static BERs and dynamic
(Gilbert) BERs. It was shown that the impact of Start and Max were dtatisticaly significant! Also, when
CATER was optimally configured (Start set to 5 and Max set to 6), it supported up to 14 percent
aggregate throughput when standard 802.11 failed which represented a 273 percent increase for high
BERs. Moreover, CATER’s protocol overhead degraded performance of the network a slight 6.6 percent
for low BERs.

As noted earlier, the static and dynamic BER models resulted in similar results in both CATER
and IEEE 802.11; thus, only static BERs were used to demonstrate fairness and how TCP performed.
CATER did not allow asymmetric use of the channel; all stations were allowed a fair share of the medium.
In addition, the behavior of TCP was shown to be acceptable when using CATER; TCP retransmissions
were kept to a minimum (less than 3 percent of the packets for worst case).

Simulation results indicate CATER offers a substantial improvement in aggregate throughput
during periods of high BER while suffering only a slight decrease in throughput during periods of low
BER. The CATER protocol offers an alternative to the rigid IEEE 802.11 standard and promises a more
robust protocol and, consequently, more reliable wireless connectivity, which is the ultimate goal of any

wireless LAN.
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Chapter 7. Emulation

One machine can do the work of fifty ordinary men.
No machine can do the work of one extraordinary man.
—Elbert Hubbard.

Emulation can be defined as a smulation using hardware or firmware [Jai91]. In this research
effort, the emulation is an implementation of the CATER protocol and IEEE 802.11 on atwo station LAN
(hereafter called the testbed). The ultimate goal of the emulation is to validate the ssmulation as described
in Chapters 5 and 6. An ancillary goal is to verify the protocol’'s performance in the presence of real
hardware limitations.

This chapter discusses the emulation of standard IEEE 802.11 and CATER on the testbed. The
chapter begins with a discussion of the emulation environment in Section 7.1 followed by an explanation
of the emulation model in Section 7.2. The next three sections present the parameters and variables
unique to the emulation—Section 7.3 presents the emulation parameters that differ from the simulation
parameters seen in Chapter 5; Section 7.4 discusses the emulation factors and their assigned values; and
Section 7.5 discusses the response variable for the emulation. Emulation verification is presented in
Section 7.6 followed by emulation results in Section 7.7. Validation of the simulation and emulation is

the topic of Section 7.8. The chapter concludes with a summary in Section 7.9.
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7.1 Emulation Environment

The emulation environment is composed of two computers connected via an Ethernet LAN. Both
computers are identically equipped with a 100 MHz Pentium processor, 16 MB of RAM and a 3Com
EtherLink Il card. The computers use twisted pair cables connected through a hub for connectivity.
During emulation runs, al other computers are disconnected from the hub to remove outside influences
that could adversely affect results. Additionally, processes other than the emulation are not alowed on the
stations during emulation once again to avoid contention of system resources that could skew emulation
results.

Each computer is running Windows NT 4.0 and a complete implementation of the CATER
protocol and standard IEEE 802.11. The emulation is written in the C programming language using
Visua C++ 4.0. Designed for modularity, the 1100 lines of source code span six files. Two files,
Client.cpp and Server.cpp, are the controlling software for their respective stations. These two files rely
upon the services of the remaining four files to complete operations since the supporting files are designed
for reuse. Thus, each station is in essence running code derived from five source files. The source listing
is not contained within this document, but it may be obtained from the dissertation chairman.

7.2 Emulation Model

The basic emulation model is that of one source station and one destination station. The source
station is the only station allowed to initiate data frame transmissions. Consequently, the destination
station is concerned with receiving the data frames and sending an acknowledgment back to the source.
Similarly, only the source station is alowed to transmit a reconfigure request frame, and the destination

station acknowledges this by sending a reconfigure acknowledgment back to the source.

7.2.1 UDP Transport Layer
UDP (User Datagram Protocol) is used as the transport layer mechanism on top of IP. Included in
the TCP/IP protocol suite, UDP is an unreliable, send-once-and-forget protocol that generates exactly one
datagram for every output operation of the application program [Ste94]. UDP’s unreliable nature provides
an efficient means of removing packets (frames) from the network to emulate frame errors with no
consequences such as retransmissions at the transport layer. Thus, each time a station sends a frame, it is

actually sending a UDP packet across the Ethernet connection to the other station.
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7.2.2 Two Station Rationale

The underlying reason for implementing two stations instead of the ten stations as seen in the
simulation isthat of sensing the medium. Asdiscussed in Chapter 2, IEEE 802.11 must sense the medium
before attempting to send aframe. The use of an Ethernet connection on the testbed computers precludes
sensing the medium such that the emulation is cognizant. Therefore, only one station is allowed to act as
the source thereby removing the medium sensing limitation. With just one source stetion, it is aways
assured that the medium is clear, sinceit is aware of the status of the destination station.

At first glance, this does not seem to be an equitable, fair validation technique for the ssmulation
described in Chapter 5. However, since the response variable of interest is aggregate throughput and al
stations within the smulation generate data frames at the same rate, all simulation stations exhibit the same
properties with regard to aggregate throughput. The total number of successful frames traversing the
network is not a function of the number of stations within the network but instead is a function of system
load. Therefore, the validation of the simulation using the two station emulation is equitable.

A consequence of using the aforementioned two station environment is that collisions will not
occur within the emulation. Therefore, the medium is used more efficiently since collisions waste
bandwidth. However, collisions do occur in the simulation and must be accounted for when comparing
the simulation and emulation results. The provisions made to account for this difference is discussed

further in subsequent sections.

7.2.3 Frame Errors

As frames cross the network, they are subjected to bit errors as controlled by the BER factor
discussed later in this chapter. Similar to the smulation, the stations within the emulation rgject any frame
that experiences any bit errors. In other words, one bit error renders the entire frame useless, and it is
discarded at the receiving station. A binomial distribution is used within the emulation to determine if an
error has occurred within aframe; this approach is also used within the simulation module provided within
the Designer™ simulation package. However, instead of determining the status of every bit, a function is
used to determine the status of each frame. Generating a bit-by-bit error pattern for each frame is
prohibitively time consuming and does not offer additional accuracy given that the number or pattern of
the bit errors is irrelevant. The following procedure is used by each station to determine if the frame is to
be accepted. The station generates a random number and compares it against (BER * Number of bits in
frame)/adjustment where adjustment is a scaling factor derived during the development of the emulation.

If the random number is less than the result of the equation, the station declares the frame in error. With
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only one calculation, the adjustment allows the equation to provide an extremely close approximation to
the effects of the binomial distribution on aframe given that any bits errors corrupt the entire frame.

The adjustment value varies and is based on the BER and the number of bits to be tested; as such,
there are atotal of 14 adjustment values corresponding to seven BERs and two frame lengths (long data
frames as well as short acknowledgment and reconfigure frames). The adjustment values are derived by
comparing the number of framesin error when subjected to a complete bit-by-bit test versus the number of
framesin error using the aforementioned formula. By running 10,000 frames through the bit-by-bit model
and the emulation model, the total number of corrupt frames for each technique is observed. The
adjustment value within the emulation model is then modified to more closely match the bit-by-bit model.
This processisiterated until the two models agree within 5 percent of each other.

7.2.4 Data Structures

The emulation uses the data structure shown in Table 7-1 to represent frames traversing the
network. The total number of bits within a frame including all overhead is contained in the Number of
Bits field. The PN code length field contains the code length used to transmit a particular frame; it can
either be 11 or 63. Frame ID is a unique number assigned to each new frame as it is transmitted and is
used to verify the receipt of corresponding acknowledgments from the destination. BER is the bit error
rate that this frame experiences as it crosses the network. The frame type field is used by the receiving
station to determine what to do with the frame. The number of backoffs is used to keep track of the
number of times a frame is sent to backoff. The number of additional frames field is used to coordinate

the exchange of additional frames during areconfigured period.

Table 7-1. Emulation Data Structure

Field Data Type
Number of Bits Integer
PN Code Length Integer
Frame D Integer

BER Redl
Frame Type { Data, ACK, Reconfigure, Reconfigure ACK}

Number of Backoffs Integer
Number of Additional Frames Integer
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7.2.5 Program Operation

This section describes the operation of the emulation. 1t does not describe the operation of the
protocols; for an explanation of IEEE 802.11 or CATER, see Chapters 2 and 4, respectively.

When a station sends a frame to the other, it performs several operations to ensure an accurate
emulation of the network is rendered. First, the frame (data structure) is generated with appropriate values
set for each of the fields. The sending station then delays or slegps a prescribed amount of time, which is
afunction of the type of frame and PN code length. After this time delay, the station sends the frame to
Windows NT for immediate transmission to the Ethernet connection viaa UDP packet. The UDP packet
is addressed specifically to the other station using its | P address.

Once the receiving station receives the frame, it first compares the frame’s PN code length against
the station’s PN code length. If the two are not the same, the frame is discarded; however, if the two
match, the frame is checked for bit errors using the aforementioned technique. The station accepts the
frame if it is error free, but discards it otherwise.

Aggregate throughput is measured by counting the number of acknowledgment frames that
successfully arrive at the source station assuming the frame ID for the acknowledgment frame matches the
frame ID of the last sent data frame. This technique ensures multiple transmissions of one data frame are

not all counted as distinct successful data frames thereby corrupting the aggregate throughput count.

7.3 Emulation Parameters

The parameters presented in this section are either unique to the emulation or are slightly different
than the same parameter defined in the simulation. In both cases, the emphasis is on emulating a real
wireless LAN testbed instead of making the emulation match the simulation or vice versa. If a parameter
is not listed in this section but is present in the simulation explanation, the parameter and its value are the

same for both the emulation and the simulation.

7.3.1 Number of Stations
As previously mentioned, the number of stations within the network is two—one source and one

destination.

7.3.2 Timing Parameters
The times used in the emulation differ slightly than those in the simulation for two reasons. First,
the resolution of the system timer available to the emulation is limited to 1 mS by Windows NT, whereas

the simulation provides virtually infinite resolution. Therefore, it is impossible to provide an absolute
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match between all simulation and emulation times. Second, the processing overhead of the emulation
software extends parameter values. For all timing parameters, every effort is made to accurately model a
real wirdess LAN system within the emulation and simulation. To this end, some timing parameters are

adjusted dightly to accommodate these two situations.

7.3.2.1 Data Frame Transmission Time

The time required to transmit a data frame is controlled by two parameters within the emulation;
they are DATA_TIME_11 and DATA_TIME_63 corresponding to the transmission using 11 chip and 63
chips respectively. DATA_TIME 11 is set to 8 mS in the emulation and 8.578 mS in the simulation.
DATA_TIME 63 isset to 48 mSin the emulation, whereas the simulation uses a value of 49.129 mS.

7.3.2.2 Reconfigure Frames Transmission Time

The time required to send a reconfigure frame and corresponding reconfigure acknowledgment is
controlled by the parameter caled RECONFIGURE_TIME within the emulation.  Although the
simulation uses a vaue of 2.2 mS, the emulation uses 1 mS for this parameter once again because the
processing overhead extends the actual time to approximately 2 mS.

7.3.2.3 ACK Timeout

The time period dlowed to dapse before a data frame is considered lost because an
acknowledgment was not received for it is called the ACK timeout. ACK_TIMEOUT _11 controls how
long the source station waits before it declares the data frame a failure when the data frame is sent using
11 chips. This parameter is set to 1 mS within the emulation and 0.4 mS in the smulation.
ACK_TIMEOUT _63 performs the same operation but is used when the data frame is sent using 63 chips.
ACK_TIMEOUT 63 isset to 2 mSinthe emulation and 1.8 mSin the simulation.

7.3.2.4 Reconfigure ACK Timeout Period
RECONFIGURE_ACK_TIMEOUT is the parameter that controls the timeout period for a
reconfigure request frame sent from the source to the destination. This parameter is set to 2 mS in the

emulation, whereas the simulation uses avalue of 1.8 mS.

7.3.2.5 Data Not Received Timeout Period

As discussed in Chapter 4, the destination station must maintain a timer to prevent station lockout
if adataframeis unsuccessful over areconfigured link. Thistimer, caled DATA_TIMEOUT within the
emulation, isthe only timer found at the destination station and is set to 50 mS. The simulation uses 49.22
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mS. It isimportant to note that this timeout period islonger than the DATA_TIME_63 time of 48 mS. If

this was not the case the destination would continually timeout.

7.4 Factors
The emulation follows the same experimenta design as the simulation. Therefore, the emulation

uses the same factors and factors levels which are duplicated below inTable 7-2.

Table 7-2. Emulation Factors

Factor Levels

BER 0.00001, 0.00002, 0.0001, 0.0002, 0.001, 0.002, 0.01
System Load 0.1,0.3,0.5,0.7,09

Sart 3,4,5,6,7,8,9, 999 (disable reconfigure protocol)
Max 0,24,06,8,10

7.5 Response Variable

The response variable is the same for both the emulation and simulation—aggregate throughput.
The total number of frames that successfully traverse the network is recorded during the emulation. The
data are collected after the transient removal time of 1 second has elapsed and before the end of the
emulation at 51 seconds. As in the case of the simulation, the ultimate goal of the network is to maximize

the aggregate throughput over all factor levels.

7.6 Model Verification

A variety of techniques are used to verify the correctness of the software starting with designing
the foundation of the program itself using top-down modular design. Modular programming and top-
down design are used throughout the development effort to facilitate development and testing of
manageable pieces of functional code. This design philosophy enhances system verification by building
small, easily-verifiable functions into a working system.

A technique known as antibugging [Jai91] is used to verify system operation. This technique
involves monitoring system operation during runtime; variables such as frames sent and frames received
are counted during the emulation and written to a file for post-emulation analysis. Fifteen difference

variables are monitored and used in the post-emulation analysis.
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A structured walk-through is used for some modules. To ensure proper operation of critical
modules, a walk-through is accomplished with a fellow graduate student well versed in Windows NT
socket programming and the C programming language.

Stepping through the code using the debug capabilities of the C programming tool surfaces severd
programming errors during initial development. This technique is aso used to verify the system. In
addition, trace information is written to a file in rea time and later analyzed for proper sequencing and

timing.

7.7 Emulation Results and Validation

This section discusses the results of the emulation as well as the validation of both the emulation
and simulation. Since the emulation is implemented using two stations with one source, a comparison
against the ten station simulation is not appropriate in al cases. The emulation will never experience a
collision with another source station, whereas the ten station simulation does experience collisions.
Moreover, when collisions occur in the ten station network where Start is set to alower vaue (e.g., Start =
3), the adaptive protocol will engage resulting in more collisions. A comparison of Figure 7-1 and Figure
7-2 illugtrates this phenomena.  Contrasting the two graphs at lower BERs (i.e., 0.00001 and 0.00002)
immediately illustrates this difference—throughput suffers due to collisions within the simulation but not
within the emulation. Therefore, a comparison of the two station emulation and the ten station simulation
is not always fitting. It is noteworthy to observe in Appendix B th&ad is increased, this degradation
in throughput at lower BERs is not seen at nearly the same magnitude implying validation is possible for
higher values oBtart. The intent of this research, however, is not to provide a fragmented validation;
consequently, the ten station simulation is not used. Instead, a three station simulation is used since this

configuration experiences fewer collisions which more accurately models the emulation.
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Figure 7-1. Emulation Results

Aggregate Throughput with Start=3 and Max=4

Aggregate Throughput

Figure 7-2. Ten Station Simulation Results
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Since collisions prohibit a direct comparison of the emulation across all levels of the ten station
simulation, the emulation is compared and validated against a three station simulation. This simulation
configuration experiences far fewer collisions than the ten station simulation thereby providing a more
suitable validation baseline. This is seen clearly by investigating the similarities between Figure 7-1 and
Figure 7-3. The throughput does not drastically decrease for lower BERs. Therefore, this research effort
conducts validation by comparing the emulation results with the three station simulation results.

Aggregate Throughput with Start=3 and Max=4
3 Stations

0.9
7

Normalized Throughput

Offered Load

Figure 7-3. Three Station Simulation Results

7.7.1 Experimental Setup

The emulation follows the same experimental setup as the ten station simulation—a full factorial
experiment with replications. Emulations are run for all combinations of factor levels with one exception.
When the reconfigure protocol is disablegaft = 999), Max is meaningless. Thus, the following
emulation runs are made: all levels of BER (7), all levels of system load (5), all lelds ¢6), the first
7 levels (i.e.Sart = 3 through 9) oRart (7), and 5 different random number seeds. This yields 7,350

emulation runs.
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In addition, emulations are run with the reconfigure protocol disabled. This requires 7 levels of
BER, 5 levels of system loads, and 5 different random number seeds, resulting in another 175 runs.
Therefore, atotal of 7,525 emulations are run which takes approximately 109 hours.

The three station simulation experimental setup is similar to the emulation. However, Start only
ranges from 3 to 6, and Max only takes on the values of 0, 2, 4, and 6. A comparison of the emulation
against this subset of a full complement of simulations still serves to validate both the smulation and the
emulation results nicely as shown in subsequent sections.

7.7.2 Standard IEEE 802.11

Figure 7-4 illustrates the behavior of the emulation for native 802.11. As was seen with the
simulation results in Chapter 6, 802.11 fails to function in the presence of high BERs. A visua
comparison of the three station simulation results shown in Figure 7-5 and the emulation results in Figure
7-4 clearly supports the notion that the two systems exhibit the same behavior over the factor levels
chosen for thisinvestigation. Statistical analysisis used in a subsequent section to quantify the similarities

between the emulation and the three station simulation.
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Figure 7-4. Emulation Resultsfor |EEE 802.11
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Figure 7-5. Three Station Simulation Resultsfor |IEEE 802.11

7.7.3 CATER

This section provides a glimpse into how the emulation and three station simulation function the
same when running the CATER protocol. Two configurations are compared here; al configuration
comparisons are found in Appendix H. Figure 7-6 depicts the emulation results when Start is set to 4 and
Max is set to 0. Comparing this figure with the three station simulation results in Figure 7-7 clearly

illustrates the similarities between the two.
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Aggregate Throughput with Start=4 and Max=0

Normalized Throughput

Offered Load

Figure 7-6. CATER Emulation Resultswhen Start=4 and Max=0

Aggregate Throughput with Start=4 and Max=0
3 Stations

Normalized Throughput

Offered Load

Figure 7-7. Three Station Simulation Results when Start=4 and Max=0
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Another comparison is shown below when Start is set to 5 and Max is set to 6. Figure 7-8
illustrates the emulation results, whereas Figure 7-9 shows the three station simulation results. Once again,

the similarities are striking!

Aggregate Throughput with Start=5 and Max=6

Normalized Throughput

Figure 7-8. CATER Emulation Resultswhen Start=5 and Max=6

7.7.4 Confidence Intervals

Confidence intervals for the emulation data and three station simulation data are discussed in this
section. The same technique as was used in Chapter 6 is used here; the relative 90 percent confidence
interval haf width (relative H) is derived for each datum point (e.g., Load = 0.3 and BER = 0.0002) on all

surface plots.

7.7.4.1 Emulation Data
Table 7-3 contains the relative H values for the emulation when Sart is set to 5 and Max is set to

6. Appendix | contains al relative confidence interval half width tables for the emulation.
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Normalized Throughput

Aggregate Throughput with Start=5 and Max=6
3 Stations

Offered Load

Figure 7-9. Three Station Simulation Results when Start=5 and Max=6

Table 7-3. Relative Confidence Interval Half Widthsfor Start=5 and Max=6

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.233687 | 0.37276 | 0.679094 | 1.298326 | 7.538875
0.3 |0.032384 | 0.032409 | 1.98629 | 1.959581 | 0.748078 | 1.666562 | 6.345448
0.5 ] 0.110457 | 0.188325 | 4.310451 | 2.744284 | 1.364531 | 1.873054 | 3.454533
0.7 |0.252788 | 0.356571 | 4.60577 | 1.494533 | 0.577421 | 0.855319 | 9.274696
0.9 | 0.34723 | 0.540598 | 3.016414 | 2.485182 | 1.68529 | 1.781526 | 6.933268

The average relative confidence interval haf width is found by averaging all 35 datum points in
Table 7-3. Thisisthe same technique used in Chapter 6 and represents a figure of merit for the goodness
of the emulation data when Start is 5 and Max is 6. As was seen in the ten station simulation results in
Chapter 6, the lower values seen in the table are an indication that the mean values calculated from the 5

replications closely approximate the true mean implying the emulation duration is sufficient.

averaged relative half widths are shown inTable 7-4.
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Table 7-4. Average Relative Confidence Interval Half Width for Emulation Data

Sart
Max 3 4 5 6 7 8
0 1.3 1.6 1.8 14 1.6 1.7 1.7
2 1.6 1.8 15 1.9 1.9 2.0 2.3
4 1.7 14 2.0 1.9 2.0 2.3 2.1
6 1.6 15 2.0 1.8 1.9 2.1 2.4
8 14 1.7 14 2.0 1.9 1.9 2.2
10 14 1.6 1.6 2.0 1.8 2.1 2.1
IEEE 802.11 average relative half width = 1.1

7.7.4.2 Three Station Simulation Data

The average relative confidence interval half width for the three station simulation data is found
using the same technique discussed above and are displayed in Table 7-5. Once again, the lower values
seen in the table are an indication that the mean values calculated from the 5 replications closely
approximate the true mean implying the emulation duration is sufficient. Appendix J contains the relative
half width tables for the three station simulation data.

Table 7-5. Average Relative Confidence Interval Half Width for Three Station Simulation Data

Sart
Max 3 4 5 6
0 2.3 2.2 2.6 3.1
2 2.4 2.5 2.6 2.7
4 2.4 2.2 2.4 2.6
6 2.4 2.3 2.3 2.5
IEEE 802.11 average relative half width = 2.2

7.7.5 Statistical Analysis

A visua comparison of the emulation and the three station simulation data highlights the
similarities between the two systems. This visua comparison is a significant step in validating the
emulation and the simulation, but it must be quantified. A paired-difference Student’s t-test is performed
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to test the hypothesis that the mean value of the differences of normalized aggregate throughput between
the emulation data and the three station simulation data is zero.

The aggregate throughput from al levels of Start and Max available from the three station
smulationsisused. Table 7-5 lists the values of Start and Max used for the statistical analysis. A total of
595 pairs of aggregate throughput values are used in the anaysis, this encompasses 7 levels of BER, 5
levels of Load, 4 levels of Sart, and 4 levels of Max when CATER is used and an additiona 7 levels of
BER and 5 levels of Load for standard 802.11. A 90 percent confidence interval with 594 degrees of
freedom is used for the Student’s t-test resulting in a critical two-tailed value of +1.647. Evaluating the t-
test yields a t ratio of 0.712. Since this t value falls withinetteeptance region of the t-distribution, the
hypothesis is definitely upheld. There is no significant difference between the emulation run on the
testbed and the three station simulation. Thus, the simulation is validated using a real-time hardware-in-
the-loop implementation of the CATER protocol and standard IEEE 802.11. Consequently, the emulation
is validated completely using the simulation results.

7.8 Summary

This chapter presented the emulation environment as well as the results of emulating the CATER
and IEEE 802.11 protocols on the testbed. The emulation model was discussed and included the use of
UDP packets to allow the loss of frames without retransmissions. The reasoning behind the two station
emulation environment was then discussed followed by the implementation details of frame errors and the
data structure. The general operation of the emulation program was then presented. Emulation parameters
and factors were presented along with the response variable—normalized aggregate throughput. Several
model verification techniques and how they were used to verify the model’s code were discussed.

The remainder of the chapter was dedicated to emulation results and validation efforts. An
explanation of why a ten station comparison with the emulation results would not be completely
appropriate was presented. This was followed by a discussion on why a three station simulation could be
used to validate the emulation. The relatively few collisions experienced in the three station simulation
more closely matched the emulation which experiences no collisions. The experimental setup for the
emulation was slightly different than the ten station simulation, and this was explained. A few emulation
results were contrasted against the corresponding three station simulation results with amazing agreement;
it was shown that both exhibit the same behavior over the factor levels used in the experiment. In fact, a
paired-difference Student’s t-test clearly supported the hypothesis that both systems are the same. This

means the CATER and IEEE 802.11 models have been validated, and, therefore, the detailed simulation
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described in Chapters 5 and 6 is an accurate representation of an actual wireless LAN running CATER and
IEEE 802.11!
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Chapter 8. Conclusions and Recommendations

To infinity ... and beyond!!
—Buzz Lightyear, 1995, Walt Disney Pictures “Toy Story”

Everything that can be invented has been invented.

—Charles H. Duell, Commissioner, U.S. Office of Patents, 1899

This research effort examined the development and evaluation of a wireless local area network
medium access control protocol caled CATER. Designed for robustness, CATER improves throughput
of an ad hoc LAN via adaptively varying the PN code length used for frame transmissions. Simulation
models have been developed and simulated to verify performance improvements as well as provide a
means to perform trade-off anayses. CATER was also emulated on a wireless LAN testbed to validate
simulation results. This chapter chronicles the work performed during this dissertation as well as

highlights significant achievements and extensions to the existing body of knowledge.

8.1 Summary of Research

Chapter 1 provided an introduction to the problem under investigation. Specificaly, the
importance of providing a reliable link between communicating wireless LAN stations was discussed.
With the move towards more ubiquitous computing and mobility, wireless stations will be required to
operate in often hostile environments suffering from various interfering phenomena such as multipath.
The development of smaller computing devices as well as the increase in their applications drives the
requirement for wireless LANSs that offer the same quality of service experienced by wired LANs. To
date, this quality of service is not available. This research extended the body of knowledge within this
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field by advancing wireless networking to a level of reliability historically reserved for their wired
counterparts.

Background information was provided in Chapter 2. Information pertinent to the development of
wireless LAN was presented. A complete understanding of wireless LANS first requires insight into the
operation and organization of wired LANS; this chapter provided thisinsight by presenting the OSI layered
model of LANs, LAN topologies, and medium access control techniques. Performance of the medium
access control techniques was presented and compared. It was seen that using a carrier sense mechanism
significantly improves network throughput. Moreover, adding a collision detection capability further
increases throughput. Collision detection is not always feasible; implementing a network using radios
renders the collision detection capability impractical. Therefore, another technique known as collision
avoidance is proposed by IEEE 802.11 to enhance throughput. Chapter 2 discussed this technique as
implemented by IEEE 802.11 as well as other nuances of its implementation. An enabling technology for
wireless LANSs is spread spectrum communication. Chapter 2 presented a brief overview of the specific
spread spectrum techniques used in this research effort. Specifically, characteristics of direct sequence
spread spectrum systems that enable them to perform in adverse conditions was discussed. Chapter 2
concluded with a discussion of related research efforts. It was found that although literature existed for
LANS, ascarcity existed for wireless LANs and their accompanying protocols.

The objectives of this research aswell as the methods used to attain these objectives were the topic
of Chapter 3. Following sound experimental procedures presented by Jain [Jai91], this chapter presented
ten steps to successfully complete an experimental evaluation of a computer system. Beginning with a
problem definition that included bounding assumptions for the network, this chapter delineated the scope
of the research. Research methodology was presented as well.

Chapter 4 provided the first glance at CATER. Its operation was described in detail in addition to
examples of the protocol in action. It was seen that CATER attempts to transmit frames using native
IEEE 802.11 until the connection between two stations becomes suspect. After a prescribed number of
failed transmission attempts, CATER reconfigures the link between the two stations and retransmits using
alonger PN code. The longer PN code increases the process gain at the receiver thereby increasing the
probability of successfully receiving the frame in question. It was shown that the use of the longer PN
code resulted in a decrease in the data rate available to the two stations and the indiscriminate use of the
longer PN code could actually exacerbate the situation. Chapter 4 postulated that by reconfiguring the link
between the two stations only after a prescribed number of retransmissions had already occurred, network

performance can improve.
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The simulation environment was presented in Chapter 5. This chapter discussed the simulation of
awireless LAN using native IEEE 802.11 and CATER as the underlying MAC protocols. Designer] was
identified as the smulation tool used to construct, simulate and analyze the two protocols. It was shown
that Designer(d used the propagation of data structures to mimic network traffic; these data structures were
presented and explained in this chapter. The actual wireless LAN simulation model was then presented
and explained in detail. The upper modules of the model’s hierarchy were then presented along with an
explanation of their general operation. Gilbert's two-state Markov chain model was introduced as the
mechanism used to simulate bursty errors on a wireless channel. Since reliable bit error characteristics
were not available for the channel in question, a sensitivity analysis was performed over the three Gilbert
model parameters. The TCP model was then presented. Round trip times were collected for each
successful frame and later analyzed using a spreadsheet designed to duplicate the timeout mechanism
within TCP with the intent of determining how many times TCP would timeout. Simulation parameters
were discussed and assigned values followed by system factors. Aggregate throughput was identified as
the response variable to be maximized. Model verification and validation efforts were then discussed.

Chapter 6 presented the results of the simulation phase of this research effort. It was shown that
CATER performed better than standard IEEE 802.11 when considering the dynamic nature of wireless
links. Aggregate throughput for a wireless LAN was improved when using the CATER protocol. This
was demonstrated using both static BERs and dynamic BERs. In addition, this chapter demonstrated that
CATER does not allow asymmetric use of the channel; all stations were allowed a fair share of the
medium. The behavior of TCP was shown to be acceptable when using CATER; TCP retransmissions
were kept to a minimum (less than 3 percent of the time for worst case). Simulation results indicated that
CATER offers a substantial improvement in aggregate throughput during periods of high BER while
suffering only a slight decrease in throughput during periods of low BER. It was shown that CATER
offers an alternative to the rigid IEEE 802.11 standard and promises a more robust protocol. When
optimally configured, CATER offered normalized aggregate throughput of 14 percentBREEB802.11
failed!

Chapter 7 discussed the emulation used to validate the simulation results. This chapter presented
the emulation environment as well as the results of emulating the CATER and IEEE 802.11 protocols on
the testbed. The emulation model was discussed which included the use of UDP packets. The reasoning
behind the two station emulation environment was then discussed followed by the implementation details

of frame errors and the frame data structure. The general operation of the emulation program was then
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presented. Emulation parameters and factors were presented along with the response variable—
normalized aggregate throughput. Several model verification techniques and how they were used to verify
the model’'s code were discussed. An explanation of validation configurations was explained. Emulation
results were contrasted against the corresponding three station simulation results with amazing agreement;
it was shown that both exhibit the same behavior over the factor levels used in the experiment. In fact, a
paired-difference Student’s t-test clearly supported the hypothesis that both systems are the same thereby

validating the simulation!

8.2 Research Results

This research effort has developed and evaluated a novel medium access control protocol for
wireless LANs designed to enhance the proposed IEEE 802.11 standard. Two evaluation techniques were
used to determine the merit of CATER—simulation and emulation. This section presents the conclusions
gathered from the two techniques.

By way of simulation, it is shown that CATER does, in fact, provide a more robust protocol than
standard IEEE 802.11. Executing extensive simulations over all possible combinations of enumerated
factors yielded a complete sensitivity analysis. Before a comparison was made #®&edn and
CATER, optimal values foftart and Max were derived using the sensitivity analysis. It was found that
settingStart to 5 andMax to 6 yields near optimum performance for the network under investigation.
These two values were used throughout when a comparison was made between the two protocols. Given
the network configuration described in Chapters 3 and 5, it was shown that CATER increased aggregate
throughput by273 percent when operating at high BERs (between 0.0002 and 0.01 inclusive) while
experiencing only a slight decrease (6.6 percent) in aggregate throughput for low BERs (b&i@@eh 0.
and 0.0001 inclusive). In fact, instead of no tlyloput using standa@D2.11, CATER supported up to
14 percent of channel capacity—a substantial improvement for BERs up. to 10

The preceding analysis was performed using static BERs. This research effort also considered
how the protocols would perform under a more bursty source of bit errors as generated by a Gilbert model
of a wireless channel. It was shown that both protocols behaved similar to the static BER situation.

System fairness was also demonstrated via simulations. By monitoring the packet numbers sent to
the channel by each station, it was shown that CATER exhibited fairness amongst all stations. The
coefficient of variance was found to be small for all simulations implying the number of packets

transmitted by each station over time was approximately equal.
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Retransmissions at the transport layer were investigated. It has been shown that retransmissions
by TCP were not significantly increased when using CATER instead of standard 802.11; in fact, it was
shown that CATER experienced the same or fewer TCP timeouts and retransmissions in all cases except
one. It was shown that the ratio of the number of TCP timeouts to the total number of TCP calculations is
less than three percent!

Emulations were used to validate the simulation with excellent results. Implemented on a real
testbed and transmitting real frames, the emulation demonstrated a remarkable correlation with the

simulation results.

8.3 Recommendations for Future Research

This research effort has extended the knowledge base of wireless local area networks and the
protocols used to control the same. A novel, adaptive medium access protocol has been developed that
significantly improves the robustness of wireless LANs. This work has been the first to examine the
opportunistic use of the physical layer and the medium access control layer within awireless LAN.

Although notable, the work presented in this dissertation is by no means a panacea to al the
challenges presented by wireless networking. While this work has heightened the wireless LAN
communities understanding of IEEE 802.11 and how to improve it, extensions and adaptations to CATER
could prove valuable. During the course of this research effort, additional areas of investigation have
presented themselves but have fallen outside the scope of this effort. It is recommended that the following
research areas be investigated to advance the understanding of wireless LANS.

1. Develop afully operational wirdless LAN testbed and anayze the performance of CATER
using spread spectrum transceivers in various locations within Whittemore Hall. This effort would
provide further insight into the performance of the protocol.

2. Develop a demonstration program for use on the wireless LAN testbed to accentuate the
advantage of using CATER when the network is experiencing excessive bit errors. The program would
provide real time feedback during the course of moving stations around an area.

3. Investigate the impact of forward error correction on IEEE 802.11. As currently proposed
802.11 does not provide for forward error correction. This effort could determine if incorporating an
error correction code isfeasible and, if so, at what level should it be implemented.

4. Investigate an alternative source of bit errors within the ssimulation. The dynamic error model

in this research effort was based on a two state Markov chain. Other models exist and could be used to
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generate the bursty error patterns for the simulation. Also, empirical bit error data could be obtained and
incorporated into the simulation.

5. Develop aclosed form solution or another technique to determine the values of Start and Max
given a specific network topology.

6. Analyze the behavior of CATER and 802.11 when confronted with a large number of stations.
Examine how both protocols handle the increased demand on system resources.

7. Examine the impact of CATER on an infrastructure network configuration. CATER is
designed to strengthen 802.11 running over an ad hoc network. There are issues needing resolution before
CATER will offer an infrastructure network the same improvements asan ad hoc network. For example,
how areconfigured station behaves using the point coordination function is not completely known.

8. Investigate the impact of using alternative PN code lengths.

8.4 Conclusions

This dissertation encapsulates a major improvement in the performance of wireless networking by
augmenting the existing body of networking knowledge. By providing more robust connectivity, the
CATER protocol enhances the proposed IEEE 802.11 to the point that CATER maintains viable wireless
links at times when 802.11 fails. Furthermore, CATER does not adversely impact the TCP transport
protocol. In fact, CATER’s performance with regard to TCP timeouts was superior to 802.11 in 16
percent of the test cases.

The results of this dissertation have been published in two papers. A portion has been published
in the proceedings of tHEEE International Conference on Communications [MuD97a] and presented at
the conference. The selection rate for this conference was approximately 43 percent. In addition, this
work has been accepted for publication in the Association for Computing Machinery’s journal titled
Mobile Computing and Communication Review [MuD97b].

Although primarily targeted to LANs, the techniques and protocols developed do not limit
themselves to this environment. Other wireless communication systems that utilize a two way direct
sequence spread spectrum channel can benefit from this research as well. In this regard, this research has
extended the research community’s understanding of LANs in general such that wireless LANs can be
viewed as a viable alternative to conventional terrestrial-based LANs in their quest to satisfy one of

mankind’s fundamental needs—communication.
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Appendix A. Simulation Modules

This appendix is a compilation of simulation modules that are not shown in Chapter 5. The
modules are presented in alphabetical order with the first figure providing a hierarchical breakdown of the

modules. Chapter 5 describes the modules.
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10 Stations
Channel Control
Initialize and Wrapup
Wireless Workstation Component
Traffic Source
Switchable Poisson Pulse Train
Simple 802.11 FIFO
802.11 MAC
Accept Frame from Channel
Purge Initial Collided Frame
Carrier Sense and DIFS Control
Frame Transmission Delay
Check PN Code
Addressed to Me?
Check Frame Error
Control
Discriminate Type
Data Received
Transmit ACK
ACK Received
Transmit Reconfigure ACK
Cancel Data Timer if Active
Transmit Data
Convert MA_DATA.req to Frame
In Reconfigure?
Reconfigure Control
Create Reconfigure
Backoff
Compute Backoff Time
Round to Nearest Slot Time
ACK Wait
Compute ACK Timeout Period
Discriminate Type
Transmit
Frame Transmission Delay
Discriminate Type
Check for Collisions

Figure A-1. Simulation Module Hierarchy
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ACK Received [ 8-Nov-1996 13:42:45 ]
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Figure A-2. ACK Received Simulation Module

ACK Wait [ 8-Nov-1996 13:42:56 ]
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Figure A-3. ACK Wait Simulation Module
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Addressed to Me? [ 8-Nov-1996 13:43:11 ]
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Figure A-4. Addressed to Me? Simulation Module
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In Order D>
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Time Jay
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Memon

Figure A-5. Backoff Simulation Module

Cancel Data Timer if Active [ 8-Nov-1996 13:43:36 ]

(T) Timer Active

i Cancel
> 1> > Residual > >02? Llg Data Timer
Time A

TE Data Timer L

Write Station “
> PN Code Length Dt
Memory

TM Station PN Code Length

Figure A-6. Cancel Data Timer if Active Simulation Module
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Carrier Sense and DIFS Con

trol [ 8-Nov-1996 13:43:51 ]

Frame In 1 Medium Busy (Carrier Present) :’_( Wite H Cancal ‘ ‘ DIFS Alarm > Write 9{_,
> Bxeae T, B 1P pies memory I 1P biFs Alarm Active DIFS Memory
n Order TW DIES
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TM Station PN Code Length

M carrier Sense
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1P DIFS Time
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> InOrder P DIFS Alarm
4 e

Set DIFS

DIFS Alarm

End of Frame

Write PN Code
~ LengthStable 5
During Frame

Memory

M PN Code Length Stable During Frame

Beginning of Frame

Figure A-7. Carrier Sense and DIFS Control Simulation M odule

Channel Control [ 8-Nov-1996 13:44:02 ]

Initialize > | Number of Rows

Simple
Counter

I

and Wrapui
¥M Channel Control Matrix
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1
Execute l2

In Order >

In Order 13
3 >
RMatrix Source ‘ © ‘ Write Bit
Mem Access > > Local > > Truncate ™ Error Source B
A A Mem Memon

™ Bit Error Source Memory

; _ eal

Col

—
RMatrix ‘ Desination ‘ ) ‘ Write Bit

Mem Access > > Local > > Truncate > > Error Destination B
A A ‘ ‘ Mem ‘

{'™M Bit Error Destination Memory

Figure A-8. Channel Control Simulation Module
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Check for Collisions [ 8-Nov-1996 13:44:13 ]

TM Channel Memory

T
XE“ Read Channel -1 |,  Select Latest
Memon

Time Transmitted

T
Switch Dl:
> A SE
R==

F
I;DS > A >
B TNow>

Frame
Length >

Write Collision
Occurred
Memon

M Collision Occurred

Frame Out

Insert

F
Frame [ [ps [
Length > > Length >
A

Frame

Figure A-9. Check for Callisions Simulation M odule

Check PN Code [ 8-Nov-1996 13:44:39 ]

Select

|>DS

Frame out

o]

> Length Stable ]
During Frame
Memory

M PN Code Length Stable During Frame

Frame T
: Switch DFD PN Code
> \D N Length >
Read PN Code 4

> Swich El
> 'Z: >
Read Station

PN Code Length [
Memory

1M Station PN Code Length

Figure A-10. Check PN Code Simulation Module

Compute ACK Timeout Period [ 8-Nov-1996 13:44:54 ]

TP SIFS Time
. PLCP Preamble I+ Intto RI SIFS R* R+ ACK Timeout Pertod
@7#@ Length > DA > > Real > DA D‘“‘{@ Time > DA > DA >
P PLCP Preamble Length , ‘

ACK Frame
> Length >

TP ACK Frame Length

Chipping
P Rate >
{P Chipping Rate

Read Station

PN Code Length >
Memory
TM Station PN Code Length

Figure A-11. Compute ACK Timeout Period Simulation Module

160




Compute Backoff Time [ 8-Nov-1996 13:45:13 ]

e Select Number >]8°
[> mtio ]
> of Backoffs > > Intto e
[ Real |
v v Rmin
B > > > > > N >
e v =
Scwmax™>
P cwmax
Intto o Backoff Time
> Real >

TP Slot Time

Figure A-12. Compute Backoff Time Simulation Module

Convert MA_DATA.req to Frame [ 8-Nov-1996 13:45:47 ]
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VA DATAreq os Select D P Length >F
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Address > Address
TCP/IP and
> MAC Overhead >

Bits

=] > > Insert D D o> osert > > Insert D> > Insert [
Frame Source
Address Address ‘ Data Data Length
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> Insert > of Transmissions ~ >111> of Backoffs > > PPV > > frame > Gene > >
Frame A A ‘ YK
Length A
D TNowD>

5 Simple
]
° Counter >

Figure A-13. Convert MA_DATA.reg to Frame Simulation Module
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Create Reconfigure [ 8-Nov-1996 13:45:59 ]

Select
> Source
Address

Frame

TP Reconfigure Frame Length

Reconfigure [~
Frame Length

~  Select Destination >
Address >

v v Y
> Insert Destination > > lsnguege > > ::nrsae"r]te >
Address Source Frame T
Insert Insert Frame Reconfigure Fi
b o Trangmissons > b Frame oL b Generatin ccontgreFrame
Type Time
2 I

B TNow>

Figure A-14. Create Reconfigure Simulation Module

Data Received [8-Nov-1996 13:46:08 ]

Accept first copy only

Write MPDU

RS
> Select Bl e dare H Coerce MA_DATAreq o] 547"
mb MA_DATA.req P> toMA DATAnd >

Received Data Frame:
>

Data Frame
>

Execute >
> InOrder >
3 [

Read MPDU
DD Cache D>
Memon

Cancel
Data Timer

TE Data Timer
Send ACK

Figure A-15. Data Received Simulation M odule

162



Discriminate Type

[ 8-Nov-1996 13:46:21 ]

T Data
bs S== Switch >
Input Frame Select & > Data >R
D——> Frame ~JF JAN
Type |
. ACK
S== Switch > >
|
Reconfigure
S==Switch > >
> Reconfigure . |§
A
|
- Reconfigure ACK
S== Switch >
L~ Reconfigure
ACK N;
A

|

Figure A-16. Discriminate Type Simulation Module

Frame Transmission Delay

[ 8-Nov-1996 13:46:54 |

Frame to Delay

Ds
DS Select >

Select > PN Code

Frame [ |F Length

Length

TP PLCP Preamble Length

TP

Chipping Rate

Abs
> Delay D7
A

Figure A-17. Frame Transmission Delay Simulation Module
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Initialize and Wrapup [ 8-Nov-1996 13:47:20 ]

Open
O B e

. Close Channel
Control
File

= > Execute >

Read File In Order >

"~ (INTEGER) B
[M] Channel Control Matrix Pointer
TP Channel Control Matrix File

M Channel Control Matrix

Write Channel
Control Matrix

v

> Local >
Mem

Number of Rows

Figure A-18. Initialize and Wrapup Simulation Module

In Reconfigure? [ 8-Nov-1996 13:47:07 ]

Frame

In Reconf

Switch L——>
> A S

. Read Station == N;Lnn Reconf
= PN Code > >N P
Length

{™M Station PN Code Length

. PN Code
Length
max

{P PN Code Length max

Figure A-19. In Reconfigure? Simulation Module

Purge Initial Collided Frame

[ 8-Nov-1996 13:47:38 ]

Read Collision
B Occurred
Frame Memory
\Y
Select D ——> Not BF—> >
Collision  >{°5 And ] Frame OK
7 Vv D'T4i>
Switch >r*

{'M Collision Occurred

Figure A-20. Purge Initial Collided Frame Simulation Module

164




Round to Nearest Slot Time [ 8-Nov-1996 13:48:04 ]

Real Number

Try to remove roundoff error

TP Slot Time

Nearest Slot Time

Figure A-21. Round to Nearest Slot Time Simulation Module

Simple 802.11 FIFO [ 8-Nov-1996 13:48:19]

Queue Stats

Read Active
Queue Stats > >

FIFO Queue Memory
I
Stats N
Queue Input P Initial Queue State
>— > Queue Output
t > General DP——> TP Maximum Queue Size
’ > Queue
Iconst > rD D>le
IANNNNN
) s
Queue Overflow g
Reporter
Iconst P
Clear to Send

Figure A-22. Simple802.11 FIFO Simulation M odule
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Switchable Poisson Pulse Train [ 8-Nov-1996 13:48:36 ]

{'P Number of Stations TP Stop Time

TP Init Time

TNow >te Output Pulses

I <Number 1T

> >= D
> Fixed > > of Stations ; param °
Abs Dela ? 3 -
A >
<]Abs 4

s Station Delay

Address A

{P station Address L Expon

< Rangen €
- Param

P Mean Inter-Pulse Time

TP Seed

Figure A-23. Switchable Poisson Pulse Train Simulation Module

Traffic Source [ 8-Nov-1996 13:49:04 |

Insert :
Switchable Create | Source Insert Destination
Poisson B ® va DATAreq ” > Rddress = Address
Pulse Train A A

P Number of Stations
TP Mean Interarrival Time

Source
Address >
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Source Imod
i Address DD A >
Number
> of Stations >

S
" Select > Write Number
Insert g'o'gqi [ am— T >E  of Frames Sle
> FIFO in Queue in Queue
a > Memory
TM Number of Frames in Queue
fP Maximum Queue Size MA_DATAreq

P Packet Length

Select Packet
Generated >
Time

Select
Transmit
Status >

MA_DATA conf
>

Figure A-24. Traffic Source Simulation Module
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Transmit ACK

[ 8-Nov-1996 13:49:27 ]

Select Data >
Declare Coerce
Received Data Frame Fixed Select > P MA DATAreq DHD 1oMA DATAreq P gr?ricel;el Generation >t Dediare )
> SIFs B > Source
Dela Address
TP SIFS Time I
v N TP _Station Address
N Insert Data
D SiAe o> insert Destination > et a o Saton
Address D Time (for
ACK frame) v
> Insert >l
Source
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TP ACK Frame Length
ACK Frame
P Length =
1
L \ v . Insert Number :Qrze;;‘e Insert Frame ACK Frame
nsert
> peert > of T s B > Types > Gere > >
Length A A
B AckD> B TNow >

Figure A-25. Transmit ACK Simulation Module

Transmit Reconfigure ACK

Received Frame

[ 8-Nov-1996 13:49:59 ]
Write Additional
Frames to
Eyealﬁfés to > > Receive During  Br*
Transmit During >[os siﬁﬁg‘flgme
Reconfigure =mory » )
M Additional Frames to Receive During Reconfigure

s TP Station Address

> Fixed > Select 5 Staton
Sleﬁg /S\SSISZS > Address TP Reconfigure ACK Frame Length
TP SIFs Time v
Reconfigure
> Insert Destination > > 'S"gsr'ée > ACK Frame D>
Address Len:
Address
v
> Insert >
Frame
Length

>

Reconfigure ACK Frame

Insert Insert Frame
\(;w'sen Number > Frame > G on >
A Type Time
A
Recanfigure 1>

Figure A-26. Transmit Reconfigure ACK Simulation Module
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Appendix B. Aggregate Throughput Surface Plots for Simulation Data

This appendix contains the aggregate throughput surface plots for data gathered on the 10 station

simulation. An explanation of these plotsisfound in Chapter 6.
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Aggregate Throughput with Start=3 and Max=6

Aggregate Throughput with Start=3 and Max=8
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3for 10 Station Simulation

FigureB-1. Aggregate Throughput with Start
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Aggregate Throughput with Start=4 and Max=6

Aggregate Throughput with Start=4 and Max=8

tart=4 and Max=10

Aggregate Throughput with Start=4 and Max=0

Aggregate Throughput with Start=4 and Max=2

Aggregate Throughput with Start=4 and Max=4

ndybBnouyy arehaibby

4 for 10 Station Simulation

FigureB-2. Aggregate Throughput with Start
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Aggregate Throughput with Start=5 and Max=6

Aggregate Throughput with Start=5 and Max=8

Aggregate Throughput with Start=5 and Max=10

Aggregate Throughput with Start=5 and Max=0

indybBnouyy arebaibby

Aggregate Throughput with Start=5 and Max=2

indybBnouyy a1ebaibby

Aggregate Throughput with Start=5 and Max=4

ndybBnouyy arehaibby

5for 10 Station Simulation

FigureB-3. Aggregate Throughput with Start
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Aggregate Throughput with Start=6 and Max=6

Aggregate Throughput with Start=6 and Max=8

Aggregate Throughput with Start=6 and Max=10

Aggregate Throughput with Start=6 and Max=0

indybnouiyy arebaibby

Aggregate Throughput with Start=6 and Max=2

ndybnouyy a1ebe1bby

Aggregate Throughput with Start=6 and Max=4
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6 for 10 Station Simulation

Figure B-4. Aggregate Throughput with Start
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Aggregate Throughput with Start=7 and Max=6

Aggregate Throughput with Start=7 and Max=8

Aggregate Throughput with Start=7 and Max=10

Aggregate Throughput with Start=7 and Max=0

Aggregate Throughput with Start=7 and Max=2

Aggregate Throughput with Start=7 and Max=4

indyBnouy] ayehalbby

7 for 10 Station Simulation

Figure B-5. Aggregate Throughput with Start
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Aggregate Throughput with Start=8 and Max=6

Aggregate Throughput with Start=8 and Max=8

Aggregate Throughput with Start=8 and Max=10

Aggregate Throughput with Start=8 and Max=0

Aggregate Throughput with Start=8 and Max=2

Aggregate Throughput with Start=8 and Max=4

8 for 10 Station Simulation

FigureB-6. Aggregate Throughput with Start
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Aggregate Throughput with Start=9 and Max=0

Aggregate Throughput

Aggregate Throughput with Start=9 and Max=6

Aggregate Throughput

Aggregate Throughput

ughput

Aggregate Throl

ughput

Aggregate Thro

FigureB-7. Aggregate Throughput with Start=9 for 10 Station Simulation
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Appendix C. Relative Confidence Interval Half Widths for 10 Station

Simulation Data

This appendix contains all relative confidence interval haf width tables for the 10 station

simulation. An explanation of the these tablesis found in Chapter 6.
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Relative Confidence Interval Half Widths for Start =3

Table C-1. Relative Confidence Interval Half Widthsfor Start=3 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.759136

2.814589

2.874153

2.757621

4.980026

0.3

3.859965

3.859965

2.482929

4.702612

2.619931

0.649541

1.904545

0.5

2.340103

2.365847

3.948412

3.816846

1.731569

1.257758

2.847065

0.7

2.118679

1.969644

2.725683

3.198647

1.514357

1.548119

3.103756

0.9

2.147969

2.336103

4555127

3.928625

1.510161

1.349706

4.000359

Table C-2. Relative Confidence Interval Half Widthsfor Start=3 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.778577

3.01407

2.965898

2.9316

6.805012

0.3

3.859965

3.859965

2.108535

8.035825

6.072892

3.866819

3.919979

0.5

2.340103

2.374573

7.297989

5.461886

7.020377

2.078392

4.042493

0.7

3.717091

3.147277

7.204689

6.056361

7.021947

2.803749

4.413003

0.9

3.748645

7.145951

6.499947

5.358524

1.703721

3.323922

3.905573

Table C-3. Relative Confidence Interval Half Widthsfor Start=3 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.778577

2.917026

2.984793

3.043343

5.621137

0.3

3.859965

3.859965

5.114376

5.823101

2.589955

4.273885

3.648554

0.5

2.340103

2.659036

5.729706

4.651264

6.620524

5.037009

4.27904

0.7

3.158425

3.791254

7.121188

8.092392

2.10686

1.613114

6.683406

0.9

4.568712

4.99712

5.692519

6.490756

5.411549

7.407358

4.554035
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Table C-4. Relative Confidence Interval Half Widthsfor Start=3 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.778577

2.917026

2.984793

3.043343

5.621137

0.3

3.859965

3.859965

6.498055

4.323437

2.510408

3.008262

5.327997

0.5

2.340103

2.330751

8.013547

5.234106

9.556902

3.633685

5.129038

0.7

6.78636

7.086877

14.45224

10.20967

6.429866

2.423073

5.532521

0.9

7.428794

10.67188

9.537314

5.187972

7.370083

7.820658

4.175959

Table C-5. Relative Confidence Interval Half Widthsfor Start=3 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.778577

2.917026

2.984793

3.043343

5.621137

0.3

3.859965

3.859965

4554571

4.83327

8.459072

3.669317

4.152527

0.5

2.340103

2.586226

13.07463

8.460131

10.16414

4.568443

5.694352

0.7

13.39003

7.679799

5.270072

8.96046

7.90125

3.722904

4.611987

0.9

8.778862

8.070395

12.50739

8.596709

8.217704

5.942973

6.446516

Table C-6. Relative Confidence Interval Half Widthsfor Start=3 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.778577

2.917026

2.984793

3.043343

5.621137

0.3

3.859965

3.859965

5.756024

5.094023

4.779064

2.26519

5.194811

0.5

2.340103

4.053421

6.791783

12.22245

13.4744

2.733453

3.830938

0.7

10.64967

5.773842

14.35508

14.74743

3.472562

6.471935

5.145223

0.9

10.30831

10.79939

10.58084

12.5065

8.803811

5.476803

4.11463
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Relative Confidence Interval Half Widths for Start=4

Table C-7. Relative Confidence Interval Half Widthsfor Start=4 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.814589

2.88384

2.75566

2.352283

6.288714

0.3

3.859965

3.859965

3.316869

4.275399

3.161521

1.217793

1.72667

0.5

2.321731

2.376656

4.535007

3.908991

2.861081

1.299837

3.175531

0.7

2.125526

1.414776

211414

4.456779

1.608708

0.737008

4.000934

0.9

1.568329

2.163898

2.709647

2.325972

2.404937

1.350242

3.956896

Table C-8. Relative Confidence Interval Half Widthsfor Start=4 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.801175

2.978896

3.017628

3.049353

4.540981

0.3

3.859965

3.864639

2.597543

2.710608

2.875773

3.666044

4.547579

0.5

2.321731

2.330036

2.913813

6.652986

2.980044

3.703629

7.225539

0.7

2.131992

2.782787

8.529635

5.382488

5.164806

1.806763

4.434473

0.9

1.251374

2.155907

2.757469

6.157392

1.869468

3.761592

6.166803

Table C-9. Relative Confidence Interval Half Widthsfor Start=4 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.801175

2.965898

3.032174

2.959709

4.809023

0.3

3.859965

3.864639

5.333088

6.365509

5.259227

1.287761

7.399607

0.5

2.321731

2.330036

6.703417

4.218395

5.328704

1.24632

6.285699

0.7

1.967189

5.859956

2.969669

3.362613

4.991838

2.831798

5.689876

0.9

3.638196

3.740624

13.99717

4.791446

3.168552

3.055798

5.849728
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Table C-10. Relative Confidence Interval Half Widthsfor Start=4 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.801175

2.965898

3.0293

2.959709

4.809023

0.3

3.859965

3.864639

3.423726

5.988258

5.11769

2.603499

7.046067

0.5

2.321731

2.330036

8.949959

8.57686

3.919367

1.786812

5.77857

0.7

1.611373

4.185778

10.44405

9.463276

3.727013

4.083838

8.067411

0.9

4.727507

4.732849

4.435926

5.492143

2.179822

3.970911

4.800825

Table C-11. Relative Confidence Interval Half Widthsfor Start=4 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.801175

2.965898

3.0293

2.959709

4.809023

0.3

3.859965

3.864639

5.575443

7.163171

7.278189

3.889704

8.441391

0.5

2.321731

2.330036

7.480881

2.340939

3.720401

4.060817

5.827667

0.7

1.505227

5.758222

6.972248

6.480989

8.616833

4.471792

5.989141

0.9

1.461226

5.307732

10.45536

10.3542

8.064581

2.756253

5.240807

Table C-12. Relative Confidence Interval Half Widthsfor Start=4 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.801175

2.965898

3.0293

2.959709

4.809023

0.3

3.859965

3.864639

9.312923

4.243154

6.778111

4.862808

6.193547

0.5

2.321731

2.330036

8.197338

5.23582

4.396652

3.94735

5.220606

0.7

1.345051

5.803168

3.479506

9.534504

7.291608

6.157577

4.500679

0.9

7.683147

3.907211

5.331803

4.55522

5.89905

447111

4491771
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Relative Confidence Interval Half Widths for Start=5

Table C-13. Relative Confidence Interval Half Widthsfor Start=5 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.830094

2.862384

2.326261

0.541654

6.738629

0.3

3.859965

3.864639

3.772167

3.533444

2.840249

1.72463

2.532407

0.5

2.321731

2.345041

1.896652

3.4447

3.776904

0.874944

2.820532

0.7

2.114586

1.748725

5.007351

3.268819

1.397826

1.720047

3.205117

0.9

0.452653

2.202526

2.955798

2.596573

4.718796

1.244865

1.318272

Table C-14. Relative Confidence Interval Half Widthsfor Start=5 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.804292

2.972986

3.011807

2.976282

4.766304

0.3

3.859965

3.864639

2.842138

4.246187

1.260641

2.949838

7.473633

0.5

2.321731

2.345041

3.292188

9.76585

4.732108

1.070428

5.24917

0.7

2.113806

1.408239

4.897033

3.586715

0.448833

1.451447

7.69173

0.9

1.059376

2.483507

5.325782

2.257017

3.681462

2.060571

5.048375

Table C-15. Relative Confidence Interval Half Widthsfor Start=5 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.804292

3.023455

2.994211

3.061205

6.532174

0.3

3.859965

3.864639

1.994793

4.663689

4.621153

2.520571

6.88297

0.5

2.321731

2.345041

5.838745

5.086848

3.408901

2.539437

7.374602

0.7

2.120178

2.147596

3.346965

3.147225

4.58803

4759958

5.484312

0.9

2.166386

5.803446

6.190537

6.147846

2.563317

3.052493

8.507319
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Table C-16. Relative Confidence Interval Half Widthsfor Start=5 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.804292

3.023455

2.994211

3.045432

6.532174

0.3

3.859965

3.864639

2.910448

3.662455

3.905667

6.522376

7.719049

0.5

2.321731

2.345041

5.033351

8.28736

3.670056

3.05367

8.764167

0.7

2.162536

2.765611

6.389558

5.089841

3.618376

1.815118

7.604177

0.9

3.349329

3.550318

5.797921

5.39132

5.703672

4.414164

6.450789

Table C-17. Relative Confidence Interval Half Widthsfor Start=5 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.804292

3.023455

2.994211

3.045432

6.532174

0.3

3.859965

3.864639

4.998148

2.69483

7.3752

2.328029

3.816877

0.5

2.321731

2.345041

7.814582

6.426706

6.12914

3.38587

6.796803

0.7

2.136272

2.298311

8.280093

5.891138

2.942764

5.219747

7.275011

0.9

1.964711

2.076219

7.829724

5.635541

8.563282

4.941764

6.967088

Table C-18. Reative Confidence Interval Half Widthsfor Start=5 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.804292

3.023455

2.994211

3.045432

6.532174

0.3

3.859965

3.864639

4.243095

5.310385

541321

3.996614

4.850222

0.5

2.321731

2.345041

4.381408

6.842353

4.345282

1.657768

5.127148

0.7

2.136272

3.206433

4.53917

5.470042

4.951184

3.633014

8.870105

0.9

2.363217

4.608188

5.96039

2.860007

5.504583

1.842625

4.411704
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Relative Confidence Interval Half Widths for Start =6

Table C-19. Relative Confidence Interval Half Widthsfor Start=6 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.804292

2.901276

1.557484

1.64412

2.791967

0.3

3.859965

3.864639

3.592024

1.288311

2.393757

1.312839

5.626032

0.5

2.321731

2.345041

1.008601

4.983868

1.787611

2.134341

8.596428

0.7

2.114586

1.855919

2.323473

2.00185

2.075088

1.376452

5.16014

0.9

1.034079

0.829925

4617777

2.130271

2.923624

0.964892

4.496368

Table C-20. Relative Confidence Interval Half Widthsfor Start=6 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.830094

2.949294

2.969885

3.297092

10.55632

0.3

3.859965

3.864639

3.326138

1.591471

3.21338

1.461529

7.133725

0.5

2.321731

2.345041

1.920798

2.031952

3.218891

1.741147

6.825886

0.7

2.114586

1.474489

3.604649

2.584386

3.869429

1.19593

7.739739

0.9

1.254445

1.900957

6.511831

2.333156

2.763749

1.384785

10.8166

Table C-21. Relative Confidence Interval Half Widthsfor Start=6 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.830094

2.949294

2.87604

2.725321

7.885865

0.3

3.859965

3.864639

2.36527

2.134986

3.346165

2.858062

7.653034

0.5

2.321731

2.345041

2.653021

3.886331

4.334245

1.968134

9.309533

0.7

2.114586

1.281324

5.42919

2.754825

2.278793

2.894449

9.899042

0.9

1.60077

2.239438

7.393733

4.859636

5.265545

2.083096

9.226804
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Table C-22. Relative Confidence Interval Half Widthsfor Start=6 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.830094

2.949294

2.984766

2.773065

7.885865

0.3

3.859965

3.864639

1.963646

6.5597

3.821529

2.931601

7.495676

0.5

2.321731

2.345041

1.868154

2.799136

3.991319

3.573372

6.873905

0.7

2.114586

1.741566

6.055463

4.605625

1.537442

2.261776

5.95025

0.9

1.605768

2.043987

5.403329

3.545372

2.273053

4.208128

7.541184

Table C-23. Relative Confidence Interval Half Widthsfor Start=6 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.830094

2.949294

2.984766

2.773065

7.885865

0.3

3.859965

3.864639

3.099955

2.910921

3.58056

5.850243

5.31549

0.5

2.321731

2.345041

2.8706

3.936263

4.019832

1.219218

8.345962

0.7

2.114586

1.439144

6.690157

2.504727

0.840942

2.839452

4.274318

0.9

1.804708

2.522968

3.611957

4.442239

4.270488

2.001589

5.287042

Table C-24. Relative Confidence Interval Half Widthsfor Start=6 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.830094

2.949294

2.984766

2.773065

7.885865

0.3

3.859965

3.864639

2472834

1.383297

4.301586

5.585779

7.080173

0.5

2.321731

2.345041

7.354159

4.77222

3.185499

1.197545

9.598502

0.7

2.114586

1.439144

3.883803

55118

2.267122

3.351212

5.452613

0.9

2.547779

3.862191

3.295967

6.465988

5.704388

4.741999

5.932548
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Relative Confidence Interval Half Widths for Start=7

Table C-25. Relative Confidence Interval Half Widthsfor Start=7 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.815971

2.901951

1.44624

1.646673

11.22946

0.3

3.859965

3.864639

3.881582

3.023042

1.17308

0.969081

8.358278

0.5

2.321731

2.345041

2.818698

2465519

3.174641

0.975027

7.345754

0.7

2.114586

1.954401

4.767097

4.076817

3.818645

1.290811

5.521646

0.9

1.282669

1.635829

3.407894

2.824173

2.619073

0.723551

7.223587

Table C-26. Relative Confidence Interval Half Widthsfor Start=7 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.901951

3.061444

3.19866

11.61594

0.3

3.859965

3.864639

3.835067

2.556218

1.650705

2.13567

9.29317

0.5

2.321731

2.345041

4.632703

2.116752

3.298242

2.202192

8.467718

0.7

2.114586

1.820795

2.291606

1.649039

1.347662

2.182531

8.535611

0.9

0.867084

1.919039

5.540824

1.490028

1.38618

1.125078

5.946245

Table C-27. Relative Confidence Interval Half Widthsfor Start=7 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.927135

3.00014

3.079761

7.007801

0.3

3.859965

3.864639

3.726165

5.732202

2.125755

2448131

8.035934

0.5

2.321731

2.345041

4.108406

1.346229

4.49967

1.899819

12.68373

0.7

2.114586

1.877277

5.798122

3.229141

4.281353

2.618214

6.624101

0.9

0.57619

1.997786

7.047399

3.148566

1.667522

1.082589

8.511274
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Table C-28. Relative Confidence Interval Half Widthsfor Start=7 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.927135

3.05314

2.656414

10.415

0.3

3.859965

3.864639

3.126755

3.635085

4.722646

2.300398

7.779568

0.5

2.321731

2.345041

3.702457

4.190298

3.988205

1.488869

12.62044

0.7

2.114586

1.765572

4.120133

2.428647

2.737039

3.518411

8.130701

0.9

0.668627

2117731

3.97067

2.723703

2.239962

0.863752

6.763799

Table C-29. Relative Confidence Interval Half Widthsfor Start=7 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.927135

3.05314

2.688315

10.415

0.3

3.859965

3.864639

2.738153

2.701621

3.563504

1.920799

8.866666

0.5

2.321731

2.345041

2.255112

4.843657

4.155145

2.827

6.250063

0.7

2.114586

1.949623

2.706902

1.863746

4.527476

2.680649

8.002487

0.9

1.312248

2.296101

3.402833

2.393577

7.404466

3.936638

8.379151

Table C-30. Relative Confidence Interval Half Widthsfor Start=7 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.927135

3.05314

2.688315

10.415

0.3

3.859965

3.864639

3.456861

2.893222

2.466356

3.868723

9.904491

0.5

2.321731

2.345041

5.085412

4.044274

4.147809

1.227108

6.243889

0.7

2.114586

2.448249

6.807552

5.725654

4.304812

3.306499

5.951522

0.9

1.3592

2.367159

2.876819

4.715906

4.482856

3.826387

8.344696
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Relative Confidence Interval Half Widths for Start=8

Table C-31. Relative Confidence Interval Half Widthsfor Start=8 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.801175

2.945089

2570748

0.687372

13.20362

0.3

3.859965

3.864639

3.834401

3.439837

1.869264

0.814304

6.660256

0.5

2.321731

2.345041

2.831402

2.864664

1.545973

1.791515

9.794167

0.7

2.114586

1.668547

2.785444

1.910461

0.400835

1.345065

10.01946

0.9

0.637025

0.786243

1.846864

3.15506

3.108523

1.442334

6.02164

Table C-32. Relative Confidence Interval Half Widthsfor Start=8 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.852777

2.901951

2.788362

2.732949

6.281402

0.3

3.859965

3.864639

3.853161

3.059317

1.138225

1.966254

13.43905

0.5

2.321731

2.345041

0.783579

474778

3.129249

2.118801

12.70415

0.7

2.114586

1.668547

3.489567

2.293717

0.780134

1.54057

13.39201

0.9

0.542365

0.906368

3.860387

2.455505

1.159116

0.672584

12.81341

Table C-33. Relative Confidence Interval Half Widthsfor Start=8 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.852777

2.901951

2.854409

3.243449

6.409492

0.3

3.859965

3.864639

3.807304

4.185238

2.326771

2.354027

13.78809

0.5

2.321731

2.345041

3.321611

4.347788

2.881811

2.405431

12.51636

0.7

2.114586

1.668547

2.911451

3.281687

2.239536

2.480284

12.0944

0.9

0.533695

0.912272

3.339639

2.324887

2.843196

1.586101

10.75701
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Table C-34. Relative Confidence Interval Half Widthsfor Start=8 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.852777

2.901951

3.032076

3.44241

8.327678

0.3

3.859965

3.864639

3.906522

3.23582

2.263137

2.222478

7.450403

0.5

2.321731

2.345041

2.130649

2.502624

2415228

4.576925

12.93375

0.7

2.114586

1.668547

2.445604

3.686849

4.068612

2.841715

7.98286

0.9

0.554598

0.912272

3.206331

2.814544

1.999496

4.02657

8.081968

Table C-35. Relative Confidence Interval Half Widthsfor Start=8 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.852777

2.901951

3.032076

3.44241

8.072465

0.3

3.859965

3.864639

3.855588

4.621522

6.826545

1.079511

5.143988

0.5

2.321731

2.345041

1.568317

4.773332

3.959643

3.131722

7.445865

0.7

2.114586

1.668547

2.703508

1.602272

2.183353

3.098787

10.93372

0.9

0.925756

0.912272

2.027521

5.873714

2.701596

3.459679

8.376359

Table C-36. Relative Confidence Interval Half Widthsfor Start=8 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.852777

2.901951

3.032076

3.44241

8.072465

0.3

3.859965

3.864639

3.855588

4.747444

2.515889

2437534

8.074701

0.5

2.321731

2.345041

2.4442

4.166141

3.573693

3.695879

12.74547

0.7

2.114586

1.668547

4.632928

2112712

0.993596

2.795647

3.813422

0.9

0.723217

0.912272

3.111476

3.026412

2.341578

4.516229

10.84331
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Relative Confidence Interval Half Widths for Start =9

Table C-37. Relative Confidence Interval Half Widthsfor Start=9 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.91239

2.24797

1.637144

7.436636

0.3

3.859965

3.864639

3.867259

2.214051

1.772153

0.42347

9.975892

0.5

2.321731

2.345041

3.100628

1.837819

1.368899

3.530352

11.16654

0.7

2.114586

1.668547

2.407458

3.351634

1.709096

0.81986

4.001072

0.9

0.637219

0.810957

2.389456

2.111025

2.160457

1.582042

12.52525

Table C-38. Relative Confidence Interval Half Widthsfor Start=9 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.886351

2.078075

3.113148

14.67923

0.3

3.859965

3.864639

3.768919

2.888342

2.463122

1.896147

11.89903

0.5

2.321731

2.345041

3.147341

4.453335

1.740307

1.632445

10.87428

0.7

2.114586

1.668547

2.996843

3.608576

3.22512

1.920643

7.336702

0.9

0.603696

0.810957

2.604949

2.268025

2.344924

1.890748

7.549382

Table C-39. Relative Confidence Interval Half Widthsfor Start=9 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.870012

2.651793

4.339653

12.69312

0.3

3.859965

3.864639

3.880734

3.487587

2.011199

1.511146

12.31885

0.5

2.321731

2.345041

2.218237

0.9729

3.076509

1.574897

12.79015

0.7

2.114586

1.668547

2.609705

1.652065

4.069184

3.434734

11.83923

0.9

0.603696

0.810957

2.586775

1.721645

2.493838

1.495516

13.93682
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Table C-40. Relative Confidence Interval Half Widthsfor Start=9 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.870012

2.779984

2.619729

8.032077

0.3

3.859965

3.864639

3.732052

1412312

4.509824

0.993076

9.821632

0.5

2.321731

2.345041

3.614152

1.450047

1.782624

1.800391

10.37132

0.7

2.114586

1.668547

7.301847

2.214342

5.754032

2.763991

9.767805

0.9

0.606867

0.810957

2.934928

1.641057

1.823546

1.184135

14.74728

Table C-41. Relative Confidence Interval Half Widthsfor Start=9 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.870012

2.618816

3.79232

9.917422

0.3

3.859965

3.864639

3.250397

2.662682

2.639379

2.780571

9.694761

0.5

2.321731

2.345041

2.744078

1.997253

2.871254

2.255928

7.924946

0.7

2.114586

1.668547

3.973876

4.987701

2.620226

41771

12.58916

0.9

0.605208

0.810957

2.872323

2.277108

3.708391

3.237045

5.546515

Table C-42. Relative Confidence Interval Half Widthsfor Start=9 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

2.788829

2.788829

2.833184

2.870012

2.618816

3.79232

6.377824

0.3

3.859965

3.864639

3.798121

3.170895

1.686901

1.149447

8.202707

0.5

2.321731

2.345041

4.47894

1.159581

2.125156

2.115474

8.135275

0.7

2.114586

1.668547

2.802067

3.684895

2.955989

3.193582

11.1355

0.9

0.604451

0.810957

4.023778

2.388081

3.639007

3.4381

11.71553

190




Relative Confidence Interval Half Widths for IEEE 802.11

Table C-43. Relative Confidence Interval Half Widthsfor Standard |EEE 802.11
BER

Load | 0.00001 | 0.00002 | 0.0001 0.0002 | 0.001 | 0.002 0.01
0.1 |2.788829 | 2.788829 | 2.833184 | 3.878059 | N/A N/A N/A
0.3 | 3.859965 | 3.864639 | 3.864502 | 2.428413 | N/A N/A N/A
0.5 | 2321731 | 2.345041 | 2.110321 | 4.157128 | N/A N/A N/A
0.7 | 2.114586 | 1.668547 | 1.159154 | 2.967449 | N/A N/A N/A
0.9 |0.616318 | 0.810957 | 1.577222 | 3.446132 | N/A N/A N/A
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Appendix D. Difference Surface Plots for 10 Station Simulation Data

This appendix contains the difference surface plots for the 10 station smulation data. An

explanation of these plotsisfound in Chapter 6.
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FigureD-1. Difference Plotswith Start=3
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Figure D-2. Difference Plotswith Start=4
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Difference with Start=5 and Max=0

Difference with Start=5 and Max=6
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Figure D-3. Difference Plotswith Start=5
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Difference with Start=6 and Max=0

Difference with Start=6 and Max=6
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Figure D-4. Difference Plotswith Start=6
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Difference with Start=7 and Max=0

Difference with Start=7 and Max=6

0.2 0.2+
0.154 0.15
0.1 0.1
0.05+ 0.05
@ ©
s J g
2 0 T 7 — T T T <4 [ u —T
2 2
O 0051 9 0054
-0.14 0.1
-0.15 1 -0.15 -
0.7 g g
-0.24 01~ -0.24 01~
000001 0.00002 0.0001 0.0002 0001 0002  0.01 0.00001 000002 00001 0.0002 0001 0002  0.01
BER BER
Difference with Start=7 and Max=2 Difference with Start=7 and Max=8
0.2+ 0.2
0.15 0.154
0.1 0.1
0,05 0.05+
® ©
2 2
g o T T g 0 —
8 0,054 8 0051
0.1 0.1
-0.15 - 0154 -
0.7 g g
-0.2 01~ -0.24 01~
0.00001 000002 0.0001 0.002 0001 0002  0.01 000001 0.00002 0.0001 0.0002 0001 0002  0.01
BER BER
Difference with Start=7 and Max=4 Difference with Start=7 and Max=10
0.2+ 0.24
0.154 0.15-
0.1 0.1
0.05+ 0.05
@ @
£ g
g 0 - — 2 0 —
S 0,051 2 0,054
-0.14 0.1+
-0.151 -0.15
0.7 'pg 0.7 E
-0.24 01~ 0.2 01~
000001 0.00002 0.0001 0.0002 0001 0002  0.01 000001 000002 0.0001 0.0002 0001 0002  0.01
BER BER

Figure D-5. Difference Plotswith Start=7
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Difference with Start=8 and Max=0

Difference with Start=8 and Max=6
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Figure D-6. Difference Plotswith Start=8
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Difference with Start=9 and Max=0

Difference with Start=9 and Max=6
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Figure D-7. Difference Plotswith Start=9
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Appendix E. Aggregate Throughput Plots Using Dynamic Gilbert

Errors

This appendix contains all plots of aggregate throughput using Gilbert errors during simulations.
An explanation of the these plotsisfound in Chapter 6.
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FigureE-1. Throughput for Gilbert Errors (P=0.001, p=0.1, and 1- h=0.2)

Table E-1. Relative Confidence Interval Half Widths (P=0.001, p=0.1 and 1- h=0.2)

Start

Load 999 5
0.1 30.3978 2.965898
0.3 43.79042 5.889535
0.5 46.92217 5.168442
0.7 28.86788 4.444092
0.9 21.3159 4.323746
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Figure E-2. Throughput for Gilbert Errors (P=0.001, p=0.1, and 1- h=0.8)

Table E-2. Relative Confidence Interval Half Widths (P=0.001, p=0.1, and 1- h=0.8)

Start

Load 999 5
0.1 113.9602 2.841244
0.3 165.144 3.908838
0.5 87.03854 2.853758
0.7 95.34594 5.161551
0.9 23.68889 5.898512
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Figure E-3. Throughput for Gilbert Errors (P=0.0001, p=0.1, and 1- h=0.2)

Table E-3. Relative Confidence Interval Half Widths (P=0.0001, p=0.1, and 1- h=0.2)

Start
Load 999 5
0.1 2.801175 2.815971
0.3 3.850543 3.872324
0.5 1.812249 9.268892
0.7 0.75728 6.348609
0.9 0.894591 14.53871
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Figure E-4. Throughput for Gilbert Errors (P=0.0001, p=0.1, and 1- h=0.8)

Table E-4. Relative Confidence Interval Half Widths (P=0.0001, p=0.1, and 1- h=0.8)

Start
Load 999 5
0.1 2.815971 2.898997
0.3 3.853111 2.278654
0.5 1.407693 6.133835
0.7 1.140001 6.889448
0.9 0.850338 12.72144
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Aggregate Throughput for Gilbert Errors
using P=0.0001, p=0.01, and 1-h=0.2
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Figure E-5. Throughput for Gilbert Errors (P=0.0001, p=0.01, and 1- h=0.2)

Table E-5. Relative Confidence Interval Half Widths (P=0.0001, p=0.01, and 1- h=0.2)
Start

Load 999 5
0.1 2.788829 2.830094
0.3 3.789847 3.929062
0.5 1.27333 7.418787
0.7 0.998264 9.362855
0.9 0.980708 7.082594
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Aggregate Throughput for Gilbert Errors
using P=0.0001, p=0.01, and 1-h=0.8
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Figure E-6. Throughput for Gilbert Errors (P=0.0001, p=0.01, and 1- h=0.8)

Table E-6. Relative Confidence Interval Half Widths (P=0.0001, p=0.01, and 1- h=0.8)
Start

Load 999 5

0.1 2.852777 2.917026
0.3 3.745864 2.684568
0.5 1.160981 7.560735
0.7 0.976065 12.57306
0.9 2.258793 7.5716
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Figure E-7. Throughput for Gilbert Errors (P=0.000001, p=0.1, and 1- h=0.2)

Table E-7. Relative Confidence Interval Half Widths (P=0.000001, p=0.1, and 1- h=0.2)

Start
Load 999 5
0.1 2.788829 2.788829
0.3 3.859965 3.859965
0.5 2.333247 2.333247
0.7 2.155307 2.155307
0.9 1.59876 2.059451
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Aggregate Throughput for Gilbert Errors
using P=0.000001, p=0.1, and 1-h=0.8
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Figure E-8. Throughput for Gilbert Errors (P=0.000001, p=0.1, and 1- h=0.8)

Table E-8. Relative Confidence Interval Half Widths (P=0.000001, p=0.1, and 1- h=0.8)

Start
Load 999 5
0.1 2.788829 2.788829
0.3 3.859965 3.859965
0.5 2.333247 2.333247
0.7 2.15942 2.15942
0.9 1.618513 1.494554
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Aggregate Throughput for Gilbert Errors
using P=0.000001, p=0.01, and 1-h=0.2
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Figure E-9. Throughput for Gilbert Errors (P=0.000001, p=0.01, and 1- h=0.2)

Table E-9. Relative Confidence Interval Half Widths (P=0.000001, p=0.01, and 1- h=0.2)

Start

Load 999 5
0.1 2.788829 2.788829
0.3 3.859965 3.859965
0.5 2.333247 2.333247
0.7 2.140082 2.140082
0.9 0.460789 2.022315
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Aggregate Throughput for Gilbert Errors
using P=0.000001, p=0.01, and 1-h=0.8
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Figure E-10. Throughput for Gilbert Errors (P=0.000001, p=0.01, and 1- h=0.8)

Table E-10. Relative Confidence Interval Half Widths (P=0.000001, p=0.001, and 1- h=0.8)

Start
Load 999 5
0.1 2.788829 2.788829
0.3 3.859965 3.859965
0.5 2.333247 2.333247
0.7 2.152838 2.152838
0.9 0.729795 0.955339
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Aggregate Throughput for Gilbert Errors
using P=0.000001, p=0.001, and 1-h=0.2
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Figure E-11. Throughput for Gilbert Errors (P=0.000001, p=0.001, and 1- h=0.2)

Table E-11. Relative Confidence Interval Half Widths (P=0.000001, p=0.001, and 1- h=0.2)

Start

Load 999 5
0.1 2.788829 2.788829
0.3 3.859965 3.859965
0.5 2.333247 2.333247
0.7 2.163728 2.163728
0.9 0.744578 2.053075
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Aggregate Throughput for Gilbert Errors
using P=0.000001, p=0.001, and 1-h=0.8
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Figure E-12. Throughput for Gilbert Errors (P=0.000001, p=0.001, and 1- h=0.8)

Table E-12. Relative Confidence Interval Half Widths (P=0.000001, p=0.0001, and 1- h=0.8)
Start

Load 999 5
0.1 2.788829 2.788829
0.3 3.859965 3.859965
0.5 2.333247 2.333247
0.7 2.166257 2.166257
0.9 0.766264 1.005286
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Appendix F. System Fairness Plots

This appendix contains all plots pertaining to system fairness as described in Chapter 6.
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Figure F-3. System Fairnessfor Load=0.1, BER=0.0001, and Start=5
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Figure F-4. System Fairnessfor Load=0.1, BER=0.0001, and Start=999
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Figure F-6. System Fairnessfor Load=0.1, BER=0.00001, and Start=999
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FigureF-8. System Fairnessfor Load=0.5, BER=0.001, and Start=5
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Figure F-9. System Fairnessfor Load=0.5, BER=0.0001, and Start=5
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Figure F-10. System Fairnessfor Load=0.5, BER=0.0001, and Start=999
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Figure F-12. System Fairnessfor Load=0.5, BER=0.00001, and Start=999
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Figure F-13. System Fairnessfor Load=0.9, BER=0.01, and Start=5
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Appendix G. TCP Delay Plots

This appendix contains al plots of TCP delay. An explanation of these plotsis found in Chapter
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Appendix H. Comparison of Aggregate Throughput Surface Plots

This appendix contains a comparison of aggregate throughput surface plots. The emulation plots
are compared against the three station simulation plots. The graph on the left plots the emulation results,
and the graph on the right plots the simulation results. An explanation of these plotsisfound in Chapter 7.
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Appendix I. Relative Confidence Interval Half Widths for Emulation
Data

This appendix contains all relative confidence interval half width tables for the emulation data.
An explanation of these tablesisfound in Chapter 7.
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Relative Confidence Interval Half Widths for Start=3

Tablel-1. Relative Confidence Interval Half Widthsfor Start=3 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0.077499

0.155791

0.578851

0.698205

1.197556

2419381

0.3

0.032384

0.026547

1.087755

1.314532

1.055204

0.573462

3.891805

0.5

0.055245

0.179707

1.755922

2.856431

1.549506

0.803322

2.821177

0.7

0.313841

0.566987

1.368692

2.195756

0.523152

1.429872

7.788818

0.9

0.527841

0.553669

1.391934

2.133039

1.101261

0.547995

3.021143

Tablel-2. Relative Confidence Interval Half Widthsfor Start=3 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0.077555

0

0.123029

0.43981

0.455506

0.480898

3.56741

0.3

0.059148

0.106017

1.352938

2.103547

1.414196

1.034478

6.289234

0.5

0.179571

0.321234

2.384686

1.846729

0.72944

0.706264

4.572749

0.7

0.403343

0.536483

3.318656

1.403401

0.607884

0.823059

3.409833

0.9

0.579422

0.808189

4.035822

1.318157

1.373144

1.848732

8.089435

Tablel-3. Relative Confidence Interval Half Widthsfor Start=3 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.291352

0.386409

0.54122

0.244332

4.176932

0.3

0.064785

0.177884

1.595937

0.833833

1.331753

1.238262

3.817467

0.5

0.137964

0.431201

3.556295

1.880875

1.04954

1.831299

8.232548

0.7

0.225081

0.313588

2.365939

0.909637

1.503678

1.787725

5.141712

0.9

0.572112

1.332639

2.36827

1.456991

1.342987

0.845703

6.551131
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Tablel-4. Relative Confidence Interval Half Widthsfor Start=3 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.145782

0.230556

0.465681

0.568569

3.257725

0.3

0.032384

0.236044

1.169487

1.659718

1.120007

1.796308

4.396748

0.5

0.074672

0.307319

2.957058

2.191593

1.820243

1.166874

5.085188

0.7

0.123989

0.246218

1.804787

1.502156

1.175167

1.190977

6.78544

0.9

0.776573

1.978022

3.912263

1.151241

1.076438

1.20855

5.053225

Tablel-5. Relative Confidence Interval Half Widthsfor Start=3 and Max=8

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0.077555 | 0.145782 | 0.459918 | 0.631526 | 0.829459 | 4.19241
0.3 ]0.026455 | 0.132752 | 2.203957 | 0.607101 | 0.478659 | 1.984893 | 2.968589
0.5 | 0.179845 | 0.180625 | 2.646518 1.63 1.812553 | 1.37464 | 3.991689
0.7 | 0.48069 | 0.804201 | 1.106244 | 1.460784 | 1.224637 | 1.070384 | 5.457962
0.9 |0.550721 | 1.894039 | 1.420702 | 0.796933 | 1.388557 | 2.368549 | 3.398385

Tablel-6. Relative Confidence Interval Half Widthsfor Start=3 and Max=10

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0.077555 | 0.095402 | 0.458049 | 0.553808 | 0.514936 | 2.019849
0.3 | 0.05289 | 0.145423 | 2.189031 | 1.268142 | 1.631484 | 1.254141 | 3.259956
0.5 | 0.110558 | 0.241328 | 2.730364 | 1.270717 | 0.999997 | 0.392526 | 3.949815
0.7 | 0.376465 | 0.916448 | 1.695386 | 0.627962 | 1.137848 | 0.773192 | 5.252344
0.9 |0.718281 | 2.318155 | 4.021196 | 0.99618 | 1.533925 | 1.441307 | 3.89027
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Relative Confidence Interval Half Widths for Start=4

Tablel-7. Relative Confidence Interval Half Widthsfor Start=4 and Max=0

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.155507 | 0.376647 | 1.466667 | 1.099369 | 5.337102
0.3 0 0.052956 | 0.584891 | 2.1857 | 1.136201 | 1.11849 | 5.898439
0.5 ]0.053982 | 0.171408 | 0.744698 | 2.269683 | 0.50865 | 1.052318 | 4.97063
0.7 |0.325056 | 0.306599 | 3.938546 | 3.079946 | 0.276878 | 0.643871 | 4.020797
0.9 ]0.142826 | 0.595313 | 2.849988 | 4.40442 | 0.843415 | 1.34632 | 4.412797

Tablel-8. Relative Confidence Interval Half Widthsfor Start=4 and Max=2

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.233687 | 0.125316 | 0.494385 | 0.870111 | 6.270529
0.3 ] 0.026438 | 0.113999 | 1.391821 | 1.171976 | 1.195489 | 1.069862 | 8.942708
0.5 | 0.068108 | 0.213525 | 1.584916 | 2.511404 | 0.71164 | 0.773709 | 4.261144
0.7 ] 0.500937 | 0.479582 | 4.325155 | 1.8511 | 0.696138 | 1.09758 | 5.789592
0.9 |0.394101 | 0.871477 | 4.122498 | 1.155686 | 2.36901 | 1.17531 | 6.453097

Tablel-9. Relative Confidence Interval Half Widthsfor Start=4 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.145623

0.269473

0.540439

0.609701

5.162774

0.3

0.026438

0.077205

1.206607

1.842529

0.846931

1.457522

5.265218

0.5

0.054035

0.065833

3.240493

0.561796

1.070685

1.389661

3.350114

0.7

0.341425

0.430082

3.588503

2.129675

0.856667

0.53829

3.279402

0.9

0.275514

0.735493

1.82101

0.549395

1.132498

1.273253

5.55112
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Tablel-10. Relative Confidence Interval Half Widthsfor Start=4 and Max=6

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.095367 | 0.341403 | 0.439357 | 0.49589 | 0.744154
0.3 0 0.170678 | 2.835304 | 1.114859 | 1.070842 | 1.338081 | 5.423012
0.5 ] 0.051505 | 0.198682 | 3.640425 | 1.922744 | 0.581812 | 0.773689 | 8.283108
0.7 |0.245199 | 0.848184 | 1.357089 | 1.202849 | 1.024138 | 1.453814 | 5.067014
0.9 |0.274023 | 0.617568 | 2.241653 | 1.451616 | 0.655416 | 1.923427 | 6.226545

Tablel-11. Relative Confidence Interval Half Widthsfor Start=4 and Max=8

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.145516 | 0.570469 | 0.416073 | 0.600246 | 4.47615
0.3 ] 0.032384 | 0.107621 | 3.465466 | 1.15952 | 1.879636 | 1.397513 | 4.479637
0.5 [ 0.090711 | 0.213525 | 5.01693 | 1.486322 | 0.924575 | 1.630895 | 4.447635
0.7 ]0.346681 | 0.496164 | 2.692311 | 1.825793 | 1.448312 | 1.142814 | 5.383854
0.9 | 0.26729 | 0.697853 | 2.529836 | 1.90932 | 1.258465 | 1.914481 | 5.48651

Tablel-12. Relative Confidence Interval Half Widthsfor Start=4 and Max=10

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.173989 | 0.384067 | 0.721758 | 0.623652 | 4.473086
0.3 0 0.067548 | 0.954601 | 1.708604 | 0.503841 | 0.977826 | 6.229971
0.5 |0.055203 | 0.206853 | 3.572323 | 1.107056 | 1.417985 | 0.793592 | 5.380338
0.7 10.302574 | 0.280972 | 2.427371 | 1.166751 | 1.033275 | 2.655576 | 5.575705
0.9 |0.462359 | 0.592947 | 3.092396 | 1.168755 | 1.392084 | 1.240131 | 6.939915
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Relative Confidence Interval Half Widths for Start=5

Tablel-13. Relative Confidence Interval Half Widthsfor Start=5 and Max=0

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.145516 | 0.691555 | 0.837899 | 1.190861 | 6.806251
0.3 0 0.099059 | 0.921549 | 2.898659 | 0.992659 | 1.30231 | 7.405719
0.5 ]0.059825 | 0.117201 | 2.039831 | 2.666184 | 1.305433 | 0.836899 | 7.938899
0.7 |0.308116 | 0.153413 | 1.623789 | 2.125852 | 1.039683 | 1.069096 | 6.124259
0.9 ]0.553294 | 0.29768 | 2.525018 | 1.409753 | 0.906555 | 0.790052 | 4.957911

Tablel-14. Relative Confidence Interval Half Widthsfor Start=5 and Max=2

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.145623 | 0.328288 | 0.482946 | 0.593445 | 4.12283
0.3 0 0.089791 | 0.869875 | 2.599659 | 1.951135 | 0.671648 | 4.370878
0.5 | 0.119705 | 0.117291 | 2.369517 | 1.605748 | 0.689079 | 2.341043 | 3.479329
0.7 10.179469 | 0.29002 | 2.732438 | 1.613495 | 0.970021 | 1.474041 | 6.933162
0.9 |0.593042 | 0.286176 | 1.846691 | 2.193961 | 0.71179 | 1.118531 | 6.038657

Tablel-15. Relative Confidence Interval Half Widthsfor Start=5 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.123029

0.418419

0.334269

0.180971

7.796383

0.3

0.026438

0.125549

1.83635

2.807955

1.580727

1.271989

7.179251

0.5

0.082916

0.155051

3.243405

3.243811

1.704944

1.027172

11.59768

0.7

0.212751

0.473335

3.089321

0.94293

1.071315

0.796728

6.03598

0.9

0.527436

0.467891

2.665968

1.906802

0.460517

1.317045

4.445926
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Tablel-16. Relative Confidence Interval Half Widthsfor Start=5 and Max=6

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.233687 | 0.37276 | 0.679094 | 1.298326 | 7.538875
0.3 |0.032384 | 0.032409 | 1.98629 | 1.959581 | 0.748078 | 1.666562 | 6.345448
0.5 ] 0.110457 | 0.188325 | 4.310451 | 2.744284 | 1.364531 | 1.873054 | 3.454533
0.7 10.252788 | 0.356571 | 4.60577 | 1.494533 | 0.577421 | 0.855319 | 9.274696
0.9 | 0.34723 | 0.540598 | 3.016414 | 2.485182 | 1.68529 | 1.781526 | 6.933268

Tablel-17. Relative Confidence Interval Half Widthsfor Start=5 and Max=8

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.26406 | 0.236702 | 0.642378 | 0.515946 | 2.05447
0.3 0 0.110792 | 1.426366 | 0.930372 | 1.529901 | 1.641497 | 8.918796
0.5 | 0.081405 | 0.242987 | 2.159137 | 1.364195 | 0.674029 | 1.682756 | 2.409384
0.7 ]0.152129 | 0.491519 | 2.624557 | 1.529613 | 0.973505 | 1.475848 | 2.416967
0.9 |0.395782 | 0.471021 | 3.034807 | 1.896362 | 1.15673 | 1.747266 | 5.116234

Table1-18. Relative Confidence Interval Half Widthsfor Start=5 and Max=10

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.145516 | 0.579799 | 0.589652 | 0.565586 | 4.138858
0.3 0 0.067497 | 1.388432 | 1.440541 | 1.266953 | 0.803485 | 4.658785
0.5 |0.060932 | 0.183003 | 1.704581 | 1.110151 | 0.822481 | 1.339595 | 7.778201
0.7 ]0.260429 | 0.242126 | 4.044597 | 1.918563 | 1.761835 | 1.153851 | 7.071011
0.9 | 0.466876 | 0.580561 | 3.345368 | 1.474763 | 2.539125 | 1.247096 | 2.345844
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Relative Confidence Interval Half Widths for Start=6

Tablel-19. Relative Confidence Interval Half Widthsfor Start=6 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.077697

0.78498

0.676465

0.755453

2.55956

0.3

0.026438

0.032425

0.413684

2.869728

1.201588

0.50044

5.729931

0.5

0.104907

0.23303

0.957745

2.309682

0.639039

0.936238

5.17152

0.7

0.113997

0.262172

1.536925

2.087818

1.372985

1.944683

6.830371

0.9

0.389021

0.512061

2.168914

2.658952

0.526717

1.049669

1.376708

Tablel-20. Relative Confidence Interval Half Widthsfor Start=6 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.145516

0.343031

0.847268

0.740541

6.494544

0.3

0.026438

0.049542

0.916466

2.066789

1.314534

1.444548

10.53803

0.5

0.074643

0.249486

3.86371

0.800408

1.10163

1.10728

5.709389

0.7

0.192906

0.187208

1.895613

2.067222

2.020439

0.66545

8.470528

0.9

0.385105

0.203117

3.357589

0.648978

0.356313

0.891784

7.117093

Tablel-21. Relative Confidence Interval Half Widthsfor Start=6 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.145516

0.904558

0.366801

0.57792

8.554831

0.3

0.026438

0.089791

0.825731

2.118876

2.287959

0.632391

4.512583

0.5

0.078961

0.130999

0.369983

1.361255

1.720809

1.908461

7.861179

0.7

0.167227

0.172632

2.278986

1.41809

0.810135

1.067798

8.108535

0.9

0.656948

0.314384

2.67514

0.756336

1.11548

2.032952

11.43572
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Tablel-22. Relative Confidence Interval Half Widthsfor Start=6 and Max=6

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.123029 | 0.92591 | 0.667369 | 0.756634 | 3.186264
0.3 | 0.026438 | 0.064841 | 0.785669 | 2.198482 | 1.118086 | 1.081291 | 6.277062
0.5 | 0.08689 | 0.061444 | 1.075569 | 2.174698 | 1.385542 | 1.071038 | 6.163714
0.7 10.108247 | 0.12223 | 1.778904 | 2.051306 | 1.304952 | 1.836154 | 10.4577
0.9 |0.086993 | 0.550303 | 3.054558 | 2.032365 | 0.793568 | 2.216803 | 6.7251

Tablel-23. Relative Confidence Interval Half Widthsfor Start=6 and Max=8

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.095193 | 0.909871 | 0.858241 | 0.840391 | 5.938502
0.3 0 0.107554 | 1.356497 | 1.59563 | 2.050965 | 1.644868 | 7.853796
0.5 |0.098347 | 0.259246 | 3.641205 | 1.660908 | 1.358776 | 1.501005 | 7.868487
0.7 | 0.42263 | 0.332133 | 4.08289 | 1.678736 | 2.247095 | 0.862777 | 7.560017
0.9 |0.403784 | 0.414118 | 1.754103 | 3.188444 | 1.278588 | 1.439745 | 5.844803

Tablel-24. Relative Confidence Interval Half Widthsfor Start=6 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.198233

0.381392

0.421012

1.054424

6.087104

0.3

0.032384

0.067506

0.65092

1.222695

1.019452

1.520481

5.978906

0.5

0.075567

0.095149

2.346862

2.163107

2477902

1.782635

7.075593

0.7

0.203628

0.496991

3.096627

1.848818

1.117867

1.568069

104131

0.9

0.351879

0.133912

2.495406

1.406853

0.643185

2.708088

9.146874
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Relative Confidence Interval Half Widths for Start=7

Tablel-25. Relative Confidence Interval Half Widthsfor Start=7 and Max=0

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.145357 | 0.279473 | 0.592618 | 0.717066 | 9.190632
0.3 0 0.059184 | 0.832501 | 2.50365 | 0.848923 | 0.90603 | 6.786327
0.5 ]0.129847 | 0.189913 | 3.805184 | 2.891325 | 0.803974 | 0.906934 | 2.655926
0.7 |0.109747 | 0.215692 | 0.804862 | 3.429421 | 0.894165 | 0.778618 | 3.36267
0.9 ]0.549076 | 0.611535 | 1.562566 | 2.406262 | 0.957044 | 0.644838 | 5.357811

Tablel-26. Relative Confidence Interval Half Widthsfor

Start=7 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.077697

1.038746

1.229332

0.521146

6.290323

0.3

0.032384

0.026465

0.80411

1.497403

0.549194

1.68341

4.445526

0.5

0.098347

0.121907

2.142171

0.988805

1.522113

1.495336

10.7813

0.7

0.311162

0.140607

5.018788

2.619636

1.757054

0.972416

4.29448

0.9

0.507952

0.374876

3.945707

2512541

1.104141

0.610319

8.699473

Tablel-27. Relative Confidence Interval Half Widths for

Start=7 and Max=4

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.095055 | 0.377368 | 0.958788 | 1.022979 | 4.530209
0.3 0 0.059184 | 0.675073 | 2.564678 | 0.651153 | 1.229123 | 8.737952
0.5 |0.116261 | 0.083727 | 3.581175 | 1.871648 | 1.440617 | 1.540999 | 6.837611
0.7 ]0.326479 | 0.470975 | 5.746315 | 1.808266 | 1.112372 | 0.898288 | 6.983611
0.9 |0.366467 | 0.324272 | 2.926462 | 3.699745 | 1.97865 | 1.129488 | 5.694366
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Table|-28. Relative Confidence Interval Half Widthsfor Start=7 and Max=6

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.07764 | 0.695513 | 0.761992 | 1.11358 | 7.663947
0.3 |0.032384 | 0.052949 | 0.977956 | 0.959442 | 0.736715 | 1.295145 | 4.698315
0.5 | 0.085378 | 0.275378 | 1.57422 | 2.325086 | 1.441342 | 1.860597 | 6.646883
0.7 10.101471 | 0.331983 | 2.032696 | 1.917405 | 1.447956 | 1.313924 | 6.600367
0.9 | 0.23379 | 0.429178 | 0.956914 | 2.532317 | 3.01079 | 1.807307 | 9.690616

Tablel-29. Relative Confidence Interval Half Widthsfor Start=7 and Max=8

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.122805 | 0.826057 | 1.842725 | 1.767293 | 6.320011
0.3 0 0.049523 | 0.583445 | 2.21171 | 1.500712 | 1.534097 | 2.675296
0.5 [0.107332 | 0.136302 | 2.552417 | 1.341751 | 1.70117 | 1.195256 | 11.23608
0.7 10.138998 | 0.173926 | 3.679673 | 1.515172 | 2.648795 | 1.185381 | 8.543799
0.9 | 0.54538 | 0.29063 | 1.782789 | 1.346477 | 1.668091 | 1.150543 | 4.092615

Table1-30. Relative Confidence Interval Half Widthsfor Start=7 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.095055

0.532963

1.101936

0.669606

5.217937

0.3

0.026438

0.077224

0.812036

0.694524

1.190532

1.389905

7.199308

0.5

0.083857

0.130797

4.664846

2.063063

1.511523

1.260413

6.283578

0.7

0.067134

0.42166

2.233391

0.238795

1.143105

0.693558

12.02051

0.9

0.407097

0.512084

2.851317

2.752961

1.225276

0.749689

4.196076
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Relative Confidence Interval Half Widths for Start=8

Tablel-31. Relative Confidence Interval Half Widthsfor Start=8 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.07764

0.598017

0.610981

0.30462

8.835452

0.3

0.026438

0.077176

0.762324

3.22752

0.613255

0.922703

11.8423

0.5

0.079712

0.123682

1.560669

2.226437

0.468184

1.161578

7.627542

0.7

0.146266

0.2605

1.689823

1.560392

0.904686

1.068085

6.34747

0.9

0.317037

0.299113

1.206505

1.895394

1.264014

0.70489

1.430872

Tablel-32. Relative Confidence Interval Half Widthsfor Start=8 and Max=2

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.095228 | 0.6082 | 0.634486 | 0.757675 | 8.159874
0.3 | 0.026438 | 0.032429 | 0.74276 | 0.86447 | 2.060598 | 1.510517 | 9.027088
0.5 | 0.070033 | 0.184838 | 1.758518 | 3.793226 | 0.759387 | 1.744347 | 5.12936
0.7 ]0.315638 | 0.121915 | 2.085086 | 4.103226 | 1.35568 | 1.295524 | 10.68389
0.9 | 0.34051 | 0.557262 | 1.647754 | 1.975192 | 0.81907 | 1.313778 | 4.335077

Tablel-33. Relative Confidence Interval Half Widthsfor Start=8 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0

1.195507

1.690267

0.93855

5.254616

0.3

0.026438

0.026471

0.736878

1.931737

1.803153

1.302622

9.19991

0.5

0.051485

0.156004

2.678096

0.966909

1.250155

2.106985

11.74999

0.7

0.243032

0.371082

3.574448

2.709132

0.966518

1.146153

10.17312

0.9

0.203748

0.389295

2.929973

1.37449

0.936923

1.893928

10.2012
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Table|-34. Relative Confidence Interval Half Widthsfor Start=8 and Max=6

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.122805 | 0.780719 | 1.742579 | 0.690451 | 8.963523
0.3 0 0.052949 | 0.829679 | 1.847358 | 1.505245 | 1.499992 | 7.063551
0.5 ]0.099739 | 0.162941 | 3.031695 | 2.305061 | 2.637638 | 1.735709 | 6.34735
0.7 |0.140953 | 0.169074 | 1.623261 | 0.790163 | 1.695202 | 2.181813 | 8.384039
0.9 ]0.323689 | 0.38721 | 4.304947 | 1.853451 | 2.572 | 1.942674 | 4.389296

Tablel-35. Relative Confidence Interval Half Widthsfor Start=8 and Max=8

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.077697

0.811548

1.225267

0.560754

3.676135

0.3

0.032384

0.08785

1.17627

1.459097

2.174028

2.070984

9.768132

0.5

0.065154

0.140937

2.141272

2.156638

0.571699

2.373785

5.803333

0.7

0.286956

0.20801

3.937974

1.475164

0.8698

1.53637

5.654976

0.9

0.384824

0.204747

4.03746

2.20549

1.701241

1.541819

7.065165

Table1-36. Relative Confidence Interval Half Widthsfor Start=8 and Max=10

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0 0.703657 | 0.755007 | 1.026858 | 5.641577
0.3 | 0.026438 | 0.049542 | 0.676431 | 1.549089 | 1.413032 | 2.024507 | 6.077751
0.5 | 0.10169 | 0.215301 | 3.923013 | 2.159716 | 1.808873 | 1.417562 | 11.36743
0.7 10.109247 | 0.366684 | 4.238136 | 1.683124 | 3.007187 | 1.18392 | 9.014937
0.9 | 0.355996 | 0.603655 | 3.392422 | 2.068342 | 1.613066 | 0.998807 | 5.169517
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Relative Confidence Interval Half Widths for Start=9

Table|-37. Relative Confidence Interval Half Widthsfor Start=9 and Max=0

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.190526 | 0.774319 | 0.600592 | 1.294314 | 6.326896
0.3 0 0.032425 | 0.820043 | 2.561739 | 0.619182 | 1.075192 | 5.586845
0.5 ] 0.072839 | 0.19916 | 3.224514 | 3.879043 | 0.977036 | 0.862323 | 4.667375
0.7 |0.276704 | 0.163727 | 0.493136 | 1.930227 | 1.003631 | 0.987465 | 6.507994
0.9 ]0.534194 | 0.490281 | 2.06902 | 3.559415 | 1.077706 | 1.186917 | 5.252716

Table-38. Relative Confidence Interval Half Widthsfor Start=9 and Max=2

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.123029 | 1.367843 | 1.150561 | 0.952847 | 7.909308
0.3 0 0.049542 | 0.785985 | 2.168101 | 1.116398 | 1.485663 | 9.655843
0.5 | 0.083011 | 0.139964 | 2.527528 | 2.642445 | 1.024637 | 1.372886 | 10.42506
0.7 10.182295 | 0.315499 | 1.81536 | 3.13846 | 0.779707 | 1.677415 | 6.699678
0.9 |0.212443 | 0.49193 | 1.829264 | 2.374574 | 0.37276 | 1.809028 | 12.27516

Tablel-39. Relative Confidence Interval Half Widthsfor Start=9 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.095367

1.352109

0.942937

0.994216

7.026001

0.3

0.032384

0.049542

0.39085

1.719967

0.95728

1.532076

2.807113

0.5

0.100975

0.084672

1.998402

1.251157

1.27628

1.635609

14.80992

0.7

0.170555

0.146065

2403776

3.913808

1.315304

1.09788

7.099057

0.9

0.487868

0.311518

1.148354

2.45603

2.287954

3.099219

7.60655
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Table|-40. Relative Confidence Interval Half Widthsfor Start=9 and Max=6

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.190526 | 1.087111 | 1.205786 | 0.7538 | 3.973471
0.3 | 0.026438 | 0.049554 | 1.054444 | 2.246143 | 2.061862 | 1.796595 | 10.70828
0.5 ] 0.112166 | 0.148306 | 2.474619 | 1.236181 | 0.976479 | 1.573156 | 12.59777
0.7 10.198873 | 0.155687 | 2.353889 | 1.566008 | 2.116518 | 0.8935 | 11.87189
0.9 ]0.288221 | 0.519338 | 4.209166 | 2.62094 | 1.225918 | 1.601306 | 8.69362

Tablel-41. Relative Confidence Interval Half Widthsfor Start=9 and Max=8

BER
Load [ 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.123029 | 0.9189 | 0.57518 | 0.828563 | 6.725314
0.3 | 0.05289 | 0.089836 | 0.29635 | 1.182497 | 1.244583 | 0.884133 | 9.067882
0.5 [0.078919 | 0.07169 | 1.987277 | 1.843135 | 2.303139 | 1.071701 | 6.895278
0.7 | 0.26072 | 0.106504 | 1.441098 | 1.769322 | 1.561654 | 1.416185 | 11.68248
0.9 |0.361604 | 0.476476 | 2.428352 | 1.980946 | 2.816156 | 1.667236 | 11.1735

Tablel-42. Relative Confidence Interval Half Widthsfor Start=9 and Max=10

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

0

0

0.190526

1.418075

1.331905

0.891432

4.798789

0.3

0.026438

0.032425

1.225454

2.233206

2.421439

1.546363

9.146392

0.5

0.039877

0.157081

2.198036

2.153359

2.031869

1.221902

9.56631

0.7

0.289349

0.269023

4.031191

1.488079

1.262945

1.483655

12.22316

0.9

0.129346

0.678548

3.159246

1.654753

2.363145

1.015345

1.785845

257




Relative Confidence Interval Half Widths for IEEE 802.11

Table|-43. Relative Confidence Interval Half Widthsfor |EEE 802.11

BER
Load | 0.00001 | 0.00002 | 0.0001 0.0002 0.001 0.002 0.01
0.1 0 0 0.123254 | 2.178115 N/A N/A N/A
0.3 |0.032384 | 0.077176 | 0.556967 | 2.582459 N/A N/A N/A
0.5 [ 0.168108 | 0.138551 | 2.144014 | 1.878043 N/A N/A N/A
0.7 | 0.2721 |0.168814 | 1.586428 | 3.191136 N/A N/A N/A
0.9 | 0.603328 | 0.374826 | 1.754896 | 3.895054 N/A N/A N/A
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Appendix J. Relative Confidence Interval Half Widths for Three Station

Simulation Data

This appendix contains all relative confidence interval half width tables for the three station
simulation data. An explanation of these tablesis found in Chapter 7.
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Relative Confidence Interval Half Widths for Start=3

TableJ-1. Reative Confidence Interval Half Widthsfor Start=3 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.697764

3.440717

2.566414

2.015626

8.558246

0.3

2.464168

2.526369

1.591346

1.433436

0.788029

0.759192

4.928078

0.5

1.206385

1.23169

2.214557

2.226195

1.063381

1.214385

5.323985

0.7

1.487768

1.886852

3.24946

0.702746

0.745596

0.91807

4.179341

0.9

0.671629

1.161558

1.528956

1.577283

1.032761

1.021851

4.036053

Table J-2. Relative Confidence Interval Half Widthsfor Start=3 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.699166

3.311561

3.502149

3.833065

5.519491

0.3

2487983

2521477

2.440854

1.111676

0.936342

0.765761

5.050126

0.5

1.206385

1.222327

1.169241

1.227833

0.732029

0.963605

4.412479

0.7

1.128782

1.48701

3.223812

2407284

0.516171

0.875156

4.220904

0.9

2.03018

2.808823

1.996848

1.665797

0.563252

0.838916

6.281391

Table J-3. Relative Confidence Interval Half Widthsfor Start=3 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.704068

3.476641

3.493928

3.603982

8.153539

0.3

2487983

2521477

2.403494

1.486425

0.700345

1.119418

3.060361

0.5

1.206385

1.204396

2.44404

1.638552

0.712903

0.495822

6.011754

0.7

0.91639

1.631153

2.016564

1.196724

0.810052

0.768113

3.856469

0.9

1.888545

4.044533

2.225108

0.981272

1.738578

1.206534

2.983554
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Table J-4. Relative Confidence Interval Half Widthsfor Start=3 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.704068

3.473741

3.513612

3.602791

6.14496

0.3

2.487983

2521477

4.18024

0.694666

1.087888

1.566538

2.762334

0.5

1.206385

1.527941

3.906904

0.659049

0.982178

1.790512

3.605625

0.7

1.247277

2.292481

0.998509

0.807884

0.860905

1.206831

2.862692

0.9

2.688584

3.81855

2.332803

0.627794

0.329966

0.996858

5.666028

Relative Confidence Interval Half Widths for Start=4

Table J-5. Relative Confidence Interval Half Widthsfor Start=4 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.470649

3.614398

1.055077

1.299007

0.527344

0.3

2487983

2521477

1.610107

2.527368

1.414443

0.86438

2.027986

0.5

1.20702

1.247964

2.716451

2.66897

0.735418

0.660552

2.834578

0.7

1.529834

1.414033

3.150669

1.7973

1.121791

0.658453

6.744481

0.9

0.736211

0.369869

2.044501

2.413999

0.829863

0.562155

3.314251

Table J-6. Relative Confidence Interval Half Widthsfor Start=4 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.600932

3.628429

3.704845

3.571033

9.981518

0.3

2487983

2521477

2.197343

1.488043

1.029197

1.219476

4.485287

0.5

1.20702

1.2307

2.725258

0.663799

0.585714

0.918055

3.932

0.7

1.590151

1.36749

1.329687

1.835799

0.572476

0.783229

6.414309

0.9

0.577756

1.103513

3.015576

0.676146

0.651922

1.129514

8.491831
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TableJ-7. Reative Confidence Interval Half Widthsfor Start=4 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.600932

3.390867

3.825341

3.645816

7.456949

0.3

2.487983

2521477

1.073253

0.933562

0.568441

0.669093

5.797619

0.5

1.20702

1.225445

1.391948

1.05622

1.638039

1.28089

4.670158

0.7

1.649314

1.596966

2.009294

1.637027

1.393561

1.271949

0.347798

0.9

0.524591

1.601625

2.674956

1.761325

0.779836

1.386819

3.438454

Table J-8. Relative Confidence Interval Half Widthsfor Start=4 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.600932

3.390867

3.825341

3.57902

9.427145

0.3

2487983

2521477

3.659284

1.558643

1.056402

1.782563

3.706331

0.5

1.20702

1.220091

267411

0.622677

0.438038

1.285116

3.551586

0.7

1.660603

1.927759

3.259884

0.691017

0.816886

0.588892

2.82641

0.9

0.584671

2.283046

2.029388

0.962721

0.771623

0.612886

2.502158
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Relative Confidence Interval Half Widths for Start=5

Table J-9. Reative Confidence Interval Half Widthsfor Start=5 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.569706

3.653168

0.652876

1.253411

8.800751

0.3

2.487983

2547748

2.109108

2.624274

0.536153

0.879519

7.621808

0.5

1.217014

1.221606

2.716401

2.332229

0.779373

0.85294

4.93767

0.7

1.538722

1.744656

2.117069

1.621406

0.569124

1.3071

11.9172

0.9

0.429279

0.375961

2.465807

2.262793

0.461905

0.774984

5.117302

Table J-10. Relative Confidence Interval Half Widthsfor

Start=5 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.655241

3.614398

3.631565

3.857784

4.671107

0.3

2487983

2547748

1.003061

2.858967

0.852769

0.904717

9.237085

0.5

1.217014

1.230123

1.757375

0.914113

1.020629

0.544305

8.206465

0.7

1.561312

1.620023

2.175156

1.684691

0.581719

1.105059

8.807105

0.9

0.550997

0.517613

2.423143

1.05621

0.966609

1.222745

6.87985

Table J-11. Relative Confidence Interval Half Widths for

Start=5 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.611518

3.352873

3.598596

3.845642

6.641888

0.3

2487983

2547748

2.785232

1.438569

1.410955

1.270882

5.425606

0.5

1.217014

1.221606

2.061055

1.17093

1.458631

0.990501

3.845121

0.7

1.561312

1.5129

1.134488

1.527905

0.660705

0.481404

5.211348

0.9

0.636168

0.710854

1.992008

0.814283

0.920412

1.490469

8.383484
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Table J-12. Relative Confidence Interval Half Widthsfor Start=5 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.611518

3.352873

3.606196

3.887384

8.288807

0.3

2.487983

2547748

3.221922

1474321

0.58691

1.211395

3.253239

0.5

1.217014

1.221606

3.016773

1.595885

0.770423

0.55025

5.118354

0.7

1.561312

1.446363

2.380598

1.026469

1.207892

0.645126

2.753287

0.9

0.690854

0.727663

1.224894

0.753742

1.711011

1.36543

3.307441

Relative Confidence Interval Half Widths for Start=6

Table J-13. Relative Confidence Interval Half Widthsfor

Start=6 and Max=0

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.840194

3.512941

0.555188

0.518163

14.13343

0.3

2487983

2547748

2.2228

2.07789

0.67399%

0.56574

12.86092

0.5

1.217014

1.222207

1.739961

2.773425

0.818031

1.210503

9.712515

0.7

1.529453

1.734901

1.880532

1.521703

0.62057

0.971945

11.81199

0.9

0.549657

0.587751

1.377376

1.949457

0.676963

0.842974

9.986116

Table J-14. Relative Confidence Interval Half Widths for

Start=6 and Max=2

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.734489

3.593475

3.673584

3.599696

6.648709

0.3

2487983

2547748

1.625377

1.282687

0.564739

1.151638

9.238405

0.5

1.217014

1.2307

1.419908

2470478

1.185647

0.392774

8.546853

0.7

1.529453

1.757398

2.659149

1.708164

0.696852

1.451503

10.11747

0.9

0.549657

0.490142

1.789149

1.235156

0.573003

1.562472

4.53018

264




Table J-15. Rdative Confidence Interval Half Widthsfor Start=6 and Max=4

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.738962

3.519678

3.570399

3.939758

4.805597

0.3

2.487983

2547748

3.084966

0.805981

1.022691

1.186841

6.855279

0.5

1.217014

1.222892

3.373297

211181

1.285407

0.693865

9.144175

0.7

1.529453

1.718163

3.276602

1.738064

1.408921

0.94563

6.336754

0.9

0.549657

0.438541

2.825668

0.491387

0.936791

0.639024

4.896175

Table J-16. Relative Confidence Interval Half Widthsfor

Start=6 and Max=6

BER

Load

0.00001

0.00002

0.0001

0.0002

0.001

0.002

0.01

0.1

3.601693

3.601693

3.738962

3.518734

3.615782

3.886851

8.077753

0.3

2487983

2547748

2.472046

2.045066

0.795719

1.165092

5.655875

0.5

1.217014

1.222892

2.137201

2.41963

1.279667

0.84991

5.849488

0.7

1.529453

1.718163

2.93228

1.87511

1.028385

0.929848

4.506424

0.9

0.549657

0.611888

3.328012

0.759387

1.379919

1.259738

4.407213
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Relative Confidence Interval Half Widths for IEEE 802.11

Table J-17. Relative Confidence Interval Half Widthsfor |EEE 802.11

BER

Load| 0.00001 | 0.00002 | 0.0001 0.0002 | 0.001 | 0.002 | 0.01
0.1 |3.601693 | 3.601693 | 3.738962 | 3.249395 | N/A | N/A | N/A
0.3 | 2487983 | 2.547748 | 2.395904 | 1.841625 | N/A | N/A | N/A
0.5 | 1.217014 | 1.222892 | 1.630289 | 2.692736 | N/A | N/A | N/A
0.7 | 1.529453 | 1.696032 | 2.07271 | 3.677631 | N/A | N/A | N/A
0.9 | 0.549657 | 0.602941 | 1.56225 | 2.793269 | N/A | N/A | N/A
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