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Abstract

Exploring Spatial Reuse effects on performance enhancements in
Wireless Multihop Networks
Basel Alawieh, Ph.D.

Concordia University, 2008

Recent years have witnessed a remarkable interest in wireless multihop ad hoc net-
works that need little or no infrastructure support. Such networks have enabled the
existence of various applications ranging from the monitoring of herds of animals
to supporting communication in military battle-fields and civilian disaster recovery
scenarios as well as providing an emergency warning system for vehicles on the road.
Currently, the distributed coordination function (DCF) of the IEEE is the industry
dominant MAC protocol for wireless multihop ad hoc environment due to its simple
implementation and distributed nature. Nevertheless, the DCF access method does
not make efficient use of the shared channel due to its inherent conservative approach
in assessing the level of interference. Moreover, the implementation of DCF in mul-
tihop ad hoc networks suffers from the exposed and hidden terminal problems; both
of these problems highly affect the spectrum spatial reuse and accordingly causes
serious throughput deterioration. To date, various methods have been proposed to
enhance the throughput of the DCF; namely, tuning the carrier sensing threshold, the
transmission attempt probability through changing the binary exponential backoff,
controlling the frame transmit power, adapting the physical transmission rate of data
frame, and the use of directional antennas. In this thesis, we develop mathematical
tools to study the effectiveness of the interplay among the various tunable param-
eters and propose suitable protocols for achieving better utilization of the wireless

spectrum.
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Chapter 1

Introduction

1.1 Overview

Wireless communications have become an essential part of modern life, allowing users
to maintain network and Internet access without being tied to a particular location
by a wire. As the bandwidth and throughput of wireless technologies have increased,
it has become possible to support true multimedia applications, including, voice, and
video traffic.

In wireless networking, there are two main classes of communication paradigms,
infrastructure-based networks and ad hoc networks. Infrastructure-based networks
include cellular networks and wireless LANs. The network operator deploys a network
infrastructure within the coverage area to provide wireless connectivity to the vicinity.
The infrastructure is known as base stations in cellular networks, access points in
wireless LANs, and are connected together to a backbone network by wires. All
communications on the wireless medium occurs in one hop between the mobile nodes
to the local base station/access point. A mobile node acts as the source or the sink
of a communication circuit.

Mobile Ad hoc Networks [1] (MANET), on the other hand, preclude the use of any

wired infrastructure and enable communications only over wireless channels. These



networks are applicable to environments in which a prior deployment of network
infrastructure is impossible. Current applications are mostly confined to military
and rescue operations for long range outdoor networks, or to indoor network settings
such as a conference room with a collection of laptop computers. The emergency
wireless personal area networks (WPAN) is an example of an indoor MANET that
will be used to connect home appliances. Multi-hop wireless networks, known as last-
mile solution, are another example of MANET that will likely increase in popularity,
and may become the dominant solution for the wireless networks community. In
multihop ad hoc networks, mobile nodes are connected together to form a network
on the fly. Nodes also have routing capabilities and each node may act as the source,
sink or a forwarding node to relay packets for other nodes.

Today, we have around three billion wireless users worldwide [2], each may require
a mixture of real-time traffic (e.g., voice, video, etc.) and data traffic (e.g., email,
messaging, web browsing, file transfer, etc.); hence, efficient utilization of the limited
shared wireless spectrum has become an essential design goal for researchers [1], 3],
[4]. Indeed, since the wireless channel is a shared channel, an efficient medium access
control (MAC) protocol is needed to regulate the channel access among multiple
contending nodes.

MAC protocols can be classified into reservation-based protocols or contention-
based protocols. Reservation-based protocols apply to static networks or networks in
which a central access point has control over when and which station can access the
channel. In contention-based MAC protocols [1], the nodes contend for the channel
when they have a packet to send (i.e, individual decision). This type of MAC is
attractive due to its simplicity, robustness and suitability for bursty traffic. Moreover,
due to the lack of centralized control points, contention-based MAC protocols are
often more useful in wireless multihop networks.

Currently, the distributed coordination function (DCF) of the IEEE 802.11 (5] is



the dominant MAC protocol for both wireless LANs and wireless multihop ad hoc
environment due to its simple implementation and distributed nature. A station
running the DCF protocol uses carrier sensing to determine the status of the medium
(e.g., assess its current interference level) before initiating any transmission to avoid
collisions. Two types of carrier sensing are used, a mandatory physical carrier sensing
(PCS) and an optional virtual carrier sensing (VCS). In the former, a node monitors
the radio frequency (RF) energy level on the channel and initiates channel access
for transmission only if the power of the detected signal is below a certain carrier
sense threshold (C'Sy,) [5]. In the latter, each node regards the channel busy for a
period indicated in the MAC frames defined in the protocol. Namely, nodes hearing
the RTS/CTS (request-to-send and clear-to-send) exchange (typically nodes in the
transmission range of these frames) will adjust their network allocation vector (NAV)
to the duration of the complete four-way handshake. Hence, a node contends for a
channel only if the conditions for both carrier sense mechanisms are satisfied. Thus,
DCF using the former is called basic two-way handshake (i.e, DATA and ACK )
and when using RTS/CTS is called the four-way handshake (RTS, CTS,DATA and
ACK).

1.2 Problem Formulation and Motivation

It has been shown that the DCF access method does not make efficient use of the
shared channel due to its inherent conservative approach in assessing the level of
interference. For example, when a station senses a busy medium (either through the
PCS or VCS functions of the IEEE 802.11), it simply blocks its own transmission
[5] to yield for other ongoing communication. However, if the transmission of this
station does not cause enough interference to corrupt the frame reception of the
ongoing transmission, then blocking that transmission would be unnecessary. This

problem has been referred to in the literature as the exposed terminal problem as
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Figure 1.1: Exposed Terminal Problem

shown in Figure 1.1 and has been shown to severely affect the spatial reuse of the
spectral resource and thus limit the network capacity. Here, spatial reuse is considered
one of the most dominant performance issue related to wireless ad hoc networks.
Being an important metric which value the performance of MAC protocol under
investigation, spatial reuse determines the number of simultaneous communications
allowed in a given region. Now, after a node senses an idle medium, a node can
initiate a transmission; the signal to interference plus noise ratio (SINR) perceived at
the receiver determines whether this transmission is successful or not. Namely, if the
SINR is smaller than a minimum threshold ({), the transmission cannot be correctly
decoded. However, the interference contributed by concurrent transmissions outside
the carrier sense range of the sender may corrupt the ongoing communication. Those
potential interfering nodes that are outside the carrier sense range of the sender are
commonly known as the hidden terminals, as shown in Figure 1.2. Thus, the optimal
spatial reuse and hence optimal performance can be achieved through a balance
between the exposed and hidden terminals.

Although the IEEE 802.11 DCF has many drawbacks, nevertheless the request
for a standard change faces both technical difficulties and market resistance (millions
of commercial products in the market are deploying the DCF at this time). To date,
various mechanisms have been proposed to improve the capacity of IEEE 802.11-

based multi-hop wireless networks. These mechanisms (as shown in Figure 1.3) can
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Figure 1.3: Techniques to enhance the performance of IEEE 802.11 based multihop
networks



be broadly classified as temporal and spatial approaches depending on their focus of
optimization on the channel bandwidth. The temporal approaches [6], [7] attempt
to better utilize the channel along the time dimension by optimization or improving
the binary exponential backoff algorithm (BEB) of the DCF protocol. Alternatively,
the spatial approaches try to find more chances of spatial reuse without significantly
increasing the chance of collisions. These mechanisms include the tuning of the carrier
sensing threshold, the data rate adaptation, the transmission power control, and the

use of directional antennas.

1.3 Thesis Objective

In this thesis, protocols and mathematical tools that target the efficient utilization of
the wireless spectrum in IEEE 802.11 multihop-based Ad hoc networks are developed.
Specifically, analytical models to study the effect of the interplay between transmit
power control, data rate adaptation, tuning the CSy,, tuning the CW and the use of
directional antennas. Based on the insights from these models, efficient protocols are

designed.

1.4 Thesis Contributions

o The effects that transmission power control, data rate adaptation and tuning
carrier sensing threshold have on network throughput are investigated and the
interplay between them is studied. To accomplish this, a realistic analytical
model is developed that characterizes the transmission activities governed by
the IEEE 802.11 DCF in a single channel, power-aware, multihop wireless net-
work. Conclusions drawn from the model states that selecting a smaller carrier
sensing (CS) threshold (i.e, larger carrier sensing range) will severely impact the

spatial reuse while a larger CS threshold will yield excessive interference among



concurrent transmissions. Accordingly, performing power control has either mi-
nor or negligible effect in both situations respectively. Furthermore, when the
CS threshold is selected appropriately, power control shows its effectiveness in
redlicing collisions and hence improving system performance. Finally, using
the model, the potential adverse impacts of RT'S/CTS control packets on the
network capacity is demonstrated and its performance is compared with the

two-way basic access method.

A decentralized, localized, heuristic to adjust the transmit power and rate ac-
cording to the level of interference in the network is proposed. The Heuristic
outlines the rules for performing power and rate assignment so that higher per-
formance is obtained. A realistic analytical model to study the performance of
the proposed heuristics is presented; analytical results show that the proposed
algorithm, indeed, finds the balance between spatial reuse and transmission
quality through its appropriate search for the suitable transmission parame-
ters. Simulation experiments are conducted and performance of the proposed
algorithm to other heuristics is compared; the results indicate a remarkable

performance both in terms of achieved throughput and energy consumption.

A dynamic spatiotemporal algorithm using the joint control of carrier sense
threshold and contention window is presented with the objective of controlling
the access to the channel in order to enhance the spatial reuse and optimize the
overall network throughput. Furthermore, a policy to distinguish the causes of
transmission failures is proposed. Then, based on this, the CSy;, and CW are
selectively adjusted in order to eliminate the likelihood of collisions both from
hidden terminals and contending hosts while also enhancing the spatial reuse
by reducing the number of exposed terminals. Specifically, a node adjusts its
C'Sy, based on both its success/failure history and the information it receives

from neighboring nodes through clear-to-send packets. Moreover, to reduce
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the effect of exposed terminals, the RTS/CTS exchange is only employed for
the purpose of informing neighboring nodes of their CSy, but not to silence
them. Then, the scheme will adaptively performs a dynamic switch between
the (request-to-send) RT'S/CTS access scheme and the basic scheme based on
a predefined policy in order to reduce the additional overhead caused by the

RTS/CTS exchange.

A model to calculate future interference in networks with directional antennas
is presented, and based on this model, the relations that should exist between
the required transmission power of RTS, CT'S, DATA, ACK frames for success-
ful data packet delivery are derived for MANETS based on directional version
of IEEE 802.11 DCF. From these relations, a distributed power control scheme
is proposed. Furthermore, the simulations show that the true potentials from
the proposed control scheme cannot be shown due to the imperfection of the
model derived. Based on these observations, another class of power control algo-
rithm is proposed that deploys prediction filters (Kalman or extended Kalman)
to estimate the interference in future. Simulation experiments for different
topologies are used to verify the significant throughput and energy gains that

can be obtained by the proposed power control schemes.

The benefits of transmission power control on throughput and energy consump-
tion in a uniformly distributed power aware ad hoc network where nodes are
equipped with directional antennas is investigated. An interference model for
directional antenna based on a honey grid model is constructed to calculate
the maximum interference. Further, a directional collision avoidance model is
derived and based on the integrated interference/collision model and Signal to
Interference Requirements (SIR), the maximum end-to-end throughput under

the maximum interference is calculated. Furthermore, the effect of collisions on



the energy consumption is investigated through proposing an energy consump-

tion model that utilizes all aspects of energy wastage.

1.5 Thesis Outline

The rest of the thesis is organized as follows. Chapter 2 introduces the background
and reviews the related work in this area. In Chapter 3, an accurate analytical model
for wireless multihop networks is presented to study the effects of power control,
tuning the carrier sensing threshold, impacts of packet size and transmission rates.
The distributed localized power and transmission rate heuristics are presented in
Chapter 4, whose performance improvements are verified by both analytical and
simulation results. In Chapter 5, the dynamic spatiotemporal algorithm using the
joint control of carrier sense threshold and contention window is presented. Chapter 6
introduces an alternative technique to enhance spatial reuse by coupling power control
scheme with directional antenna. The spatial reuse study using directional antenna
is further extended in Chapter 7 to investigate analytically the merits of coupling
directional antenna with power control. Chapter 8 summarizes our conclusions and

presents some future directions.



Chapter 2

Background and Related Work

In this chapter, the background and the literature survey for topics investigated in
this thesis are presented. The rest of this chapter is as follows. Sections 2.1 and 2.2
present the IEEE 802.11 DCF and the communication model adopted in this thesis.
Section 2.3 discusses existing analytical models for IEEE 802.11. Sections 2.4, 2.5, 2.6,
2.7, 2.8 survey the related literature that considers the use of spatial reuse techniques.
Finally, alternative solutions that do not make use of these techniques are presented
in section 2.9.

We begin our discussion with the introduction of IEEE 802.11 DCF and the model
background that will adopted in the thesis. Then, the techniques (shown in Figure

1.3) used to enhance spatial reuse are discussed and categorized.

2.1 IEEE 802. 11 DCF

The IEEE 802.11 DCF relies on carrier sensing multiple access with collision avoid-
ance (CSMA/CA). DCF employs two different channel access modes for data packet
transmission; the default 2-way (basic access) and the optional four-way handshaking
(RTS/CTS) access scheme [5]. Here, the optional (RT'S/CTS) scheme assumes the

transmission of short request-to- send (RTS) and clear-to-send (CTS) control packets
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Figure 2.1: IEEE 802.11 DCF

prior to the data packet transmission. In the (RTS/CTS) access scheme, a node with
packets to transmit first senses the medium through physical carrier sensing (PCS). If
the medium is idle for at least a certain period DIFS (Distributed Interframe Space),
it will immediately request the channel by sending a short control frame request to
send (RTS) to the receiver node. If the receiver correctly receives the RTS, it will
reply with a short control frame clear to send (CTS) after waiting a SIFS (Short
Interframe Space) period. Once the sender receives the CTS, it will start to transfer
DATA. After the successful reception of DATA, the receiver sends an ACK to the
sender. SIFS duration is the shortest of the interframe spaces and is used after the
RTS, CTS, and DATA frames to give the highest priority to CTS, DATA and ACK,
respectively. Nodes implementing IEEE 802. 11 maintains a NAV (Network Alloca-
tion Vector) which shows the remaining time of the on-going transmission sessions.
Using the duration information in the RTS, CTS, and DATA packets, nodes adjust
their NAVs whenever they receive a packet. This is shown in Figure 2.1. For the basic
scheme, nodes upon sensing the DATA or ACK packet will refrain from transmitting

any packet for EIFS.
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Moreover, if the channel is sensed busy, the station has to wait until the channel
is sensed idle for a DIFS time. At this point, the station generates a random backoff
time interval before transmission, in order to minimize the probability of collisions
with packets being transmitted by other stations. DCF adopts an exponential back

off scheme. At each packet transmission, the back off time is uniformly chosen in
the range [0, CW]. The value CW is called contention window, and depends on the
number of failed transmissions for the packet. At the first transmission attempt,
CW is set to CWypnin. After each retransmission, CW will be exponentially increased

until the maximum value CW,,,,. Upon successful transmission, CW will be reset

2.2 IEEE 802.11 Ranges

Assume a sender A transmits to its receiver B and another node F' (hidden node)
unaware of the transmission of A, may start to transmit to its intended receiver as
shown in Figure 2.2. Here, the two signals from A and F' may overlap in time at the
receiver B. Whether the signal from sender A can be correctly decoded depends on
the so-called capture effect, i.e., the stronger signal will capture the receiver modem,
while the weaker signal will be rejected as noise.

While in the literature there exist various models that characterize the capture
effect [8], [9], in this chapter, the most widely adopted model is used. The receiver
B can correctly decode the signal if the signal to interference plus noise ratio (SINR)
exceeds a certain predetermined threshold denoted by ¢. This results in the following

constraint:

Pz (= (F) (2.1)

where P, is the total allowed interference power which consists of interference power
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Figure 2.2: Different Ranges according to IEEE 802.11

from interfering nodes and background thermal noise. Here, the value of { is deter-
mined according to the rate at which a packet is received at the receiver.

Moreover, due to the pathloss constraints, the receiver B is able to receive and
correctly decode a packet when the received power (P,) of a frame from a transmitter
(with a transmission power P;) is higher than or equal s (the receiver sensitivity).
Accordingly, and adopting the two-ray model with antenna heights and gains equal

to one, the transmission range (r;) is:
1
re=(—)4 (2.2)

where « is dependent on the rate the packet is received at the receiver; note that the
higher the rate, the smaller « is [5].

Furthermore, a transmitter cannot initiate any communication if it senses a signal
with a power level larger than a predefined C'Sy,. Hence, the C'Sy, specifies the signal
strength above which a node determines that the medium is busy and will not attempt
for transmission. Let the Carrier Sense set of a transmitter A (denoted as C'Sy) be

defined as the set of nodes, if any of them transmits, node A will sense the medium
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busy [10]. Formally,

PA

CSy={A| 22 > CSy}

where d is the distance between the sender A and node A'(in the carrier sense set)
and Py is the transmission power of A’. If all nodes use the same transmission power,
P, then the carrier sense range r., defined as the maximum value of d such that the

above constraints hold, can be expressed as:

Po1
)4
CSi

re = ( (2.3)

Note that, however, if nodes use different power, the carrier sense region (CS4) will
have an arbitrary shape (not circular). Another acronym of interest is the silence
area that results from the transmission of node A. The silence set of a transmitter
A (denoted as SL,), assuming fixed C'Sy, for all nodes, is the set of nodes that will

detect the channel to be busy if A transmits [10]. Formally:

SLy= {A, l > CSth}

Clearly, SLs = CS,4 if all nodes use the same transmission power.

Next, the interference range [11] is explained. Consider an ongoing communication
between nodes A and B that are r distant apart. If node A transmits with power
P,, node B receives this signal with a power P, = %. Moreover, if the thermal
noise is neglected, P, in equation 2.1 can be expressed as P, = P, + Py,. Here, Py,
is the current measured interference at node B and P, is the maximum remaining
interference that node B can tolerate while it is still able to decode correctly the

packet that it receives from node A. Accordingly, and making use of equation 2.1,
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P, can be expressed as follows:

P,
p, < —1!

< F_C - P, (2.4)

Now assume that an interfering node F' which is d meters away from node B initiates
a communication with a power P; while node B is receiving a packet from node A.
The received power P.; = % at node B from node F' should satisfy the condition that
P.; < P, such that node B is still able to receive and correctly decode the packet
from node A. Accordingly, the interference set of a receiver B (denoted as INp) is
defined as the set of nodes whose transmission, if overlapping with the transmission
of a sender, will cause collision at the receiver. Specifically, if node F' transmits,
P; P,

INB:{F‘d_ZZ—_TLL,C_Pcn} (2'5)

With the condition of the interference set from equation 2.5, the interference range r;

is defined as the maximum value of d such that the inequality in equation 2.5 holds:

P.
7"1: = —-—-————’L 2.6
<4P> 290

Based on the above equation, both ¢ (whose value depends on physical transmission

e

rate) and the power value (P;) of an ensued packet can be seen to determine the

interference range at the receiver.

2.3 IEEE 802.11 Models

Many of the analytical performance modeling of wireless MAC protocols that focused
on the single hop wireless networks have originated from the analytical principles

proposed for the analysis of ALOHA protocol [12] and carrier sense multiple access
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(CSMA) protocol [13]. One of the approaches to model the IEEE 802.11 was pre-
sented in [14]. Their model does not capture accurately the true number of hidden
nodes, moreover the exponential backoff principle is not modeled.

Bianchi [15] was among the first who modeled the IEEE 802.11 DCF in WLAN

environment. He studied the behavior of a single station with a Markov model, and
accordingly obtained the stationary probability that the station transmits a packet in
a generic (i.e., randomly chosen) slot time. He later proved that the operation of the
RTS/CTS scheme can lead to a significant performance enhancement, in comparison
with the basic scheme, for the case of saturated network or very long data frame. Cali
et al. [16] derived analytic models that characterize the system capacity under the
p-persistent version of IEEE 802.11. Here, the capacity is defined as the maximum
fraction of channel bandwidth used for successful packet transmission.

The authors in [11] show that the RTS/CTS handshake for data rate of 2Mbps
is not effective when the transmitter-receiver distance is larger than 0.56 times the
transmission range.

The authors in [17] analyzed saturation throughput of collision avoidance proto-
cols in multihop ad hoc networks. The impact of the hidden terminals were analyzed
only when transmitting an RTS or CTS packets, whereas the hidden terminals that
may interrupt the receiving of the DATA /ACK packets were not included. Moreover,
the physical carrier sensing aspect together with the exponential backoff scheme were
also not captured. In [18], the authors calculated the throughput by including all
hidden terminals that may impact the reception of all the control and data packets
by considering the physical carrier sensing attribute, moreover, their model captures

the exponential backoff.
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2.4 Transmit Power Control

Transmit power control (TPC) is extremely important in wireless networks due to

three major reasons:

e the transmission power determines the transmission range according to Equa-
tion 2.2, which in turn can affect the connectivity and network topology. The

network topology, in turn, has considerable impact on the throughput perfor-

mance of the network.

e mobile nodes in ad hoc networks are usually energy constrained, hence they
have to be as energy efficient as possible. Power control is essential in reducing

the energy consumption while meeting the required SINR value at the receiver.

e transmitting at high power can degrade other ongoing transmissions and can
unnecessarily silence future transmissions. Reducing the transmission power
can reduce the interference on neighboring on-going transmissions and may en-
hance the overall network throughput, thereby allowing more concurrent trans-

missions.

Although the idea of power control is simple, achieving this in an IEE802.11-based
multihop network is challenging. When reducing the transmission power, the number
of nodes included within the transmission range of the sender competing for wireless
channel access is reduced and hence the number of collisions from contending nodes
is reduced. Moreover, it is intuitive that using reduced power may minimize the in-
terference level among neighboring nodes. However, since there is an increase in the
number of concurrent transmissions due to the fact that less nodes are silenced, the
aggregate interference level in the network may increase. Consequently, the overall
SINR might degrade and this may lead to an increase in frame loss rate. Further,
lower SINR forces the sender to transmit at lower PHY rates (more robust modula-

tion) to overcome the higher level of interference at the receiver. On the other hand,
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Figure 2.3: Categorization of power control schemes

reducing the transmit power may indeed decrease the energy consumption for one
transmission attempt; however, the likelihood of packet corruptions (error or colli-
sions) during packet reception becomes high, and hence retransmissions of the same
packet could yield to higher power consumption.

We classify power control schemes into two classes; namely topology-based and
per-packet based as shown in Figure 2.3 and they are surveyed in the following

subsections.

2.4.1 Topology Control

A topology control protocol COMPOW, that requires that all the nodes use a com-
mon minimum transmission power, was developed in [19]. The authors showed that
spatial reuse can be enhanced and energy is conserved if nodes agree on the minimum
common power that maintains the network connectivity. In COMPOW, each node
tries to find the best minimum power by locating the route entry that maximizes
the throughput among other entries. This is accomplished by running several rout-

ing daemons in parallel, one for each power level. However, COMPOW suffers from
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overhead problems due to link-state messages exchanged by nodes. Moreover, COM-
POW is ineflicient in cluster topologies since it tends to use higher power. Finally,
COMPOW is highly affected by mobility; if a node moves away, redetermination of
the common power is triggered, and thus global reconfiguration is required.

A cone-based topology control scheme was proposed in [20]. Here, each node
determines the minimum power that preserves its connectivity with at least one
neighbor existing in every cone of degree ¢. In order to find its neighbors, a node
broadcasts a Hello message at the lowest power and gradually increases its power.
Thereafter, a node stores the direction in which replies are received for every Hello
packet transmitted at a certain power level. Based on the saved directions, a node is

able to determine whether its neighbor lies in a cone of degree ¢. The algorithm has

foTlig

been analytically proven to maintain network connectivity for ¢ = %

A distributed position-based topology control algorithm is proposed in [21]. Through
this algorithm, each node (e.g., node ¢) periodically broadcasts its position informa-
tion and builds a sparse graph named enclosure graph with the position information
contained in the broadcasting packets from its neighbors. Then node ¢ assigns a cost
metric respectively for each neighbor node j included in the enclosure graph. Here,
the cost metric is defined as the minimum required power to establish a link between
node ¢ and j, and this is also broadcasted by node i. Afterwards, all nodes are able to
select an optimal link on the enclosure graph using the distributed Bell Ford shortest
path algorithm.

A power controlled dual channel (PCDC) MAC that constructs the network
topology by considering the interplay between the MAC and network layers was
proposed in [22]. PCDC employs two separate channels one for control packets
(RTS/CTS/ACK) and the other for data packets. In order to allow for future concur-
rent transmissions without corrupting the ongoing transmission, a receiver-dependent

interference margin is defined and accordingly the data packet is transmitted at a
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power level that accounts for this interference margin. This margin is broadcasted
through the CTS packet. With this information, each node calculates the optimal re-
quired power to each of its directed neighbors and accordingly construct the network
topology (i.e., select the optimal next hop destination).

The authors of [23], [24], [25] and [26] also studied the problem of topology main-
tenance, where the objective is to preserve network connectivity, reduce power con-
sumption, and mitigate MAC-level interference and thus increase the spatial reuse.

Comprehensive surveys for topology control schemes are presented in [27], [28].

2.4.2 Per-Packet based

Interference-Unaware

A simple power control MAC protocol that allows nodes to vary transmission power
on a per packet basis is presented in [29]; the main idea is to allow nodes to use
different power levels for RTS/CTS and DATA/ACK frames. More specifically, a
maximum transmission power is used for sending the RT'S/CTS frames and a lower
power level, necessary to communicate, is used for DATA/ACK packets. This pro-
tocol is referred to as the BASIC protocol and the authors of [29] have pointed out
its deficiencies. BASIC was proposed to enhance the energy efficiency; it however
suffers severely from high collision rate from hidden terminals due to asymmetrical
link problems. This, in turn, increases the energy consumption and deteriorates the
throughput.

To elaborate more on the asymmetrical link problem, consider two nodes A and
B, which are a distance r away from each other, exchanging their RTS and CTS
frames at the maximum power (Figure 2.4); nodes E and F back off for EIFS since
they lie in the silence range of RTS and CTS frames. Now, nodes A and B exchange
their DATA and ACK packets at the minimum transmission power. Hence, nodes E

and F are no longer inside the silence zone of both nodes. After an EIFS duration,
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Figure 2.4: Asymmetrical link Problem

they will contend for the channel if they have a packet to transmit. If the duration
of the DATA packet (from A to B) is long, node F may corrupt the frame reception
at the receiver, B. Similarly, node F may also corrupt the ACK packet reception.
The authors in [30] further studied analytically the performance of BASIC scheme
by proposing a model to analyze the maximum throughput and the consumed energy
under maximum interference achieved by the BASIC scheme. They adopted the
honey grid model for accumulative interference measurement. The proposed model
showed the deficiencies of BASIC.

In order to address this problem, the authors in [29] proposed to transmit the

DATA packet periodically at maximum power. Here, the transmitter every 190 us

21



raises the DATA power level to its maximum for a period of 15 us so that poten-
tial interfering nodes will now be able to detect the transmission and accordingly
defer their future transmissions and prevent collisions with the current transmission.
The receiver, then, transmits an ACK frame using the minimum required power to
reach the source node, similar to the BASIC scheme. The calculation of the peri-
odic time for increasing the power is dependent on the duration of EIFS. Here,
EIFS = SIFS + DIFS + [(8 * ACKsize) + PreambleLength + PLCPHeader —
Length]/BitRate, where ACKsize is the length (in bytes) of an ACK frame, and
BitRate is the physical layer’s lowest mandatory rate. The PreambleLength is 144
bits and PLC PHeader Length is 48 bits. Using a 2 Mbps channel bit rate, EIFS is
equal to 212 us. Here, the 15 ps should be adequate for carrier sensing, 5 us to up
and down the power level. So the time will be 210 us which is less than the 212 us.
In this way, the ACK packet is well protected and the energy is assumed to be con-
served. However, the spatial reuse is not improved since the RTS and CTS packets,
which are sent at maximum power, may still unnecessarily silence future concurrent
transmissions. A similar approach to that of [29] which relies on periodical increase
of transmission power to silence hidden nodes was also proposed in [31].

It was suggested in [32], as another enhancement to the BASIC scheme, that
a node should be aware of the success and failure of its own transmissions. To
achieve this, a node maintains a table that keeps a record of all the previous RTS-
CTS-DATA-ACK transmission power levels used to communicate with each of its
neighbors. Given this information, a transmitter would be able to adjust adaptively
the transmission power of its future communication according to a predefined policy.
Here, the policy dictates that each transmitter increases/decreases its transmission
power to its receiver if the last transmission to the same receiver fails/succeeds. As
opposed to the BASIC scheme, a node uses the reduced power level for all its transmis-

sions (i.e., RTS-CTS-DATA-ACK). This algorithm yields higher throughput because
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of the enhanced spatial reuse and lower energy consumption compared with the IEEE
802.11 MAC protocol. Here, the channel reuse is enhanced since the RTS/CTS pack-
ets are exchanged at a reduced power level, allowing for simultaneous transmissions
to exist. Nevertheless, this mechanism still suffers from hidden terminals since it

does not provide an efficient protection for DATA packet. Moreover, asymmetric link
problem is not completely addressed here.

Another enhancement for BASIC was proposed in [33]. The authors argued that
through knowing the received signal pattern, a node can foretell if the signal belongs
to a transmitted CTS packet. Upon recognizing the CTS packet, the node accord-
ingly sets its NAV so as not to interfere with the upcoming DATA packet reception.
A solution has been proposed in [34] to overcome the asymmetric link problem of
the BASIC scheme by allowing nodes in the carrier sensing zone of an RTS/CTS
transmission to acknowledge the transmission duration information of the up-coming
DATA packet. Although these nodes are not able to correctly decode the RTS/CTS
packet, they can still detect, the time duration when the physical carrier is sensed
or not. The physical duration of the RT'S/CTS frames is increased by simply adding
a few bits to them. Thus, the ALCA protocol provides a discrete set of N different
Carrier Durations (CD) for RTS/CTS frames, and each CD is mapped to different
durations for the DATA packet transmission duration. A node in the carrier sensing
zone of RTS/CTS transmission senses the physical carrier of RT'S/CTS duration and
can extract the CD for the RTS/CTS frame. Correspondingly, it can acknowledge the
transmission duration for the DATA packet, and set its NAV to this value, instead
of setting the NAV to the standard EIFS value.

Interference-Aware

A power controlled multiple access protocol (PCMA) has been proposed in [35]; in

PCMA, the receiver advertises its tolerable interference margin on an out-of-band
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channel and the transmitter selects the transmission power that does not disrupt any
ongoing transmissions. To elaborate more, each receiver transmits busy-tone pulses
over separate channel to inform its interference margin to its neighbors (potential
interferers). A potential interfering node, upon receiving the pulse, determines its
signal strength and accordingly takes a decision to bound its future transmission
or not. Specifically, a potential interfering node first senses the busy-tone channel
to calculate an upper bound on its transmission power on all of its control and
data packets complying to the most sensitive receiver in its transmission zone. This
potential interfering node, upon determining this upper bound value, will transmit
an RTS packet and waits for the CTS from the receiver. If the receiver is able to
correctly decode the RTS packet (i.e., it lies within the RTS range of the transmitter
node) and the power needed to send back the CTS packet is below the power bound
at the receiver, the receiver then transmits back a CTS allowing the DATA packet
transmission to begin. Implementation of PCMA shows significant throughput gain
(more than twice) over the IEEEE 802.11. Nevertheless, the collision resulting from
contention among busy-tones is not addressed.

Performing TPC with the use of a separate control channel for (RTS, CTS, ACK)
in conjunction with a busy-tone scheme was proposed in [36]. A transmitter sends
the DATA packets and busy-tones at reduced power, while the receiver transmits
its busy-tones at the maximum power. Upon receiving the busy-tone, a potential
interfering node estimates the channel gain and decides to transmit if the interference
value from its future transmission does not add more than a fixed interference on
the ongoing reception. The protocol is shown to achieve considerable throughput
enhancements. Nevertheless, the assumptions made in the design of the protocol are
not realistic. Specifically, that the antenna system neglects the interfering power of
a signal that is less than the power of the "desired” signal (i.e., they assume perfect

capture) and that there is no requirement for any interference margin. Moreover,
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when addressing the energy consumption, the power utilized in transmitting busy
tones is not considered. The collision from contention among busy-tones is also not
addressed as well. Although these algorithms claim to achieve good throughput

and less energy consumption, the implementation of dual or multi-channels in the

framework of IEEE802.11 faces both technical difficulties and market resistance as
such algorithms would require a complete change of the standards.

The authors in [37] extended the work of in PCMA [35] to a single channel power
controlled MAC protocol named POWMAC. Instead of delivering the interference
margin information on a second channel, POWMAC exchanges the interference in-
formation and DATA packet using only one channel. To achieve this, POWMAC
employs an access window (AW) to allow for a series of RTS/CTS exchanges to take
place before several concurrent DATA packet transmissions can commence. Thus,
during the AW, each node is aware of the interference margin of its neighboring
nodes and accordingly bounds its transmission power as in PCMA such that DATA
transmissions can proceed simultaneously as long as collisions are prevented.

In [38], the authors investigated the correlations that exist between the required
transmission power of RTS, CTS, DATA and ACK frames to guarantee a successful
4-way handshake. Based on these correlations, they proposed Core-PC( a class of
correlative power control schemes). The scheme argues that all the packets should be
transmitted at the same power value to achieve the best throughput performance. In
their scheme, they considered the accumulated interference from all interfering nodes.
Moreover, they protected the CTS or the ACK packet from collisions by forcing the
transmission range of the RTS or DATA packet to be equal to the interference range
of the CTS or ACK packet. Moreover, they proposed localized heuristics to determine
the average power of the accumulative interference.

The authors of [39] introduced the a collision avoidance power control (CAPC)
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Figure 2.5: transmission range of CTS protect DATA

Figure 2.6: Carrier sensing range of DATA protect DATA
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MAC protocol to protect the transmission of DATA and ACK packets by appropri-
ately selecting their power values; for example, a DATA packet may be protected
if the interference range at its receiver (equation 2.6) is set equal to transmission
range (equation 2.2) of the ensued CTS packet, as shown in Figure 2.5. Here, the
authors assumed that an interfering node always sends at maximum power to derive
the interference range. Similar to BASIC, RTS and CTS frames are sent at maximum
power and that may impact the spatial reuse in the network.

More recently, the authors of [40] extended the work in [39] and proposed an
adaptive range-based power control (ARPC) MAC protocol for avoiding collisions
and conserving energy consumption. They derived four mechanisms and studied their
performances. Carrier-sensing Range Cover Mechanism (SCRC), Receivers Carrier-
sensing Range Cover Mechanism (RCRC), Senders Transmission Range Cover Mech-
anism (STRC) and Receivers Transmission Range Cover Mechanism (RTRC)) to
adapt the transmission power for a node. In SCRC, the RTS and CTS packets
are transmitted at maximum power and the transmission power of DATA and ACK
packets are calculated such that the carrier sensing range of DATA packet covers the
entire interference range of DATA packet,as shown in Figure 2.6. In RCRC, the RTS
packet is also transmitted at maximum power and the DATA packet is transmitted
at minimum power while the transmission power of the CTS frame is determined
such that the carrier sensing range of the CTS equals the interference range of the
DATA packet given that the size of DATA packet is small. Moreover, in RCRC,
the ACK packet is transmitted at a maximum power. In the other two mechanisms,
STRC and RTRC, RTS and CTS packets are transmitted at maximum power while
DATA or ACK packet is transmitted at adapted power such that the interference
range of DATA packet is protected by the transmission range of RTS or CTS packets
(as shown in Figure 2.5) respectively. The authors further derived an adaptive algo-

rithm that selects between the proposed mechanisms based on the distance between
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the sender and the receiver. The performance evaluation has shown that the pro-
posed scheme has completely eliminated the hidden terminal problem and thus the
DATA collision rate becomes negligible. Additionally, in the proposed mechanisms,
the interference range is always calculated under the worst case scenario, in which
the potential interfering node is considered to transmit at maximum power which
does not reflect the real channel condition. However in their methods, the RTS (and
most of the time CTS) frame is always transmitted at maximum power, which, as

mentioned earlier, affects the channel spatial reuse.

2.5 Tuning Carrier Sensing threshold

Recently, tuning the physical carrier sensing threshold (CS;) has been proposed as
an efficient mechanism to enhance the network throughput in an IEEE 802.11-based
multihop ad hoc networks. The physical carrier sensing method reduces the likeli-
hood of collision by preventing nodes in the vicinity of each other from transmitting
simultaneously, while allowing nodes that are separated by a safe margin (carrier
sensing range) to engage in concurrent transmission.

The authors of [41] were the first to introduce the concept of tuning the C'Sy,
for throughput enhancement. By setting the physical silence range, r., such that it
covers the interference range (i.e., 7. = r; + d), the interference impact from hidden
terminals is eliminated. Accordingly, they derived the optimal CSy, for several grid
topologies to achieve maximum network throughput (via enhancing the spatial reuse)
given a predetermined transmission rate and Signal to Interference plus Noise Ratio
(SINR); the authors in their work did not however consider the MAC overhead.

The ECHOS architecture [42] improved the network capacity in hotspot wireless
networks through dynamically tuning the C'Sy;, to allow more flows to co-exist. Here,
hot spot deployment operate in infrastructure where an Access Point (AP) services

connectivity to multiple clients. ECHOS adjusts C'S;, based on interference measured

28



at both AP and client side. The clients report the measured interference to their APs.
Then each AP estimates the maximum tolerable future interference for the clients
and set its CSy, to avoid hidden terminals.

On the contrary, the authors of [43], [44], [45] studied analytically the effect of C'Syy,
on the performance of ad hoc networks and showed through theoretical analysis, and
verified later via simulations, that the optimum C'S;, that maximizes the throughput
allows hidden terminals to exist.

The authors of [46] further explored the interactions between MAC and PHY
layers and studied the impact of MAC overhead on the choice of optimal carrier
sense range and the aggregate throughput. They concluded that the optimal CS;,
depends on the degree of channel contention, packet size and MAC-overhead.

Besides numerical analysis, an experimental testbed in [47] has been developed
to investigate the effectiveness of carrier sensing in a practical system for improving
network throughput. The authors argued that in order to get the true potentials from
tuning the carrier sense threshold, the carrier sense algorithm in design should employ
the capture effect, i.e., it should make transmission deferral decisions based on the bit
rates being used and the received signal strength ratios observed at all of the nearby
receivers. To elaborate more on this, consider two senders, A and B, both are within
transmission range of each other. The intended recipients of their transmissions,
nodes A’ and B’ respectively, are each within range of only one transmitter. If A’
can capture the transmission of B, carrier sense should be used to defer node B
to prevent it from interfering with A’s transmission. On the other hand, if A’ can
sustain a parallel transmission from B without significantly affecting A delivery rate,
carrier sense should be suppressed to make efficient use of the available transmission
opportunities (spatial reuse).

Based on the insights from the analytical model and testbed experiment, the

authors of [48], [49] and [50] proposed heuristic algorithms for tuning the C'Sy, based
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on the network performance. Here, a transmitter periodically measures the SINR as
in [49] or FER (frame error rate) as in [48] and [50]. Then, the node compares the
measured value with pre-defined thresholds (simulation parameters) and accordingly
decides whether it should increase or decrease its CSy,. These proposed schemes
do not completely avoid collisions from hidden terminals. This is due to the fact
that a node adjusts its C'Sy, only in order to improve its own performance, without
considering whether such an adjustment may adversely impact the transmission of
neighboring nodes.

The authors of [51] found that carrier sense can unnecessarily suppress an 802.11
receiver from responding to RT'S messages. They observed that a successful reception
of a RTS message is a good indication that subsequent transmissions from the RTS
sender can overcome the current noise levels observed at the receiver, even when
the noise level is within carrier sensing range. To increase efficiency, they propose
802.11 receivers use a different threshold for carrier sense prior to transmitting a CTS
message.

In [52], the transmitter collects the RT'S/CTS success ratio and the signal strength,
and builds a mapping table between the two. This mapping table is updated after
every access request. Before each transmit attempt, the sender looks up the mapping
table with the current sensed signal strength to obtain the estimated success ratio.
If the obtained success ratio is higher than certain threshold, the transmitter starts
transmission. Otherwise, it blocks itself until it decides the channel is clear.

In [53], the authors first through an analytical study claimed that the C'Sy, which
allows certain number of hidden terminals to exist can enhance the network capacity.
Moreover, they proposed that the number of contending nodes (n,) is determined by
CSy, and they derived an optimal value of n, that can maximize the throughput.
They also presented an algorithm that adjusts m. through tuning CSi,. In this

algorithm, a node first estimates n, from the measured information, such as the time
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Figure 2.7: Categorization of rate adaptation schemes

that the node senses the channel as idle, busy and captured for receiving, then the

node adjusts its CSy, in order to achieve an optimal n.

2.6 Rate Adaptation

The IEEE 802.11 wireless networks support a wide range of transmission rates be-
tween 1 and 54Mbps by employing different sets of modulation and channel coding
schemes. For example, the IEEE 802.11a supports 8 PHY channel rates ranging from
6 Mb/s to 54 Mb/s based on different modulation schemes and coding rates and the
IEEE 802.11Db supports 4 PHY channel rates ranging from 1 Mb/s to 11 Mb/s.

To utilize the multiple rate capacity of IEEE 802.11, various DATA rate adapta-
tion schemes have been proposed for throughput enhancement. The basic idea for
rate adaptation is to select appropriate transmission rates according to the chan-
nel condition. More specifically, one should exploit good channel conditions by us-
ing higher rates for improved efficiency (i.e, throughput), and improve the trans-

mission reliability by lowering the rate in the presence of channel impairments.
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In [54], [55], [56], [57], [58] analytical models were presented to investigate the good-
put under the rate adaptation for 802.11a-based WLANs. The authors in [58] fur-
ther investigated the RTS/CTS mechanism in the absence of hidden terminals and
showed that the collision time reduction is practically vanished whenever the control
rate is lower than that of the data rate and concluded that the concept of deploying
RTS/CTS for network improvement is questionable. Furthermore, the authors in [56]
showed that RT'S/CTS mechanism is effective against hidden node interference only
for low transmission rates. When high rates are used, both schemes achieve similar
performance. Nevertheless, they have assumed collision-free transmissions and only
considered interference from nodes placed just outside the maximum CTS coverage
range of the receiver. Moreover, the authors of [57) showed for multi-rate environ-
ment that as the data transmission time increases the RT'S/CTS handshake becomes
less and less beneficial due to the added overhead.

Rate adaptation schemes usually consist of two phases: 1) estimating or probing
the channel condition and 2) rate selection based on the estimated channel condition.
Moreover, DATA rate adaptation schemes fall into two categories: transmitter-based
and receiver-based as shown in Figure 2.7. For the first category, the channel con-
dition estimation and rate selection is at the sender side and vice versa. In [59],
an RBAR (Receiver-Based Auto-Rate) protocol was proposed. In RBAR, the SINR
measured at the receiver is used to estimate the channel conditions, and accordingly,
the receiver selects the DATA rate based on this information. The selected rate is
sent back to the sender through the CTS packet.

Various sender-based rate adaptation schemes that estimate the channel condition
with the information measured at sender (such as transmission success/failure, or
SINR) were proposed. We refer these schemes as "measurement based” schemes. An
ARF (Automatic Rate Fallback) algorithm was proposed in [60]. In ARF, a node

determines the status of the channel condition as good after a certain number of
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consecutive transmission successes and accordingly increase the rate, and it decreases
the rate after a frame loss. ARF is now the common standard for IEEE 802.11
rate adaptation, thanks to its simple implementation. In [61], a SampleRate rate
selection algorithm was proposed. Here, in order to estimate the channel condition,
SampleRate periodically transmits a DATA packet at some other rates in order to
update a record of that rate’s loss ratio. SampleRate then switches to a different
rate if the throughput estimate based on the other rate’s recorded loss ratio is higher
than the current throughput. The MADWIFI driver in [62] provides ONOE, a rate
adaptive scheme that estimates channel condition and selects transmission rate based
on the frame error rate (FER) measured during certain time period.

The authors in [63] proposed a Hybrid Rate Control algorithm which adjusts
transmission rate based on the combination of physical layer information (e.g. SINR)
and MAC layer information (e.g. FER). Moreover, the authors in [64] proposed two
algorithms for high and low latency system: Adaptive Auto Rate Fallback (AARF)
and Adaptive Multi-Rate Retry (AMRR). AARF is based on ARF while AMRR is
based on ONOE. Both algorithms dynamically adapt the success threshold (number

of packets successfully received ) for increasing the rate.
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In [65], an OAR (Opportunistic Auto Rate) is proposed and works by oppor-
tunistically transmitting multiple back-to-back packets whenever the channel quality
is good.

The above measurement based rate adaptive schemes treat transmission failure as
an indicator of bad channel conditions. However, as pointed out in [66], transmission
failures can be caused either by collisions or channel errors. Here, channel error
can be due to fading, shadowing ,etc. Thus, in order to accurately estimate channel
condition, those transmission failures caused by collisions should be excluded. Various
rate adaptation schemes have been proposed in order to differentiate collisions with
channel errors. Here, these schemes are referred to as ”loss differentiation” schemes,
which form a sub-category of measurement-based schemes, as shown in Figure 2.7.
The basic idea of loss differentiation schemes is to avoid unnecessary rate decreasing
when encountering collisions. More specifically, when facing a transmission failure,
a node first identifies the causes of this transmission failure, then it only decreases
the transmission rate if this transmission failure is caused by channel error. On the
other hand, it fixes the transmission rate when encountering collisions.

The authors of [67] introduced a new NAK packet to differentiate packet collision
and channel error. A receiver node transmits an NAK to the sender if it successfully
receives the MAC header but fails in receiving the packet payload. Upon receiving the
NAK, the sender acknowledges that this transmission failure is due to channel errors
but not collisions and accordingly adapts the rate. Another scheme is proposed in [68],
which differentiates collisions and errors based on the transmission time information
for lost packets. Moreover, the authors of [66] proposed a Collision-Aware Rate
Adaptation (CARA). CARA employs RTS probing to differentiate between packet
collision or packet error. And to reduce RTS/CTS overhead, in CARA, the RTS/CTS
exchange is switched off after certain number of consecutive packets success and

switched back on after certain packets failure. A Robust Rate Adaptation Algorithm
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(RRAA) is proposed in [69] which combines the selective RTS/CTS scheme from
CARA with FER threshold-based scheme from ONOE.

In [70], the authors proposed a model to investigate analytically the impact of
rate switching thresholds (i.e, when to switch from higher rate to lower rate and
vice-versa ) on the performance. Accordingly they showed that dynamic adjustment
of thresholds is an effective way to enhance the throughput. Based on these observa-
tions, they proposed a rate adaptation scheme that adjusts the rate-increasing and
decreasing parameters based on link-layer measurement.

The measurement based rate adaptation scheme, listed above are aimed at se-
lecting the optimal transmission rate corresponding to varying channel conditions.
Moreover, according to Equation (2.6), lowering transmission rate can reduce the
size of interference range, allowing more concurrent transmissions to coexist without
corrupting each other, as shown in Figure 2.8. Consequently, sender-based rate adap-
tation schemes that take into account either the interference range or accumulative
interference has been proposed.

In [71], the authors proposed to enhance energy efficiency through rate adapta-
tion techniques in an IEEE 802.11-based multi-hop network. Specifically, they for-
mulated the average power consumption on a link as an optimizing problem subject
to some specific traffic requirements. Further they showed that this problem tend to
be NP-hard in nature, and accordingly they proposed a distributed cooperative rate
adaptation (CRA) heuristic as a suboptimal solution. The authors proved that CRA
converges and verified later by simulation results that implementing CRA scheme
can enhance the network lifetime.

A link adaptation scheme called ILARI (Integrated link Adaptation with Rate
selection and interference avoidance) was presented in [72]. Here, ILARI adopts the
RTS/CTS access mechanism for the purposes of both probing the channel quality

and preventing interference from the hidden terminals. Moreover, ILARI adaptively

35



performs a dynamic switch between the RT'S/CTS access scheme and the basic scheme
based on a predefined policy in order to avoid the additional overhead caused by
the RTS/CTS exchange. When operating using the basic access scheme, ILARI

utilizes the physical carrier sensing (PCS) to protect DATA packet reception from

the interferences from hidden terminals. Based on the fact that when a hidden node
lies inside the physical sensing zone of the transmitter, the reception of the DATA
packet transmission is guaranteed even without the RTS/CTS access mechanism.
Furthermore, given a fixed power, transmitting at a lower data rate decreases the
interference range of the receiver since the required SINR for successful transmissions
decreases. Accordingly, and based on the receiver’s channel quality and the size of
data frame, ILARI chooses lower data rates such that the physical carrier sensing
range covers the interference range of the receiver so that the RTS/CTS handshake
is not required.

Other rate adaptation schemes for enhancing spatial reuse were proposed in 73],
[74] , and [75]. However in those schemes, besides DATA rate adaptation, other
parameters such as transmission power, C'Sy, and DATA packet length are also jointly

considered. We will elaborate the details in later section.

2.7 Interplay among the Tunable Parameters

Different variants of access methods have been proposed to optimize the operation
of DCF by helping nodes to either select optimal contention window size or optimal
transmission probabilities which may yield to a decrease in collision among contend-
ing hosts and ultimately minimizing both the collision and idle periods. The authors
of [76] suggested to turn off BEB and proposed a new method to dynamically tune
the contention window size . In their new access method, termed as Idle Sense, each
host measures the average number of consecutive idle slots between transmission at-

tempts and make sure that this number is close to an optimal number (the optimal
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Figure 2.9: Spatial Backoff

number that maximizes the throughput is derived from analytical study) by either
increasing or reducing the contention window size in an additive increase, multiplica-
tive decrease (AIMD) manner. Furthermore, they also studied the impact of rate
adaptation and noted that a node should switch to a lower transmission rate only if
the throughput obtained at the lower rate is at least equal to that obtained at higher
rate. Accordingly, a frame error rate threshold exists, above which it is beneficial to
switch the transmission rate. For example, for IEEE 802.11b, one needs to switch
from 11Mbps to 5.5Mbps when the frame error rate exceeds 50 %.

An RAF (Rate Adaptive Framing) scheme was proposed in {75]. In RAF areceiver
node predicts the channel condition and accordingly jointly calculates the optimal
DATA transmission rate and frame size in order to fully utilize the channel bandwidth
while avoiding interference from neighboring nodes. Here, the channel condition
prediction is based on the number of idle (busy) time slots during which the channel
is sensed as idle (busy).

In [77], the authors proposed an energy efficient scheme (MiSer) by jointly con-

trolling both transmit power and PHY transmission rate. They compute offline an
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Figure 2.10: Illustrative example to show when power control is more beneficial than
tuning CS;y,

optimal rate-power combination table, and then at runtime, a wireless station deter-
mines the most energy efficient transmission strategy for each data frame.

The authors observed in [74] that the space occupied by each transmission can
be adjusted by tuning some protocol parameters (e.g., C'Sy, and transmission rate)
and accordingly they proposed the concept of spatial backoff. More specifically, in
order to allow more concurrent transmission to be initialized, CSy, should be in-
creased. On the other hand, in order to make sure that these transmissions can take
place simultaneously without corrupting each other, one should reduce the size of
the interference range through lowering the transmission rate. To conclude, a lower
rate and higher CS;;, result in smaller occupied space. Accordingly, they proposed
an algorithm for improving the spatial reuse by dynamically adjusting the C'S;, and
transmission rate as shown in Figure 2.9. The Y axis represents the different trans-
mitting rate levels, which are in an increasing order, while the X axis represents the

different C'Sy, levels in a decreasing order. A node at point (CS[i], Rate[j]) means the
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node is using carrier sensing threshold CS[i], and transmitting rate Rate[j]. Assuming
that the interference at the transmitter equals the interference at the receiver, the
authors derived a minimum C'Sy, associated with each transmission rate, represented

by the diagonal in the figure. A node adjusts its transmitting rates and C'Sy, based

on the network performance. More specifically, when a node faces certain number of
consecutive transmission successes, it increases its transmitting rate by 1 level and
C Sy, remains the same. This action is presented by the solid arrow in Figure 2.9.
When the node faces certain number of consecutive transmission failures and the
CSy, threshold does not reach the minimum value for the current transmission rate,
the node decrease the C'S;, by 1 level, and the transmitting rate remains the same as
represented by the dotted arrows in the figure. When the transmission fails and the
CS;, has already reached the minimum value for the current rate, the node decreases
the transmission rate by one level, and increases the C'Sy, to the one it used with the
lower rate before, represented by the dashed arrows in the figure.

Another algorithm that jointly tunes the C'Sy, and the transmission rate was pro-
posed in [78]. Here, all source nodes assume a fixed predefined interference range and
accordingly adapt their transmission rate based on the distances from their receivers.
The CSy, is tuned in a similar way to [48].

Moreover, the authors in [79] argued that for the CSMA protocols, the product of
the transmit power and the carrier sensing threshold should be kept constant. That
is, the lower the transmit power, the higher the carrier sensing threshold and hence
the smaller the carrier sensing range and vice versa. Further, the authors proposed
a heuristic algorithm to improve spatial reuse by incorporating this proposition.

Similarly, the authors of [73] studied the impact of spatial reuse on network ca-
pacity and derived the network capacity as a function of both transmission power and
CSy,. They showed that in the case where discrete data rates are available, tuning

the transmission power offers several advantages that tuning CSy, cannot, provided

39



there is a sufficient number of power levels available. The merits from power control
is elaborated in the following example shown in Figure 2.10. Here, both nodes A and
D are transmitting concurrently to their intended receiver B and C. Let r[1], r[2]
and r[3] denote the available transmission rates with SINR thresholds SIN Ry[1],
SIN R, [2) and SIN Ry,[3] respectively. Moreover, let P4 and Pp denote the initial
transmission power for node A and D and we assume that P4 = Pp and the same
transmission rate r[2] is adopted for both senders. With transmission power control,
node A can increase its transmission power P4 up to an appropriate value, P}, where
it sustains a higher data rate r(3) with SINR threshold SIN R;[3], while not disturb-
ing the other concurrent transmission from D to C with data rate r[2]. Here, the
increase in interference at node C from the increase in transmission power of node A,
does not make the SINR value at node C fall below SINR;,[2]. In contrast, when
tuning the carrier sensing threshold of node A to achieve the rate r[3], then node A
should decrease its C'Sy;, such that node D is included within its carrier sense range.
As a result, the two transmissions can not take place at the same time. Further more,
the authors also pointed out that in the case the achievable channel rate follows the
Shannon capacity, spatial reuse depends only on the ratio of transmission power and
CSy,. This is contrary to the work of [79] where they showed that transmitters should
keep the product of transmission power and CSy, fixed at a constant. Accordingly,
they proposed a localized heuristic algorithm that adjusts the space occupied by a
node through joint dynamic tuning of transmission power and rate.

Yong [10] et al. proposed an analytical model to investigate the impact of trans-
mit power and carrier sense threshold on network throughput in the basic access
mechanism; they extended both Bianchi’s [15] and Kumar’s [80] models to derive the
single node’s throughput. Through their model, the authors argued that an optimum
throughput can be achieved for a specific carrier sensing threshold. Moreover, they

concluded that a higher system throughput can be achieved with the use of smaller
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transmit power (subject to network connectivity) and carrier sense threshold.

Yu [81] et al. investigated the interaction between the carrier sensing threshold,
contention window size CW, and discrete data rates for IEEE 802. 11 DCF. To ac-
complish this, they adopted and extended Cali’s [16] model to derive the capacity of
the network as a function of the carrier sensing threshold and SINR. The theoretical
analysis results verified that the throughput can be maximized at various transition
points of the carrier sensing threshold. Thus, the capacity is strictly not a mono-
tonically increasing/decreasing function of the carrier sensing threshold. Moreover,
the throughput can be further enhanced by tuning the contention window size. A
spatial reuse optimization mechanism is considered in [82] for multihop wireless net-
works where the authors considered variable transmission power and different receiver
sensitivities.

More recently, the authors in [83] proposed a model to study analytically the
impact of CS;, on the network capacity in wireless multihop networks. In their
model, the effect of collisions caused by accumulative interference is considered. Ad-
ditionally, they claimed that the transmission attempt probability is a function of
both contention window size and CSy, and accordingly, they showed that in order
to enhance throughput, the attempt probability should remain large, allowing some
collisions to exist. To achieve high attempt probability, the size of the contention

window should be fixed to smaller values while higher C'Sy;, should be used.

2.8 Directional Antennas

Directional antennas offer clear advantages for improving the network capacity by
increasing the potential for spatial reuse [84]. Allowing a sender to direct his trans-
missions in the direction of the intended receiver clearly reduces the level of contention
with other nodes, thereby allowing for more simultaneous transmissions. Moreover,

directional antennas can increase the signaling range without spending extra power
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(as opposed to omni-directional) and accordingly, some receivers outside the omni-
directional range may be reached in one hop transmission. This longer range results
in a smaller number of hops on end-to-end paths, yielding an increase in connection
throughput. The integration of directional antennas with transmission power control
scheme can further give more benefits than anticipated [84] in terms of enhancing
the spatial reuse as elaborated in Figure 2.11. Here, Figure 2.11 illustrates this very
easily by comparing the four combinations assuming an angle of 10 degrees and ap-
plying the pathloss law a) no power or directional b) power control without using
directional antenna c) directional antenna d) power control with directional antenna.
Neglecting the side lobes of directional antenna and taking into account the ratio
of the areas resulting from applying the four combinations, the merits achieved in
terms of spatial reuse from integrating power control with directional antenna are
shown. With power control and without the use of directional antenna, the area is
reduced by a factor of 4 if the distance between the sender and the receiver is half
the distance of the maximum range. With directional antenna and without power
control, the same area is reduced by a factor of 6 if the beamwidth is J5. Finally using
directional antenna with power control, the area is reduced by a factor of 144% with
the same distance and beamwidth. It can be seen that coupling directional antenna
is far better than using each technique separately.

According to the path-loss, energy is directly proportional to the distance between
the sender and receiver raised to power of path-loss factor. The path loss factor can
take values between 2 and 6 depending on the wireless medium. With the use of
directional antenna, energy is directly proportional to the beam width angle and the
distance between the sender and the receiver. Applying power control with directional
antenna can enhance the energy savings by 144% [84] if using path-loss free space
model.

The authors of [85], [17], [86], [87], [88] have studied analytically the capacity of
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multihop ad hoc networks with nodes equipped with directional antennas and showed
that directional antennas offer great throughput gains. Directional MAC [3] was the
first MAC to include the directional version of IEEE 802.11 DCF. Here, RTS, CTS,
DATA and ACK are transmitted all directionally. However, D-MAC faced operational
obstacles such as deafness, hidden terminals, head of line blocking. We identify the

origin of each problem and evaluate its impacts on the network performance.

Deafness

The deafness problem [89] results when an intended receiver fails to reply to an RTS

message initiated by an intended sender since the intended receiver beam is set in
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a direction away from the intended sender. Figure 2.12 (a) illustrates this problem;
an ongoing directional communication is occurring between nodes B and C. Node
A attempts to initiate a communication with node B by sending Directional RTS
towards node B after sensing the channel in that direction to B idle. As a result,
node B will be unable to respond to node A’s RTS message, since its beam is directed
towards node C. This is termed as deafness. Moreover, node A is ignorant about the
cause node B is not replying for. Node A assumes packet collision and exhaust its RTS
retry limit and in the case where the communication between nodes B and C takes
longer times than the time needed for RTS retry limit, node A will drop the packet.
Now suppose there are more than such scenario in the network, the network will be
jammed and the overall performance interms of energy savings and throughput will
definitely decrease. Now, consider the same scenario as before where node D is trying
to communicate with node A while node A is attempting to communicate with node
B. Another node, say F, initiates a communication towards node D while node D
is trying to communicate with node A. Deadlock is reached and severe consequences
may result. To conclude, deafness is a severe phenomena which may hinder to a great

extent the merits of using directional antennas if left unsolved.

Hidden Terminal

The hidden terminal problem [90] is due to the combination of inefficient timing cri-
teria of the JEEE 802.11 and the directional transmission of RT'S/CTS/DATA/ACK
messages. To elaborate more on this, let us consider the simple scenario depicted in
Figure 2.12 (b). While node A was communicating with node D , it was not able to
hear the RTS/CTS messages between node B and C. If node A has a packet to send
to node C, node A sends an RTS message towards node C' at the same time node
B starts sending DATA message towards node C; consequently collision will occur

at node C. Collision has high effect on increasing energy consumption and declining
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capacity throughput.

Exposed Terminal

Exposed Terminal problem [91] reduces spatial reuse and thus the throughput perfor-
mance decreases. Figure 2.12(c) illustrates this problem; node A cannot initiate any
transmission to node B while node C' is communicating with node D and vice versa
since all nodes lies in the directional vicinity of each other. Another problem that is
built on the exposed terminal problem is the jointly exposed terminal problem and
the receiver blocking problem [90]. We illustrate this further in Figure 2.12 (c); node
A cannot reply with a CTS message to an initiated RTS message from node B, since
node A lies in the vicinity of the ongoing directional communication of node C. Node
B will keep sending an RTS message according to the number of retries allowed and
configured in RTS retry limit , thinking that the previous messages collided. This

term of problem has the same effect on the network as deafness.

Head of Line Blocking

Networks implementing First-In-First-Out (FIFO) queuing service rule suffers from
Head-of-Line blocking Problem [91]. Networks with such queuing schemes suffers
to a great extent when using directional antenna. Nodes contend to win a channel
before transmitting their packets. Suppose nodes A in Figure 2.12(d) has a packet
to transmit to node B, node C has a packet to transmit to node D. Node A wins
the channel and transmits the data message to node B. On the other hand, node C
can win the channel in the direction of node F and transmit any intended packet to
node E, but it is unable to do so since it has a packet for node D. This is termed as
HOL blocking problem. This problems adds more delay for packet delivery and thus
affect the overall network throughput.

Solutions to these problems can be found in [92], [3], [93], [94]. In what follows,
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the new accomplishment on the use of directional antennas and the integration of

directional antenna with power control are listed.

2.8.1 Directional MAC

The Tone-based directional MAC (ToneDMAC) protocol [95] has been proposed to al-
leviate Deafness; in other words to get nodes to understand that other nodes are deaf.
Two channels are adopted a data channel and a narrow control channel. RT'S/CTS,
Data and ACK packets are transmitted on the data channel and tones are trans-
mitted on the control channel. Tones are sent omnidirectional after the directional
Data/ACK exchange has been completed. By this, a neighboring node can conclude
deafness if it overhears a tone from its targeted destination. Every node is assigned
a unique identifier by which its neighbor can recognize it through and this identifier
is transmitted in the busy tone. Identifying a node is performed via a hash func-
tion that contains both the tone frequency and duration. Multiple Tones usage in
the network was an obstacle and was rectified via frequency tone reuse through the
hash function implementations. Furthermore, the location information regarding the
neighboring nodes was used to reduce the probability of tone mismatching.
Directional Antenna Medium Access protocol (DAMA) [96] designed to effectively
pass the limitations incurred by DMAC. Directional four-way handshake is consid-
ered to take the benefit of increased gain obtained by directional antennas. DAMA
employs a sweeping circular transmission of RT'S and CTS to prevent the problems if
deafness and hidden terminal problems. In order not to overwhelm the network with
these control packets, DAMA performs an optimized transmission of RTS/CTS. A
Node discovers all its neighbors and consequently sent its RTS through the antenna
beams associated with these neighbors. Worst case scenario is the dense network
topology where the node has to use all of its antennas beams to reach all its neigh-

bors, thus performance issue regarding overhead pops out. The mentioned technique
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showed a performance gain in case of sparse network. DAMA employs a three way
handshake in a way Directional RTS is sent then followed by directional CTS then at
the same DRTS/DCTS are sent directly via sweeping through all the selected beams.
Finally ACK is sent. DAMA implements an adaptive mechanism where it learns
and caches information about those sectors with neighbors. Various topologies have
been considered for performance evaluation. Simulation showed that DAMA per-
forms better than IEEE 802.11 DMAC and CRM in all scenarios except in the linear
topology. The linear topology case is particularly degrading to all directional MAC
protocols, but DAMA is still observed to perform best in terms of all directional MAC
protocols considered, while IEEE 802.11 performs best overall. MAC for directional
Antenna (MDA) [97] another fruitful work by the same authors consider enhancing
DAMA by employing an efficient sweeping procedure for sending circular RT'S and
CTS called the Diametrically Opposite Directional (DOD). An enhancement to the
MDA protocol has been recently proposed in [98] by a incorporating Wait To Send
Control (WTS) packet. Here, WTS packets are simultaneously transmitted by the
transmitter and the receiver after the successful exchange of directional RTS and
CTS to notify the on-going communication to potential nodes that are unaware of
this ongoing communication.

SYN-DMAC a directional MAC protocol for Adhoc Networks with Synchroniza-
tion is investigated in [91]. Nodes are assumed to be equipped with GPS receivers
for synchronization purposes. A switched-beam antenna is adopted for this protocol.
SYN-DMAC proposes a timing-structure different than that of the IEEE 802.11 to
alleviate the hidden and deafness problems. The timing structure in each cycle is
made up of three phases. The first phase is the Random channel access multiple
nodes contend to win out a channel. Neighbor discovery is carried along with chan-
nel contention in the same phase. One or more node-pair may win out a channel

on a condition these node-pairs should not collide with each other. Simultaneous

48



Data transmissions occur in second phase. Based on the variation of the channel,
each node-pair modify its power or rate accordingly. Finally parallel contention-free
ACKs are transmitted in phase three. The protocol also addresses the HOL prob-
lem. Simulations showed significantly improvement gain over the IEEE 802.11 MAC
protocol.

To fully exploit the benefits of directional antennas, DBSMA [99], a MAC protocol
for Multi-hop Ad-hoc Networks with Directional Antennas, considers all transmis-
sions, receptions, and idle listening to be directional. The authors describe a set of
requirements that should be met by directional MAC protocol and then proposed
DBSMA as a voted MAC. DBSMA uses novel concepts of idle directional listening,
beam sweeping, Invitation Signal and directional back-off windows. Listening is per-
formed via sweeping to cover the whole space. Every beam sector for each direction
in a switch beam antenna implements its own back off window. Implementing the
same back off window would result in unfairness to channel contention. Increasing a
backoff window of a node due to collision in one direction affects the node’s ability
to content for a channel in the remaining directions due to the fact the node imple-
ments the same backoff window for all directions. If such a collision occurs in an
un-congested area, this will deteriorate the node’s capability to send in congested
-area. Thus, the network condition becomes more un-stable. Independent backoff
window for every direction rectifies this problem. An Invitation signal is introduced
before an RTS control packet. This signal is sufficiently long to make all neighbors
hear it. Upon hearing it, all nodes stop listening in all directions and lock their an-
tenna beam in the direction of IS signal and waits for RTS message. After receiving
an RTS, a destination node starts transmitting a busy tone till the end of the DATA
and ACK transmissions. The busy signal is a narrow bandwidth, out of band signal.
Simulations showed that implementing independent backoff window for every direc-

tion has enhanced the throughput by factor greater than 20%. The author observed
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the that the minimum back-off window using directional antennas should be smaller
compared to the single back-off window due to the reality that the number of nodes
existing in within the directional transmission range is smaller than the number of all
possible neighbors. It is also shown that IS duration highly affects the throughput.
Finally, DBSMA achieved higher performance gain over the popular DMAC in the

case the control packet is much smaller than the data packets.

2.8.2 Directional MAC with power Control

The use of directional antennas for single- hop packet radio network was first pro-
posed in [100] where a slotted ALOHA packet radio network was considered. Authors
derived an equation model to calculate the performance improvement that can be ob-
tained in a slotted ALOHA channel by the use of directional antennas and multiple
receivers. The idea was then reformulated to multi-hop networks but using direc-
tional antenna with power control. The throughput performance was investigated
through a derived equation model. The derived model showed that the throughput
increases dramatically if power controlled directional antennas are used for trans-
mission. Moreover, the authors argue that using narrow beams antenna, the risk of
destructive packet collision is reduced and nodes will be able to communicate with
higher transmission probability. Thereafter, several studies have been carried in to
benefit from the controlled transmission power gains of directional antennas.
Performance evaluation of directional antenna with power control was studied
in [101]. The RTS message is sent at a predetermined power - the maximum power.
The receiver will find the difference between the received power of the RTS message
and its threshold power. The threshold power is the minimum power needed to decode
the packet correctly. The value of the difference is sent within the CTS message. The
source node will use power value that is equal to maximum power minus the difference

value. A simulation experiment consisted of 40 static nodes equipped with directional
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antenna were randomly distributed in an specific area. Since the packets considered
in simulation are large packets, the delay metric is a better indicator of performance.
Adding power control with directional antenna dramatically reduced the delay by up

to 28% where as with only directional antenna the factor of delay is around 2% to

3%. Throughput enhancement of 118% was recorded.

The authors in [102] proposed the use of adaptive antenna arrays. RTS/CTS
messages are sent omnidirectional with maximum power P, whereas DATA/ACK
are sent directionally with controlled power. A SHORT sy term is used to alleviate
the exposed terminal problem. Two power control schemes were introduced 1) global
power control (GPC) 2) local power control (LPC). DATA/ACK power values in
GPC are determined based on a factor o such that Pjua/ackx = @ X Prge; Whereas
the power of DATA/ACK packets is set for each transmission so the Signal to Noise
ratio (SNR) is a pre-determined value. This can be done by using the values of the
received RTS/CTS power levels to compute how much power reduction is required.
Performance evaluation of GPC and LPC showed the following; normalized system
capacity for GPC was 475% over IEEE 802.11, LPC was 525% over IEEE 802.11,
where as with only the use of directional antenna it is 260% over IEEE 802.11.

Based on the omni-directional BASIC power control protocol , a similar scheme
but with the use of directional antenna was investigated in [103]. They name it
directional antenna based MAC protocol with power control (DMACP). Here, all
the control and data packets are sent directionally; the RTS and CTS messages are
sent with maximum power but the data packets are transmitted with power control.
Through the RTS-CTS handshake, the power value for transmitting the data packet
is assigned. Moreover, a destination node upon receiving an RTS packet, it calculates
the difference between the values of signal to interference plus noise ratio (SINR) of
the RTS packet and the SIR,,;, threshold. This difference value is encapsulated in

the CT'S message sent to the source. Based on this value, the source reduces the power
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value needed for ensuing the data packet by an amount that is equal to this difference
minus a margin 6 dB, not exceeding the maximum power level of the transmitter.
The performance evaluation of DMACP showed that integrating power control with

use of directional antenna does not have a significant impact on the throughput but

on energy consumption.

A distributed power control (DPC) protocol has been introduced for ad hoc nodes
with smart antennas in [104]. In this protocol, the receivers measures the local inter-
ference information and send it to the transmitters; upon receiving this information,
the transmitter use it together with corresponding minimum SINR (signal to inter-
ference plus noise) to estimate the power reduction factors for each activated link.
DATA and ACK transmissions are in (beamformed) array-mode since smart antennas
are used at both ends of the link. In DPC protocol, the interference information is
collected during both omni-directional RTS/CTS transmission and the beamformed
DATA/ACK transmission. RTS /CTS packets are always transmitted with full power
in omni-directional mode, and the power level of DATA/ACK transmission is deter-
mined by a power reduction factor which is determined by the maximum interfer-
ence. Protocol performance evaluation showed significant performance improvement
has been achieved when compared the conventional IEEE 802.11 protocol.

A directional medium access protocol with power control (DMAP) was presented
in [90]. RTS message sent omnidirectionally while CTS/DATA/ACK messages are
sent directionally. The main target of DMAP was to alleviate some of the problems
associated with directional antenna use. Moreover, DMAP minimizes the energy
consumption by integrating transmission power control with the use of directional
antennas. Separate data and control (RT'S/CTS/ACK) channels were used to rectify
the hidden terminal problem due to unheard RTS/CTS messages. In DMAP, a trans-
mitter sends an omnidirectional RTS . The receiver, before replying with directional

CTS (D-CTS), will sense the data channel towards the transmitter and measures the
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interference. A power control factor is encapsulated within the D-CTS packet for the
transmitter to read so as to assign a power value for data packets. The CT'S message
is sent with a power that is multiplied by directional gain factor as if the RTS mes-
sage is sent directionally. The author argues that deafness would be eliminated due
to the power scaling of D-CTS. Performance evaluation of DMAP when compared
with IEEE 802.11b showed throughput enhancement by a factor of 200% and energy
consumption reduction by a factor of 82%.

A load-based concurrent access protocol (LCAP) was proposed in [105]. LCAP
aims at increasing spatial reuse by allowing interference-limited, simultaneous trans-
missions to take place within the same vicinity by using transmission power control.
RTS messages are sent omnidirectionally with maximum power , CTS/DATA/ACK
messages are sent directionally. Similar to its predecessor (DMAP), LCAP uses
separate data and control channel to alleviate the hidden terminal problem due to
unheard RT'S/CTS messages. LCAP uses the same procedure in DMAP for scaling
and finding the power of CTS to solve deafness. Moreover, the receiver uses a load
control technique to determine the power value of the data packets and encapsulate
it within the CTS message. This data power value is determined so as to ensure a
balance between energy consumption and spatial reuse. Furthermore, upon finding
the data power value, the receiver calculates the difference between this value and the
minimum power value needed to decode the packet correctly. The difference is also
encapsulated in the CTS packet and is used by the nodes hearing the CTS messages
to find in case they have to initiate any communication, the amount of interference
they can put on the receiver. Thus the difference value is interference margin that
nodes decide on the maximum value of their future interfering transmissions . LCAP
showed interesting performance metrics when compared with IEEE 802.11b for dif-

ferent network topologies.
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Three channels power control scheme with the use of directional antennas is pre-
sented in [106]. The protocol proposed uses one channel for data packets, a sec-
ond channel for control packets and a third channel for busy tone. Busy tones
are sent directionally, RT'S message is sent omnidirectionally with maximum power,
CTS/DATA/ACK sent directionally with CTS/ACK messages with maximum power.
The busy tone is used to solve the deafness problem. An Interference model is cal-
culated to estimate the interference around the receiver. Based on this interference
calculated, a proposed power control scheme is designed. A node receiving an om-
nidirectional RTS will calculate the maximum interference using the mention model
then decide on the power value the source node should send its DATA message by.
Data power value is advised as follows. The receiver computes the difference between
the maximum interference calculated by the model and subtracts from it the total
measured noise power; then adds to this difference the minimum power needed to
transmit the ;.:packet. The minimum power to transmit the packet is simply the mini-
mum power peeded to decode the packet correctly upon reception times the channel
loss gain. Two busy tones are defined: transmit busy tone and receive busy tones.
Both of these busy tones are sent at maximum power and with the RTS/CTS mes-
sages respectively. The protocol showed enhancement in the channel utilization and

energy consumption when compared with IEEE 802.11 performances.

2.9 Other Schemes

Another category of alternative collision avoidance schemes that do not consider all
the above proposed techniques have been proposed in [107] and [108]. Both schemes
embed extra information regarding the upcoming transmission in the PLCP (physical
layer convergence procedure) header so that a larger group of potential interferers
become aware of the transmission. The information can be the locations of the

transmitter and receiver as in [108] or the interference range as in [107]. Upon
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receiving the PLCP header, a neighboring node is able to determine whether it lies
inside the interference range of the receiver and accordingly, decide whether to block
its own transmission or not. However, mandating extra information in the PLCP
header of every control or data packet adds extra overhead.

Another enhanced carrier sensing (ECS) scheme was proposed in [109]. Here,
the MAC frame type is encapsulated into the PLCP header. Upon receiving the
PLCP header, neighboring nodes can distinguish the type of transmitted frame and
accordingly back off for a specific duration that is assigned based on the MAC frame
type information.

An aggressive virtual carrier sense mechanism is presented in [110]. The basic idea
is that a node which overhears either an RTS packet or a CTS packet, but not both,

would not consider the media as busy and accordingly may attempt for transmission.
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Chapter 3

Investigating the Performance of

Power-Aware IEFFE 802.11 in
Multi-hop Wireless Networks

In this chapter, both access mechanisms of the IEEE 802.11 (the two-way handshake
(basic) and four-way handshake) are considered and the impact of the interplay be-
tween power control, tuning carrier sensing threshold on the throughput performance
of multihop networks is studied. It is shown that through controlling the transmit
power or tuning the carrier sensing threshold, there exists a tradeoff between the
amount of spatial reuse and the probability of collisions due to both the hidden and
exposed terminal problems. For instance, in the RT'S/CTS access method, increasing
the transmission power of RTS/CTS control packets will severely affect the spatial
reuse and add interference to other nearby communicating nodes regardless of the
power at which DATA packets are transmitted. Similarly, in the basic handshake,
increasing the DATA transmission power will result in increasing the data collision
rates, reducing the spatial reuse, and adding interference to nearby communicating

nodes.
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To achieve this objective, an accurate analytical model is presented that charac-
terizes the transmission activities as governed by the IEEE 802.11 DCF . Through
this model, the effects of power control, tuning the carrier sensing threshold, impacts
of packet size and transmission rates are studied. Moreover, the potential adverse
impacts of RT'S/CTS control packets on the network capacity are demonstrated and
then compared with the two-way basic access method.

The rest of this chapter is as follows. Section 3.1 proposes the analytical model.
In Section 3.2, comprehensive study of IEEE 802.11 DCF mentioned attributes is
presented using the derived model after which the reliability of the model is verified
using discrete event simulations in Section 3.3. Finally, the conclusion is presented

in Section 3.4.

3.1 Analytical Model

3.1.1 Model Background

We assume that RTS/CTS messages are sent with equal fixed power. Accordingly,
the transmission ranges of RTS arrs and CTS packets are acrg are equal. The
DATA/ACK messages are sent with power value that is less than the fixed power
to cover the distance between the transmitter and the receiver as has been shown
in Figure 2.2, thus, the transmission ranges of DATA/ACK messages are denoted
as Gdate aNd aqer respectively and accordingly are equal. Moreover, all nodes have
identical C'Sy,, and accordingly the silence range (r.) and transmission range (r;)
are related according to the carrier sense threshold (C'S;) and the reception power

threshold (x)assuming two-ray channel model:
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where C = (Cgm)%. Here, C varies when tuning C'Sy, (the carrier sensing thresh-
old) since k = 3.652e™% W (the reception sensitivity) is fixed.

Hence, we have two silence sensing ranges according to equation 3.1. These
are (r. = rorrs = Tecrs) for RTS/CTS packets and (r. = 7opara = Teacx) for
DATA/ACK packets.

Further, the power relation between the control messages (RTS/CTS) and the

DATA/ACK packets values using the path loss law [30] are expressed as:

a
Pjatalack = Prrsiors * ( date y (3.2)
aRrTSs

With the definition of the interference set from equation (2.6) and assuming P,, =
0, the interference ranges of node B when receiving either an RTS packet or a DATA
packet is determined as follows. First, the case when the transmitter A is sending
its RTS packet is considered. In this case, P4 = Prrg. We assume the worst
case interference scenario; that is the interfering node F' is sending an RTS packet
P,r = Pgrs. Accordingly the interference range of node B (when receiving an RTS
packet) r; rrs is defined as the maximum value of d such that the inequality in
equation (2.6) holds:

Ti,RTS = (% - Ggata (3.3)

For example, if an RTS/CTS channel rate of 2 Mbps with ¢ equals to 10 dB is
adopted, 7; rrs = 1.78 - @gqat. Similarly, the interference range of the transmitter A
when receiving the CTS packet can be derived and is given as r; crg = ¢ i. Qgata-

- Assuming a successful RTS/CTS handshake, node A sends DATA packet at dif-
ferent power Pa = Py < Prrs. Assume the worst case interference scenario; that
is the interfering node F' is sending an RTS packet Pir = Pgrrg, and by substitut-

ing equation (3.2) into equation (2.6), the interference range of the receiver B when
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receiving the DATA packet can be re-derived as:

TiDATA = ¢ i. ARTS (3-4)

Note that, r; para = 1.78 - arrg for data channel rate of 2 Mbps, ( = 10dB. As
can be seen from equation (3.4) under worst case assumption, the lower the power
value of the DATA packet a transmitter uses, the larger the interference range of
the receiver is when receiving the DATA packet. Similarly, the interference range of
the transmitter A when receiving the ACK packet can be derived and is given as
riack = (& * GRrs.

Finally, the value of { is based on the rate a packet is received with. The higher
the rate is the higher ¢ is [5]. For instance, for a receiver to correctly receive a
DATA packet transmitted at 11 Mbps, ( is set to 15 dB [5]. Now, consider the RTS,
CTS, ACK packets are transmitted at 2Mbps while DATA packet is transmitted at 11
Mbps. The interference ranges are calculated as follows: r; rrs = ri,crs = 1.78* Gdatas

ripaTa = 2.37 - arrs, and 75 acx = 1.78 - agrrs.

3.1.2 Model Preliminaries

We assume that the system time is slotted with ¢ seconds. RTS, CTS, DATA and
ACK packets are assumed to be with fixed length of Lrrs, Lors, Lpara , Lack
bits. The channel DATA bit rate is assumed to be R (Mbps) and that of the control
channel is R, (Mbps). Thus the transmission of an RTS/CTS/DATA/ACK packets

will last for T, = £gzs T, = Lezs T, = Lpara

_L :
Roo ! RATA T, = =4CK respectively.

Reo

Each node in the network initiates a transmission to one of its neighbors in a
randomly chosen virtual time slot for a duration of T,,,. Here, T,,, denotes the
expected time interval between the beginning instants of two consecutive virtual

slots. T,y may be much longer than the physical slot size o [15].
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We also assume that the network operates under the saturation condition, i.e.,
the transmission queue of a sender is always nonempty. Now, the channel activities
are modeled from the perspective of an individual sender in order to be able to derive
the single node throughput S. However, a first parameter of interest is the attempt
probability 7 that a node transmits in a randomly chosen virtual slot. This attempt

probability is given by [18]:

T

2:(1-2-P)(1-p)
< (3.5)

T (-2 B) Wot 1)+ P Wo(1—(2-B)m)

where m = loga(Wy, /W), Wo and W,,, are the minimum contention window and
maximum contention window respectively. P, is the conditional collision probability

(to be derived next) and is calculated for the RT'S/CTS access method as follows:
Pc =1- (1 - prts) ' (1 - pcts) ) (1 - pdata) : (]- - pack) (36)

Dris, Petss Ddatas Pack are the probabilities of RTS, CTS, DATA, and ACK collision
respectively. Moreover, p is the probability that a node senses the channel busy and
is given by p = 1 — (1 — 7)™, where N, = p-7r? is the number of nodes in the carrier

sensing range of the transmitter and p is the active density.

3.1.3 Collision probability

In this section, the RT'S/CTS/DATA/ACK collision events that may occur within a
considered virtual time slot are analyzed in order to calculate P, as a function of 7.
The analysis is based on the probability that the packet will be received correctly at

the receiver.
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F—— (c) Area (Event 1: CTS Collision) F——] (@ Area(Event2:CTS Collision)

Figure 3.1: RTS Collision Event 1

RTS/CTS Handshake Collision Events

We now consider the RTS/CTS handshake is taking place between nodes A and B
separated from each other by a distance r as shown in Fig. 3.1. Four cases need
to be investigated and these are ro > r; + 1, 1y > 1o+ 1, ro > T4 Te < 7Ty; here,
Te = Te,rTS = Te,ors and 1y = 75 prg = Ticrs (equation 3.3). We will only analyze
the case 7, < r; since in this case, the reasons behind the RTS/CTS collisions (as will
be shown shortly) can be illustrated more delicately. Other cases, r, > r; + r, and

r; > 1o+ 1, 1o > 1; will follow the same line of analysis.

e RTS Collision Events are the various events behind the failure of an RT'S packet
transmission that yield to an unsuccessful transmission. Node A is initiating
an RTS transmission towards node B (Figure 3.1): In order to determine the
probability of RTS packet collision, the following two events are to be consid-

ered:
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1. Event 1-RTS: There are one or more transmissions initiated from nodes
N,; located in the intersection of the interference range area of the receiver
(node B) and the carrier sensing range of the transmitter (node A), the
area (A1A2A3A4) as shown in Figure 3.1(a) at time ¢,, the time an RTS
packet initiated and it is the first time slot in T,. These nodes will sense
the channel busy if they do not transmit at the first time slot. Assuming
that the nodes in the carrier sensing area will sense the same channel status
as that sensed by the transmitter (node A), then the probability P of

this event can be approximated by:
Dresi(r) =1 — (1 = 7)Natl®) (3.7)

if A(r) is the area where N,(r) nodes are located, then N(r) = p- A(r).

2. Event 2-RTS: A collision occurs if there are one or more transmissions
initiated during the vulnerable interval ¢, — T} + 1, t, + T, — 1] from nodes
Ny, located in the hidden area as shown in Figure 3.1(b) (A1A4A3A5A1).
Those nodes if they transmit during the vulnerable period (period during
which data packet is transmitted), a collision will occur. The probability

of this event py40 is
T
Prisa(r) = 1 — (1 — 7)) Taig (3.8)

where i%g is the number of virtual slots in the vulnerable period. Since
at the beginning of each of these virtual slots a node may attempt for

transmission, the term (1 — 7)™+ has to be raised to a power of T%,f

Therefore, the probability of RTS collision (py) is simply:

Pris(r) = 1 = (1 = pres1 (7)) * (1 = presa(r)) (3.9)
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o CTS Collision Events are the events that a collision occurs during a CTS packet
transmission. Assuming RTS packet has succeeded, node B will reply with a
CTS. Nodes within the carrier sensing zone of node A and outside the trans-
mission zone will defer their transmission to EIFS duration. Thus, these nodes
will not interfere with the CTS reception at node A since EIFS is a sufficient
period for CTS to be transmitted and received at the sender. Two reasons exist

for a CTS packet to collide.

1. Event 1-CTS: There are one or more transmissions initiated from nodes
N¢e; as shown in Figure 3.1(c) located in the area (C1C6C8C7C3C4C1))at
t. (the time a CTS packet initiated and it is the first time slot in T¢).
Following the same assumption as event 2 for RTS packet collision, pess1
is derived as:

Pets1(1) = 1 — (1 — 7)Neai(™) (3.10)

2. Event 2-CTS: A collision occurs if there are one or more transmissions
initiated during the interval T, (vulnerable period) from nodes Ny (as
shown in Figure 3.1(d)) located in the hidden area (C1C6C10C7C3C9C1)
any time slot within [t — T, + 1,t. + T, — 1]. The probability P (r) of
this event is:

Lo
Petsa(r) = 1 = (1 = 7)Mhet) T (3.11)

Therefore, pes(r) is simply:

Pets(r) =1 = (1 = petsa(r)) - (1 = pessa(r)) (3.12)
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Figure 3.2: DATA/ACK Events
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DATA /ACK Handshake Collision Events

Now node A and node B decided to reduce the transmit power for DATA-ACK so as
only to cover the distance between them as discussed earlier. Hence, the transmission
range (gata = Qqck) for DATA-ACK becomes smaller than that of RTS-CTS (agrs =
acrs). Similarly, the new carrier sensing range r, para for DATA-ACK also becomes
smaller (since it will be a function of agu, according to equation (3.1)) than that of
RTS-CTS. Now, depending on the distance between nodes A and B (r = agqz, ), and
assuming a successful RT'S/CTS handshaking has taken place, four scenarios should
be distinguished in order to determine the collision probabilities of DATA/ACK:
Te > Tiy Te 2 Ti+71,7c <7151 2 7.+71. Here, . = repara = Tcack and
i = TipATA = Tiack. Similarly, the case r, < r; i analyzed.

Now, two types of DATA collision events are distinguished.

e Eventl-DATA: Nodes Ny that mainly lie in the carrier sensing zone of node
B when transmitting the CTS message may become active after EIFS and can
start transmission during any time slot within [ty — Ty + 1 — EIFS,t; + Ty —
1— EIFS], tq (the time node A starts transmitting its data packet) and thus
may corrupt the packet reception at node B. So, the probability pg.q1 of this
event is

pdatal("') =1- (1 - 7') Tavg (313)

e Event2-DATA: Hidden nodes N4 that are mainly located outside the carrier
sensing zone of node B when transmitting the CTS message and within the
interference range can start transmission any time slot within [tg — Ty + 1,4 +

T4 — 1]. The probability pgge.2 of this event

Tg

Pdataz = 1 — (1 — 7)Vrar () 7l (3.14)
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Pdata(T) can be calculated as follows:

pdata(r) =1- (1 - pdatal(r)) ‘ (1 - pdata2(r)) (315)

The calculation of the number of hidden nodes N4 and Nyq; are dependent on the
transmission power of the data packet. This is what is going to elaborated shortly.
If the DATA packet is transmitted at a power such that 7;para > 7¢para, two
different scenarios are to be considered within this case: r.crg > 74, (recrs is the
carrier sensing range of the transmitted CTS packet and depends on the power at

which the CTS is transmitted) and r.crs < 7, para.

o 7.crs > ;¢ In this case, the probability of data packet collision will result
from Event1-DATA. Within this scenario, the following cases are distinguished:

Te,DATA = Q0TS T T O Tc DATA > QCTS;

1. repara > acrs+r (Figure 3.2(a)): In this case,the collision probability for

data packet, pgaqa1, will be the result of nodes Ny existing in the shaded
area (A1A2A3A4A1).

2. repara > acrs (Figure 3.2(b)): pgater for this case will be the result of

nodes Njq4 existing in shaded area (A1A2A3A4A5A6A1).

o rcors < it Both pagie1 and pgeree exist for this scenario and we distinguish
between the following: 7.para > acrs + 7 Or Te,para > acrs to determine

DPdatal 3

1. 7epara = acrs + r:(Figure 3.2(c)) The collision probability for data
packet, Pgqara1, Will be the result of nodes Ny existing in shaded area

(A1A4A3ATAL) .

2. repara > acrs:(Figure 3.2(d)) will be the result of nodes Ny existing in

shaded area (A1A7TA3A6A1L).
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Ddata2, O0 the other hand, will be the result of nodes N4 existing in shaded

area (A1A5A2A4A3ATA1) Figures Figure 3.2(c)-(d).

We proceed now to define the ACK collision event and determine the probability of
ACK collision accordingly. Since nodes in the carrier sensing zone of node A defers for
EIFS, the ACK packet can be correctly received by node A without any interference
from these nodes (in the carrier sensing zone of node A). This due to the fact that
EIFS duration is sufficient time for an ACK packet to be transmitted and received
correctly at the DATA packet sender. Hidden nodes,Npqcx, that may interrupt the
ACK reception exist only in the case when r; 4ok is larger than r. acx. Since r; ackx >
e, Ack scenario is considered, the nodes Npse, that might interfere while the ACK
packet is received at the sender will be those located in area (C1C6C10C7C3C9C1C6)

as shown in Figure 3.2(e). The probability for ACK packet collision , pgek, is:
To
Pack(r) = 1 — (1 — 7)Nreck ) 75 (3.16)

The average CTS, DATA and ACK collision probabilities are determined in a similar
way to that of RTS.

3.1.4 Throughput

We analyze four possible channel activities from the perspective of a node attempting

to send a packet in a virtual slot in order to determine T,,,.

e idle: This indicates that there is no transmission on the channel (i. e. , the
received power level is below the carrier sense threshold n). The probability of
the virtual slot to be an idle slot is simply P = (1 — 7)Ve*!. That is none of
the nodes in the carrier sensing range of the transmitter transmits at this time

slot. The duration of this slot is T; = o.
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e collision: If the transmitter does not receive a CTS (ACK) within an interval of
SIFS after the RT'S (DATA) frame is transmitted, it determines that a collision
has occurred. The probability that a virtual slot is a collision slot is 7p.,; with

a duration Te,.

e success. This activity shows that node A has received an ACK frame within an
interval of SIFS after the DATA frame is transmitted, for which it determines
that the transmission is successful. The duration of this activity is Tiransmit;
the probability of the virtual slot to be a success slot is P, = 7(1 — F,). That

is given a node transmits at this slot and the transmission was successful.

e busy: A node will sense the channel busy when the received signal is above the
carrier sensing threshold. This results from transmission of other nodes. The
probability of the virtual slot to be a busy slot with duration Ty, is simply
(1-7)p. Here, Thysy = (1—F.)-Tiransmit is the average busy period approximated
on the assumption that a node will be silenced for the whole communication
duration on a condition the transmitting node does not incur any transmission

failure.

Based on the above analysis , Ti,, can be calculated as follows:

Tavg = -Psz + PtTtmnsmit + Tpcochol + (1 - T)prusy (317)

where pcochol = (1 - (1 _prts) (1 _pcts))Trr+ (1 - (1 _pdata) ( 1 _pack) )Tdd- Here, T'transmit,

Trr, Tyq are respectively the successful time needed for successful data packet delivery,
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Table 3.1: Model and Simulation Parameter

Parameter Value Parameter Value

SIFS 10 us DIFS 50 us

EIFS (1Mbps) 364 us o 20 us

PCLP Length | 192 bits @ 1 Mbps ¢ 10dB
Packet size 1000 bytes [Wo, Wi, 31, 1023]
RTS packet 20 bytes CTS/ACK packets | 14 bytes

MACth 34 bytes (67 4

R, 2 Mbps R 2 Mbps

RTS timeout duration, and DATA timeout duration. These can be calculated as:

( 4. PHYyyy MAChy,
T;tmnsmit = hd + hd + DIFS
Th R
+4 - w+3-SIFS+ (T, +T.+To+Ty) - 0
ﬁ Ty = Ph;Yhd’" +T..0+ DIFS+w (3.18)
. MA
Taa = 3 }gHYhdr + Cnar + DIFS
Th R
+3 - w+2-SIFS+ (T, +T.,+Ty) -0

where w is is propagation delay, PH Y}, is the header of physical layer and M AChg,
is the header of MAC layer. @h’m is the transmission time of PLCP preamble and

PLCP header.

Finally the throughput, (S), for each transmitter is calculated as follows:

F-L
g ft Lpara

T (3.19)

3.2 Model Analysis

The common parameters at the MAC and physical layers used in our model (equations

(3.5)-(3.19)) are presented in Table 3.1. The two-ray model is adopted. In our model

verification, agqsq is initialized to d = \/——1;)_—7; = 56m for (p = 100nodes/km?), which
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is the average distance for a receiver to exist within the transmission range of the
sender. agrg, the transmission range of RTS/CTS control packets is also a function
of d and agqsq < agrrs. Please note that apara and rpara arrs and rgrs are used

interchangeably throughout the simulation analysis part.

3.2.1 Analysis of the Four-way handshake
Varying Transmission Range of agrg/acrs

We start by first analyzing the throughput performance as the transmission power for
DATA packets (i.e., agqtq) is varied and for different transmission ranges for RT'S/CTS
packets (i.e, agrs). Figure 3.3 shows the performance result of the RT'S/CTS hand-
shake when C = 2.78. Figure 3.3(a) shows that the highest throughput is obtained
for shorter ranges of RTS (i.e., lower power for RTS packets), while the throughput
decreases for longer ranges for RTS packets. This is due to the fact that by increasing
the RTS transmission range (agrs), the control messages will silence larger number
of nodes (that fall in the carrier sensing range of the transmitter and may not be
in the interference range of the receiver) which has the effect of reducing the spatial
reuse as verified by the decrease in the transmission probability as shown in Figure
3.3(b), and ultimately leading to a lower throughput. Moreover, at a larger agrs,
the interference range for DATA and ACK (equation 3.4) increases as well, leading
to more DATA/ACK collisions and hence reduced throughput. This is shown in
Figure 3.3(c). On the other hand, when agrg is smaller, the interference range for
DATA and ACK packets (equation 3.4) (interference area around the receiver when
the transmitter is sending its DATA packet or receiving its ACK packet) decreases,
thereby reducing the impact of hidden terminals on the reception of DATA/ACK
packets.

Next, the effect of varying the transmission power of DATA packet on the system

performance is analyzed. When a4, is small (e.g., G4uta << agrrs), the carrier
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sensing range of DATA is also small while the interference range of the receiver (of
DATA packet) is very large (r; para is a function of agrg (equation 3.4)); hence, the
interference area of DATA packets that is not covered by the carrier sensing range
of the transmitter becomes large (i.e, more hidden nodes) and therefore there is a
higher likelihood for DATA packet collision (as shown in Figure 3.3(c)).

Note that a small a4, has a negligible effect on either RTS or CTS packet colli-
sion; that is, when both the transmitter and the receiver are close to each other, while
agrs is large, the interference range of RT'S/CTS becomes completely covered by the
carrier sensing range of the RTS/CTS which yields a very small RTS/CTS collision
probability (as shown in Figure 3.3(c)). Figure 3.3(a) shows the poor performance
obtained at very small aguq (Ggate << arrs) and this is due to the higher DATA
packet collision rate.

On the other hand, as ag4q, increases, the interference area of RT'S/CTS increases
too and the hidden terminal problem is amplified and hence the RTS/CTS collision
probabilities increase (as shown in Figure 3.3(c)). In addition, increasing ageq will
increase the carrier sensing range of DATA packet (7. para) which will start to cover
more nodes in the interference zone of the DATA packet (i.e, reduces the effect of
hidden nodes in the reception of DATA packet); this will result in lower DATA
packet collision rate ( the same analysis applies to ACK packet). Note that at very
large @gate (€.2., Gdata approaching agrs), the carrier sensing range of DATA packet
becomes unnecessarily very large and the transmitter may suppress nodes outside the
interference area of DATA packet from transmitting, limiting the spatial reuse. This is

shown in the slight decrease of the transmission probability and throughput at larger

Qgate &S shown in Figures 3.3(a),(b). Similar analysis applies to ACK transmission.
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Tuning carrier sensing threshold

Next the impact that the carrier sensing (CS) threshold may have on the network
performance is investigated as the data packet transmission power is varied and the
interplay between them is studied. Here, agrs = 2d, where d is the minimal sepa-
ration distance between source and destination, d = 56m; we observe from Figure
3.4(a) that there exists an optimal carrier sensing threshold that achieves best system
performance. In addition, the larger the CS threshold (smaller C), the more effec-
tive power control schemes are and the smaller the CS threshold (larger C), the less
effective power control becomes. Consider the case where agu, = d; a larger C' will
yield a larger carrier sensing range for RTS (e.g., C = 4 implies 7. grs = 8d), much
larger than the interference range of the control packet (r; rrs = 1.78 X agqte = 1.784)
which will unnecessarily silence more nodes and thereby affect excessively the spa-
tial reuse. Now, when transmitting the DATA packet, the nodes that may af-
fect the reception of the frame are those in the interference range of the receiver
(ripara = 1.78 X agrs = 3.56d) and outside the transmission range of the CTS
packet (r crs = arrs = 2d) and the carrier sensing range of the DATA packet
(re,data = C X Qdata = 4d), which already covers the transmission range of the CTS
packet. Those nodes may affect the reception of the DATA packet if they transmit
during the vulnerable period. Clearly, the larger value of C results in a large carrier
sensing range for data packet and hence smaller data frame collision probability (as
shown in Figure 3.4(c)). Accordingly, the effect of spatial reuse outweighs the bene-
fits obtained from reduced data collision and hence lower throughput is obtained. As
we slowly start reducing C, we observe the improvement in the system performance,
since the spatial reuse is having lesser effect, until we reach a maximum throughput
that corresponds to a C' ~ 2, beyond which further reducing C will start to affect
the network performance. This is due to the fact that at a very small C, the data

frame collision becomes higher (now due to the larger effect of hidden nodes) and its
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impact outweighs the benefits we obtain from spatial reuse.

It is interesting to notice that when C' is large, varying the transmission power
of data packet does not add any benefits. This is clearly due to the major impact
of spatial reuse. Conversely, when selecting a smaller C, it is more advantageous to
perform power control and our results showed that it is always good to transmit data
packet at larger power (i.e., larger agq,) in order to obtain better performance. This
is mainly attributed to the fact that a larger agu, will yield a smaller data frame
collision, although the collision rate of RT'S packets increases (which is due to the
larger interference range, 7; grs = 1.78 X G4aqtq, and hence larger number of nodes that
may affect the reception of the RTS), with an overall packet collision that is lower.
Figures 3.4(b) (c) and (d) show the packet collision probabilities for different values

of C and aggsq.

Impact of Packet size on the network performance

The network performance by varying the packet size is investigated and the impact
of tuning carrier sensing threshold and controlling the transmission power is studied.
Here, agrs = 2d. Similar to the earlier observation, larger C impacts the spatial
reuse and smaller C yields larger data frame collision, hence there is an optimal
carrier sensing threshold that yields best system performance. Unlike our earlier
observation, however, the smaller the size of the data frame as shown in Figure
3.5(a), the lesser the impact of small C' on DATA frame collision probability. This is
due to the fact that those nodes in the interference area of the receiver of the DATA
frame (and outside the carrier sensing of both DATA and CTS packets) may only
interfere during a vulnerable period which corresponds to the transmission duration
of the DATA packet. Given that the packet size is very small, this vulnerable period
becomes small and hence the DATA collision rate as well becomes small. In addition,

changing the transmission power of the DATA packet has also minor effect, even at
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smaller C, for the same reason mentioned above.

When the packet size becomes larger (512 bytes in Figure 3.5(b), 1000 bytes
in Figure 3.4(a)), the DATA packet will become more vulnerable to collisions (due
to the increase in the duration of the vulnerable period, the hidden nodes will have
stronger effect) especially at smaller C. It is clear, however, that in this case, control-
ling the DATA transmission power plays an important role in improving the system

throughput when the carrier sensing (CS) threshold is large.

3.2.2 Ewvaluation of the basic access scheme

Here, the performance of the basic access mechanism is studied. the node through-
put is measured as we vary (1) the carrier sensing threshold (2) the DATA packet
transmission power. Here, the DATA/ACK collision events for the basic scheme are
identical to that of the RT'S/CTS collision events. Figure 3.6 (a) shows the through-
put vs. the DATA carrier sensing range (7. para = C.G4q,) for different network

densities and for fixed distance d (d = —= is the distance between the transmit-

N

ter and receiver). Here, as the carrier sensing threshold decreases (i.e, C increases),
the carrier sensing range may completely cover the interference range of the receiver
and hence the transmitter may be suppressing other transmissions which may yield
a severe impact on the spatial reuse and accordingly results in lower throughput.
As 7. para decreases, the spatial reuse starts to improve and the node’s throughput
starts to increase. Further, decreasing v, para (€.8., Te,para << ;i + d) will yield a
carrier sensing range that is not sufficient to eliminate or reduce the effect of hidden
terminals (that is data frame collision rate gets larger). Here, r; = 1.78-a444,. This re-
sults in a decrease in the node’s throughput. Similar results are obtained for different
node densities. Note that the maximum throughput corresponds to 7. para < ;i +d

( a point that is computationally expensive to find [10]). The authors of [10] have

highlighted this issue and noted that the condition at which the carrier sensing range
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just entirely covers the interference range (repara = 7 + d which corresponds to
C = 2.78) is well suited to be used in the design of of distributed and localized
algorithm as pointed in Figure 3.6(a). Hence, this condition is used to study the
system throughput as the transmission power is varied. Figure 3.6(b) shows that as
Qdqta increases, the throughput decreases. At larger agq:,, the interference area at the
receiver increases and accordingly the number of nodes in that area increases. There-
fore, the likelihood for DATA collision from these nodes, transmitting simultaneously
with the transmitter, increases. Additionally, as aga, increases (while maintaining
Te,pATA = T+ d), the area covered by the carrier sensing range and outside the inter-
ference range increases (the exposed terminal area), therefore impacting the spatial
reuse and ultimately the throughput. Moreover, as can be seen from Figure 3.6(b),
an optimum carrier sensing threshold exists for a particular ag, (for instance, the
throughput at age, = 150 m for C = 2.78 is higher than that at C = 1.5 , whereas it
is vice versa at agge = 100 m). Note that the ACK message does not experience any
collision under this condition (r.,para = 7; + d, however all nodes falling in its carrier
sensing range will be silenced for EIFS period. Accordingly, a large agq, further

impacts the spatial reuse.

3.2.3 Basic access vs RTS/CTS access scheme

The basic and RTS/CTS handshake schemes (Figures 3.7(a),(b)) are compared in
this subsection. In the RTS/CTS access method, we set arrs = @gqto (recall that a
larger arrg showed earlier worse performance). We set C' = 2.78 (i.e., the case when
the probability of RTS collision resulting from hidden nodes is zero for RTS/CTS
access scheme and the DATA collision probability of the basic access scheme is zero)
and the throughput is measured as agq, is varied.

We observe in Figure 3.7(a) that the basic scheme slightly outperforms the RTS/CTS
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scheme for larger packet size (i.e, 1000 bytes) and the throughput becomes more iden-
tical for higher a4, (the same analysis as before explains the reason the throughput
decreases as we increase agq, in both cases). Note that in both schemes, we observed
a similar data collision probability. However, it is intuitive to understand why the
basic access scheme has shown a slight improvement, since an (inefficient) RTS/CTS
exchange is introduced per each transmission (i.e., more control overhead). Notice
that for smaller packet sizes (e.g., 64 bytes), the overhead introduced by the RTS/CTS
exchange becomes more pronounced and thus the basic access scheme shows better
performance than the RTS/CTS access scheme; for example, a difference of 20Kbps
is observed when ag4q 1s small. As ag4,4, increases, we observe a decrease in the trans-
mission probability, impacting equally the spatial reuse for both access methods. As
before, the throughput in both methods decreases and the difference between them
becomes less noticeable.

Figure 3.7(b) shows the same comparison, but using higher transmission rates
(11Mbps). The results show that the two way handshake always outperforms the
four way handshake, with the two way performing much better at lower a4, for both
smaller and larger payloads. At larger a4, the spatial reuse limits the performance
of the network and hence we focus our discussions on smaller ag.,. First we note that
control messages are always transmitted at 2Mbps [5]. As the data rate (transmission
rate for DATA packets) increases, the SIR threshold ¢ increases; for example, for a
data rate of 11 Mbps , ¢ becomes 15dB [5] which yield a new interference range
for the receiver of a DATA packet of 2.37 X agqq. Since control packets are always
transmitted at the lowest rate, the interference range remains 1.78 - agrs.

We observe higher collision rates in the basic access method than in the four-
way. This is due to the fact that (1) RTS in the RTS/CTS mechanism experiences
less collision than DATA in the basic (r;rrs < ripara) and (2) DATA collision in

the RT'S/CTS mechanism is either small (for larger data payloads) or negligible (for
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smaller payloads). Notice that the interference range of the DATA packet falls inside
the carrier sensing range for CTS packet. Nodes in the interference range for DATA
packet receiver, and outside the carrier sensing range for DATA, will be silenced
for EIFS period, upon the transmission of a CTS. Given the high data rate, the
transmission duration of DATA packet becomes very small, and even smaller when
the payload is small. Hence, the vulnerable period becomes either small or negligible.
Alternatively, in the basic access method, DATA packet collision is larger because of
the larger interference range (7; para = 2.37 X Ggqt) @nd hence more hidden nodes.

On the other hand, as the transmission rate increases, the transmission duration
for DATA packet becomes small and hence the overhead from control packets becomes
excessive. This explains the better performance obtained in the basic access method
(it has been also verified that the busy time in the RTS/CTS handshake is much
larger than that in the basic access). One additional observation at smaller payloads
is that RT'S/CTS will affect the spatial reuse; that is, nodes in the carrier sensing
range of both RTS and CTS will defer for EIFS period, while it will take much
smaller time for the transmission of DATA packet at larger data rates. Accordingly,

RTS/CTS will unnecessarily force nodes to defer their transmission for longer times.

3.3 Simulation Results

Here, we validate our analysis of the proposed model and compare the analytical
results obtained for the throughput with simulation results obtained using Qualnet
[111]. In the network, 100 nodes are regularly placed in a 10x10 grid topology within
an area of 1000 x 1000m?.The distance between a node and its closest neighbor is
100 m. We consider CBR (constant bit rate) traffic of packet size 1000 bytes, unless
otherwise specified. Each source node transmits packets to its receiver at a distance
Gdate = 7 and 7 is varied for different experiment runs. For example when r = 100m,

there exists 50 CBR flows (5 in each row of the grid) and when r = 200m, there
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exists 30 flows (3 in each row) in the network. The packet generation rate is high
enough to saturate the network; that is a node always has packets to send out. The
carrier sensing threshold is set to - 87 dbm and the received threshold to -78 dbm.
The throughput is calculated by taking the average of the received bytes of these
flows divided by the simulation time (300 seconds). We use 5 simulation seeds to
calculate the average single node throughput. 95% confidence levels are also plotted
for each simulation run. The corresponding transmit power values used to reach 100 ,
200, 300 and 400 meters are respectively 0.5 dBm, 12.5 dBm, 20 dBm and 24.5 dBm.
We compare first the RTS/CTS access mechanism with basic scheme for different
Qdata = 7. Figures 3.8 (a) and (b),(c), (d) compare the analytical and simulation
results for single node throughput for the basic and RTS/CTS schemes respectively
for different 7. Now we consider the scenario when the RTS packet is transmitted to
cover range arrs = 200m and agrs = 300m and we study accordingly the effect of
changing the data power value to cover range agqt,. The results are shown in Figures
3.8 (&), (f). The average relative error in prediction of the individual throughput

recorded is 8.9 % for two-way handshaking and 10.02 % with four-way handshake.

3.4 Conclusions

In this chapter, a realistic analytical model for power-aware multi-hop wireless net-
works is presented to study the interplay between tuning carrier sensing threshold
and transmission power control. The model has been validated through simulations
using Qualnet simulator. Our results showed that both carrier sensing threshold and
transmit power have major impact on network performance. While decreasing the
CS threshold impacts the spatial reuse, a larger CS threshold will yield severe in-
terference among concurrent transmissions rendering power control ineffective. We

observed that there exists an optimal CS threshold that strikes a balance between
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spatial reuse and collisions resulting from interfering nodes. Controlling transmis-
sion power while selecting an appropriate CS threshold showed to be quite effective.
Moreover, the smaller the size of the data frame is, the more advantageous to tune the
CS rather than perform power control. The model has also been used to expose the
performance of the RT'S/CTS access scheme; although these control messages may
slightly reduce the collision among contending hosts, their impact on spatial reuse
and the added overhead outweighs their benefits and specifically when using higher
rates. The comparative study showed that the basic access always outperforms the

RTS/CTS access method.
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Chapter 4

Improving the Performance of
Multihop Wireless Networks

Through Power and Rate Control

In multihop, multi-rate wireless networks, simultaneous transmissions can interfere
with one another and prevent correct frame reception. Hence, achieving high net-
work capacity in these networks requires a balance between the spatial reuse and
the transmission quality. Spatial reuse can be increased by tuning the carrier sense
threshold to reduce the carrier sense range or by controlling the transmission power.
However, high spatial reuse results in more concurrent transmissions and accordingly
the transmission quality is affected either because of the increased interference level
or due to a weak received signal (resulting in both cases in a lower signal to inter-
ference plus noise ratio, SINR). As a result, the sustained transmission rate may
decrease. To achieve a tradeoff between spatial reuse and transmission quality, a
decentralized power and rate control algorithm (PRAS) is proposed in this chapter
that allows a sender and receiver pair, using the four way access method, to adjust

the transmit power and rate for their frames according to the level of interference
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in the network. The algorithm outlines the rules for performing power and rate as-
signment so that higher performance is obtained. A realistic analytical model to
study the performance of the proposed heuristic is then presented; analytical results
show that the proposed algorithm, indeed, finds the balance between spatial reuse
and transmission quality through its appropriate search for the suitable transmission
parameters. Simulation experiments are carried to compare the performance of the
proposed algorithm to other heuristics; our results indicate a remarkable performance
both in terms of achieved throughput and energy consumption.

The rest of the chapter is as follows. Section 4.1 presents the concepts for the
proposed power and rate control scheme and proposes different heuristics supported
by sound analysis. Section 4.2 presents the performance evaluation and comparisons

of the methods and finally, the conclusion of the work is presented in section 4.3.

4.1 Distributed Power and Rate Adaptive Scheme

(PRAS)

4.1.1 Preliminaries

Clearly, the level of spatial reuse plays a key role in determining the capacity of a
multihop wireless network [46]. As mentioned earlier, one can increase the level of
spatial reuse either through reducing the transmission power or increasing the CS;,.
We focus in this work on the former approach and assume a fixed CS;,. While de-
creasing the transmission power allows multiple concurrent transmissions to co-exist,
a reduced transmission power, however, yields a lower SINR which results from ei-
ther a weaker received signal or increased interference level [73]. This consequently
yields to a lower data rate that is sustained by each transmission, ultimately affecting
the system performance. Additionally, a lower transmission power would result in a

higher interference range (Eq. 2.6) and hence more hidden nodes that may corrupt
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the transmission between a sender and a receiver. Alternatively, increasing the trans-
mission power enhances the capture effect (SINR) and thus decrease the possibility
of collision from hidden terminals. With enhanced SINR, a node can use higher rates
for sending its packets and this would yield to a better throughput. However, larger
sender transmission power adversely impacts the spatial reuse by unnecessarily sup-
pressing concurrent communications. Hence, in order to achieve higher level of spatial
reuse and thus network throughput, one needs to find a balance between the trans-
mission power and the transmission rate. To achieve this, one can derive analytically
the network capacity as a function of both the transmission power and the SINR
threshold (hence the transmission rate) [10] and study the interplay among these
parameters so that a maximum capacity can be achieved. In this work, a localized
heuristic method for power and rate control is presented.

It is to be noted first that in [10] the authors observed that a high system through-
put can be achieved when the area silenced by a sender is reduced as much as possible
under the premise that the interference area of its intended receiver is covered by the
silence area. An alternative method for protecting the sender transmissions by ap-
propriately selecting the transmission power and rate while minimizing the exposed
terminals is derived. The four-way handshake mode of operation of the DCF is
assumed. Furthermore, a realistic analytical model is presented that characterizes
the transmission activities governed by the proposed heuristic in a single channel,

power-aware, multihop wireless network.

4.1.2 Methodologies

Consider a data frame transmission between two nodes A and B (Figure 4.1). We
assume an RTS frame, whose silence range is r. rrg, has been successfully transmitted
and we consider first the protection of the CTS packet reception. Here, if the receiver

(B) selects a transmission power for its CTS frame such that the interference range
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(a) PCS to protect CTS (b) VCS and PCS to protect
DATA

Figure 4.1: Collision Avoidance Analysis

at the receiver of the CTS packet (A), r; ors, coincides with or falls inside the area
silenced by the RTS (rqrrs), then the CTS frame will be received uncorrupted.
We call this the physical carrier sense (PCS) approach and is shown in Figure 4.1(a).
Here, although nodes C and D lie in the interference range of the CTS packet(refer to
equation 2.6), they cannot initiate any communication while the CTS is being received
because they already lie in the silence range of the RTS frame. Both nodes (C' and
D) are silenced upon hearing the RTS for an Extended Inter-Frame Space (EIFS) [5].
Since EIFS is a sufficient duration for a CTS packet to be received at the transmitter
(A), the reception of CTS packet will not be corrupted. A similar approach to that
of CTS protection, is adopted for protecting the ACK packet reception by setting
Te,DATA = Ti,ACK -

On the other hand, the EIFS duration is not sufficient to protect larger DATA
frames since the transmission duration (which is denoted as the vulnerable period)
may be much longer than EIFS period; accordingly, two alternative approaches may
be used to protect the transmission of the DATA packet. The first one is a vir-
tual carrier sense (VCS) approach and is achieved by selecting a transmission power
and rate for DATA such that the resulting interference range at the receiver (B)

is completely covered by the transmission range, o1, of the ensued CTS frame.
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The second alternative is a PCS approach; here, the sender (of the DATA frame)
will make sure that the area silenced by its transmission covers the interference area
around the intended receiver as shown in Figure 4.1(b). Now, in order to prevent
collisions while maintaining a high level of spatial reuse, we propose to dynamically
switch between the two approaches.

First, we analyze the minimum power requirements for delivering the CTS packet;
let Prrs and Pgrs be the transmission power of RTS and CTS packets, respec-
tively. The selection of Prrg is presented later in the section. Using equation (2.6),

we can obtain the interference range at the receiver of the CTS packet, rcrs =
1

ﬂﬁQIS_ P,

XR,CTS -
at rate Rors and P, is the estimated transmission power of an interfering node F. We

1
(—Pi———— . Here, (g cors is the SINR threshold when receiving a CTS packet

will explain how to estimate P, later in the section. Furthermore, from equation (2.3),
we can obtain r.grs = (%‘Sﬁ‘i)%. Since PCS is applied to control the power of the
CTS packet as discussed earlier and shown in Figure 4.1(a), we choose r; crs < 7¢,rrs
in order to prevent collisions from hidden nodes (those in the interference range of
the receiver of the CTS but outside the silence range of the RTS frame). Thus, for

equality, the lower bound on Pr7g can be expressed as:

CSu - P,

2 + P.) - Crers - T (4.1)
RTS

PCTS,low = max[Pmim (

where P,, is the current noise measured at the sender node and is encapsulated
in the RTS frame.

As we mentioned earlier, there are two approaches for protecting the DATA frame
against interference from hidden nodes. In one approach, we set the interference
range of DATA (r; para) equal to the transmission range of CTS, 7, crs, (note, if the
vulnerable period is smaller than EIFS, e.g., case of shorter data frames and higher
PHY transmission rates, then the silence range, rather than the transmission range, of

CTS may be used). Here, the transmission range of the CTS packet can be expressed
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Sl

using equation (2.2) as ryors = (L)

prpeerd ¥ where kg crs is the receiver sensitivity

of a transmitted CTS at rate Rors. Moreover, the interference range of the DATA

. _ P, 1 (1) . c .
packet is expressed as 7 para = (T1—)4 Ppary4 is the transmission power

PCTL
rCR,DATA

of the DATA packet and (g para4 is the SINR threshold requirement when receiving a
DATA packet transmitted at rate Rpara. Accordingly, by making rycrs = 75 para,

we obtain:

K - B
Pél,ZTA = TTLGCE{Pmm, (%_ + Pcn) : CR,DATA * T4] < -Pmaa: (42)

where P, is the current noise measured at the receiver upon receiving the CTS
packet and P, is the maximum available transmission power. In addition P](le)uﬂ 4
is dependent on the SINR threshold, (g para, whose value depends on the data
transmission rate.

If the PCS approach is used, the silence range of the DATA packet r,para will
cover the interference range of the DATA packet receiver. Then, by setting r. para =

ri,pATA + T (Where 7 is the sender-receiver distance), we obtain:

1 2-q
PO == (V2ou+/2u—2-g—4-u S 4.3
DATA 2 < g +m ) ( )
where
u= G+ Er i+ - E R -

4P
m = (F!) - (r* Crpara)* = (B) (r* Crpara)® (G + monims)

7,.5,43
g= (4 ! Pi2 ' ,7,3 : CR,DATA)2 - % —6- (4 . R '7'3 . CR,DATA)Q

4-p} 4-P;rd: r°CR,
T R e e

+ (4P -1 (rpara)®

3
s= DB r° (rpara
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Since both PSAT 4 and PJ(JQAT 4 can protect DATA packet transmission from hidden
terminals, we select the smaller between the two; this strategy would indeed decrease
the energy consumption and enhance the spatial reuse. Thus, by combining equations

(4.2) and (4.3), we obtain the following system:

Ppara = min[P gf)xTA, P 1(72/)1TA] (4.42)

Pz 2 Pors 2 Pers,iow (4.4b)

The solution to the above system is a tuple (Pors, (r,para,Ppara), and there may
exist more than one feasible solution among which we need to select one that yields
the best performance. Recall that the values of Porg, (g para, and Ppara are
selected from a set of discrete power and transmission rate levels available for the
node with Ppara < Ppee and Peorg < Prge. We consider two alternative approaches
(PRAS1,PRAS?2) for determining Ppara, Pors and (g para. For PRAS1, we select
Pcrs = Peors,ow- This selection stems from our understanding that a large Pors may
unnecessarily silence more nodes and hence could severely affect the channel spatial
reuse. Alternatively, for PRAS2, we set Porg = Ppae in order to reserve a larger

transmission floor for the DATA packet (i.e., eliminate the possibility of collisions).

Algorithm 1 DATA RATE and Power Control Heuristics

1. Pors « Pors,cow (for PRAS;  Pors < Prag)
2. R — the highest rate
3. Plpara — “BEZEB L P) - Cppara Tt
4. P? 4,74 — equationd.3
5.PpaTA = Min[Ph 74, PP a7 4]
if Pbara > Phnas then
if pc,.r > 6 then
6 R—R-1
7. GOTO 3.
end if
end if

8. PpaTaA + Min[Pmaz, PDATA]

Given Pcorg, we then propose a heuristic (refer to Algorithm 1) that jointly selects

transmission power and rate for sending the DATA packet. Initially, a node selects the
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highest transmission rate and calculates Ppara according to equation (4.4). Then,
the node checks whether Ppara is greater than P, (recall that Ppar4 is bounded
by Pmaz); in this case, the interference area (at the receiver of the DATA frame)
resulting for the highest rate may not be completely covered by the transmission
range of the CTS or the silence range of DATA, which leaves some hidden nodes
uncovered and may corrupt the transmission of the DATA during the vulnerable
period. These corrupted packets (whose rate is denoted as the frame error rate)
are to be distinguished from packets lost due to collision which are the result of
simultaneous transmissions. Note that if the sender reduces the transmission rate,
then the frame error or corruption rate may be reduced, as a result of the more robust
modulation, and hence a better throughput may be obtained. Therefore, a node needs
to decide when it is beneficial to switch to a lower rate; quickly reducing the rate
may yield a poor performance since the transmission at lower rates will take longer,
although the frame error rate may be reduced. The authors of [76] have noted that
a node should switch to a lower transmission rate only if the throughput obtained
at the lower rate is at least equal to that obtained at higher rate. Accordingly,
a frame error rate threshold () exists, above which it is beneficial to switch the
transmission rate. For example, for IEEE 802.11b, one needs to switch from 11Mbps
to 5.5Mbps when the frame error rate exceeds 50% [76]. In our PRAS heuristic, the
transmission rate is only reduced when the frame error rate exceeds a threshold 6.
The DATA frame error rate is easily measured at the receiver by having the sender
piggyback to the receiver every unacknowledged DATA frame (1 bit is enough in
the next RTS frame); note that since we are using the four way handshake, DATA
frames do not experience collision from simultaneous transmission (in the rest we use
the term collision probability and frame error rate interchangeably for denoting the
DATA frame loss rate due to interference).

Finally, given that the DATA packet is successfully received, the ACK power value
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can be derived similar to the way we derived the lower bound for the power of CTS

by making r. para = i ack. The power of ACK is expressed as:

CSu - P
Piok = max|[Puin, (*P_th— + P.,) - Crack - ] (4.5)
DATA

where (g ack is the SIR threshold for an ACK frame received at rate Rack. Pen
is the measured noise when receiving the CTS packet and it is encapsulated in the

DATA packet.

4,1.3 Analytical Model for PRAS

We extend the model presented in chapter 3 to study the performance of our proposed
power and rate adaptive scheme (PRAS). Moreover, we revise and add the following

assumptions:

e The receiver sensitivity for all packets is equal and accordingly we denote agrs,
acrs, GpaTA, Gack tO be the transmission ranges of the RTS, CTS, DATA
and ACK packets. Moreover, we define a; to be the transmission range of a
neighboring node F' (neighbor to a receiver B) whose transmission interferes
with the frame reception (at B) and whose transmission power determines the

interference range around B (Equation 2.6).

e The current noise P,, equals to zero.

e The system time is slotted with o seconds. RTS, CTS, DATA and ACK packets
are assumed to be with fixed length of Lgrrs, Lots, Lpara , Lack bits. The
control channel bit rate is assumed to be R, (Mbps) and the DATA channel
bit rate to be R (Mbps). Thus the transmission of an RT'S/CTS/DATA/ACK

packets will last for T, = S8L8 T, = =€18 ' T, = —PRALA T, = LRﬂ—K respectively.

e Fach node in the network initiates a transmission to one of its neighbors in a
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randomly chosen virtual time slot, for a duration of T,,4. Toyy has been defined

and derived in chapter 3 in equation 3.17.

A first parameter of interest is the attempt probability 7 that a node transmits
in a randomly chosen virtual slot and is given by equation 3.5. Recall that p in

equation 3.5 is the probability that a node senses the channel busy and is given
by p = 1—(1—7)"e, where N, is the number of active nodes in the carrier sensing
zone of the transmitter. When all nodes use the same transmission power,
N, = p - nd?, where d. is the carrier sense range and p is the active density.
However, since nodes may use different transmission power when sending out
their frames, the carrier sense zone of a node A (C'Sy) is no longer circular and
takes an arbitrary shape. In order to determine the average number of nodes in
CS4, we assume a circular carrier sense zone whose radius is Jcs( the average
carrier sense range) where (O—gg—}:)% = 2. Hence, N, =p- 7rd_052. Here, d,, can be

approximated by:

des=(A+B)-C (4.6)
where
A=7 aprs+7 (1= pris) - doms + 7+ (1 = pras) - (1 — Pess) - apaza
and
B=17:(1=prs) (1 = pets) * (1 = Pdata) - GacK
and

C= 2

T+ (1=pres)+7-(1=prts) (1—pets)+7(1=pres) (1-pets) (1—Pdata)

where pris, Petsy Pdatas Pack are the collision probabilities of RTS, CTS, DATA,

and ACK frames respectively.

94



Now, according to the methodology of our proposed heuristic (e.g., equations
(4.1)-(4.5)), the CTS, DATA and ACK packets are all protected by appropriately
selecting their transmission power as well as the data rate (in the case of a DATA
frame). However, as we explained in the previous section, DATA frame corruption
need not be completely eliminated, especially when the advantages of transmitting
at higher rates outweighs the benefits of eliminating the frame error rate (that is by
reducing the transmission rate). For example, in a dense network deployment, where
the intensity of the interfering signal is strong (i.e., larger a;), the value of Ppara
required to protect the transmission of the DATA frame may be larger than Pp,q.;
in order to completely protect the frame, the sender must reduce its transmission
rate (since Ppsrs is bounded by Ppa,) to reduce the interference range. Reducing
the transmission rate, however, does not necessarily yield better throughput. On
the other hand, since control frames are transmitted at the lowest transmission rate,
the selection of Pors and Pscox guarantees that these frames are not corrupted
following PRAS methodology. Accordingly, pets = pack = 0, and equation (3.6) yields
Po=1~(1-prts)* (1 = Pdata)-

Finally the throughput, (S), for each transmitter is calculated from equation 3.19:

P.
s b Lpara
Tcwg

4.1.4 PRAS Analysis

In order to analyze the proposed power and rate control heuristic, we use the model

developed in the previous section. Here, we measure the network performance by

varying a; (a; corresponds to the transmission range of the interfering node F'), arrs

and the distance r between the transmitter and the receiver. In our model, the
1

minimum 7 is initialized to 56 m (rmy = = = 56m for p = 100nodes/km?). We

first study the throughput as we vary a;; we set agrs = 4 % rppin and r = 3+ 7ppin. We
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Figure 4.3: PRAS2 Throughput versus q;

consider both PRAS1 (Pors = Pors,iow) and PRAS2 (Porg = Py, ) and we compare
their performances (Figures 4.2 and 4.3) with other heuristics where the transmission
rates are fixed (Hyi, Hss, Ha, Hi), but the power assignment is done according to
Equations (4.1)-(4.5). We also include, for comparison purposes, the model for the
heuristic wherein hosts attempt to eliminate DATA frame corruption by responding

to any packet loss by reducing the transmission rate (Hor). We assume for PRAS a

threshold 6 = 0.6.
Figures 4.2 and 4.3 show the throughput performance for PRAS1 and PRAS2

schemes respectively, as we vary a;. Clearly, the figures show that as the strength
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of the interfering signal(s) increases, the throughput for all schemes decreases. This
is intuitive since larger values of a; implies a larger interference range (Eq. 2.6) and
results in a smaller SINR at the receiver, leading either to higher frame corruption

rates or forcing the sender to respond by reducing its transmission rate (if the rate

is not fixed). In either case, the transmission duration would either be longer (in
the latter) resulting in larger value for T}qnsms or frame retransmission and collision
would be excessive (in the former) resulting in larger values of Tpysy and Ty, (and
hence larger T,,); this explains, the lower throughput obtained when q; is large.
Further, larger a; requires a larger transmission power for CTS, DATA and ACK
frames (Equations (4.1)-(4.5)) to overcome the interference which may unnecessarily
silence other senders in the vicinity, limiting the spatial reuse in the network (and as
a result, Thysy increases).

Figure 4.2 shows that when the interference in the network is strong (i.e., larger
a;), transmitting at smaller rates yields more benefits to the network than larger rates;
this is indeed intuitive since smaller transmission rates are more robust to interference.
This is shown in the figure as we compare the performances of Hy; and Hss. It is to
be noted also that although Hi; enjoys a smaller T3 qnsmit, Hs.5 has smaller T, and
Thusy When q; is large. Now, the performance of PRASI is similar to that of Hy; when
a; is small. Initially, a node deploying PRAS1 always uses the largest transmission
rate (11Mbps) for sending out its frames; the transmission power used for sending
the frames is the same as that of Hy; and therefore the same throughput performance
is achieved. At larger a;, the interference range around the receiver becomes larger,
and hence the power, Ppra, required to overcome the frame corruption may exceed
Pz Since Ppara cannot exceed Ppgy, the DATA frame error corruption (pggts) is
evaluated and compared with the threshold 6. If the corruption rate exceeds 6, then
a node would gain more if it switches to the smaller transmission rate. This is indeed

shown in Figure 4.2; as a; increases, the performance of PRAS1 converges towards

98



the optimal rate (e.g., that of Hss or Hs), outperforming H;;. It is interesting to
note that Hor performs quite good at very low a; and then rapidly degrades (as a;
increases) due to the premature switching to lower transmission rates as soon as a
frame corruption is experienced. Similar performance for PRAS2 can be observed in
Figure 4.3.

Next we compare the performance of PRAS1 and PRAS2 as we vary the distance
r separating the sender and the receiver (Figure 4.4). We set agrs = a; = 4 X Tmin.
When r is small, PRAS1 remarkably outperforms PRAS2; this is due to the fact
that in PRAS2, a CTS fame is always transmitted at maximum power (Pp,,) which
clearly limits the spatial reuse of the medium. Here, clearly the area silenced by
the CTS frame covers more nodes than there are in the interference range of the
DATA frame and consequently silencing more nodes, unnecessarily. As a result, Tpysy
is larger for PRAS2 and that explains the lower throughput. The figure also shows
that the performance of both PRAS1 and PRAS2 degrades as r increases. First,
when r is small, the resulting interference range (Eq.2.6) is small which yields a
lower collision rate for the RTS frames. The collision for CTS, DATA and ACK
frames is also negligible (here, a sender can always select the suitable transmission
power for these frames to protect their reception according to PRAS methodology)
and in addition the DATA frame can sustain higher transmission rates. However,
as r increases, larger transmission power for the CTS, DATA and ACK frames is
required which in turn yields larger dys (Eq. 4.6) and hence larger N, (the number
of nodes which, if they transmit, may silence the current sender) which results in
larger Tpysy, leading to lower throughput. Second, according to our methodology,
when r increases, the interference range 7; para increases; consequently, either we
need to increase Ppara or reduce the transmission rate in order to protect the DATA
frame. However, since Ppar4 cannot exceed Pp,,, a sender will choose to have (i)

s, paTA < Trors and 1o para < i para+r or (ii) switches to lower transmission rates.
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In the former case we allow collision (packet corruption) to exist and hence packet
retransmission and larger T, and in the latter case transmission may take longer
and hence Transmiz would be larger. In either cases, the throughput is affected. Both
PRAS1 and PRAS2 shows similar poor performance at larger 7 since at the CTS will
always be transmitted at maximum power (in both schemes).

Finally, we use our model to compare the performance of both PRAS1 and PRAS2
as we vary agrs; we fix the distance r to 56 m and set a; = 4 X rypin. Figure 4.5 shows
the throughput increases as we increase arrs and then decreases for larger values.
Clearly, for larger values of agrrg, the spatial reuse is severely impacted. On the other
hand, smaller values of agrg (i.e., transmission power of RTS) would result in RTS
packet corruption since the small transmission power of the RTS cannot overcome
the interference at the receiver coming from hidden nodes (note that the strength of
the interfering signal is not negligible since a; is chosen large). This shows that there
exists an optimal value for arrg that yields maximum throughput; in our work we
adopt a heuristic for determining the RTS transmission power. Also, since PRAS1
has shown better performance than PRAS2, we will use PRASI thereafter in our

comparisons and we will refer to it as the PRAS scheme.

4.1.5 Pgrs tuning and P, Estimation
RTS Power Tuning

In PRAS, the tuning of the transmission power of an RTS frame is a key design
aspect for enhancing the spatial reuse (as the analysis showed earlier). Note that
all the power values of other packets should be correlated with the power of RTS
packet. Initially, the RTS frame is sent at a maximum power to a destination node.
If Ng consecutive RTS packets were sent successfully to the same destination, then
the node decreases its RT'S power value to the next lower possible power level which

is higher or equal to P, when sending to the same destination. Similarly, after
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Nr consecutive packets reception failures, the power of RTS will be increased by one

level (Prin < Prrs < Ppas). Here Ng and Np are simulation parameters.

P, Estimation

As stated earlier, P; represents the transmission power of an interfering node F' (F
is a neighbor, say, to a receiver B); according to Eq. 2.6, determining P, is crit-
ical for determining the interference range around B. Furthermore, according to
PRAS (equations (4.1)-(4.5)), B, is also needed to determine the power assignment
of CTS/DATA/ACK frames. Therefore, a heuristic to locally determine the trans-
mission power of a neighboring (interfering) node is needed. We note here that the
value of P; differs from one node to another. For a sender(A)-receiver(B) pair, the
receiver maintains an estimate of P, 4 (P, g) where P, 4 (P; ) represents the trans-
mission power of an interfering node neighbor to A (B). Initially, these values are
assigned a value of P,,,; and both values are lower bounded by P,;,. When B re-
sponds to an RTS received from A, it will use the value of P, 4 to compute Pors.
Node B will also use the value of P; p to compute Ppsra4 and the data transmission
rate. For every Norg CTS packets, that a node transmits, and are consecutively re-
ceived successfully at the sender, P, 4 is decreased by a factor of oo X P, 4; otherwise,
if one frame is lost, P, 4 is increased by a factor of a x P, 4 (e.g o = 0.1). Note,
too, that P, 4 is also updated upon the success (loss) of Nycx (one) ACK packets
(similar procedure as before). The same methodology applies as well for updating
P, g with Npara being the consecutive number of successful DATA packets received.
Here, Nors, Npara and Nacg are all simulation parameters. Note that, whether a
CTS or an ACK packet was successfully received at the sender or not is indicated to

the receiver through a previously transmitted RTS frame.
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Table 4.1: Simulation Parameters
Parameter Value
CSi, (dBm) -83.5
Simulation Time (seconds) 300
N, 10
Nr 1
Npara= Ncrs = Nack 10
2 60%
Power Levels (dBm) 1, 3,5, 7,10, 14, 18, 22, 24
Transmission rate(Mbps) 1 2 5.5 11
Receiver sensitivity (k)(dBm) | -81.5 | -79.5 | -75.5 | -71.5
SINR threshold (¢)(dB) 7 9 11 15

4.1.6 Network Allocation Vector Adaptation

According to the IEEE 802.11 [5], the NAV contained in RTS is equal to Tors +
SIFS 4+ Tpara + SIFS 4+ Tacx + SIFS. Here Tors, Tpara and Tacx are time
durations for transmitting CTS, DATA and ACK packets respectively and SIFS is a
short inter-frame space. Recall that in our scheme, the transmission rate of DATA
packet is decided at the receiver side, and accordingly the transmitter is unable to
calculate Tpara since it does not know the transmission rate for the DATA frame
when it transmits the RT'S packet. To rectify this issue, in PRAS, the NAV contained
in RTS is set to Torg + 2SIFS. This is reasonable due to the collision prevention
property in PRAS. We elaborate more on this through the example shown in Figure
3.3. Upon transmitting the RTS frame from node A to node B, nodes in A’s RTS
transmission range will refrain from transmission for a Torg + 251 F'S period. When
node B replies with a CTS, nodes within B’s CT'S transmission range will update their
NAV value to Tpara+SIFS+Tack +SIFS period. Nodes in A’s RTS transmission
range but outside node B’s CTS transmission range will update their NAV through

the information contained in node A’s DATA packet.
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4.2 Performance Evaluation

4.2.1 Simulation Setup

We use Qualnet [111] to simulate and the study the performance of our proposed
heuristic. The control channel rate is fixed at 2 Mbps and the DATA channel rate
varies from 1 Mbps to 11 Mbps. The simulation parameters are shown in Table 4.1.
Ad hoc on Demand Vector Routing (AODV) is selected as the routing protocol. Other
parameters such as the antenna gains and heights are assumed to be fixed and equal
one, and known to all nodes. Five simulation seeds are used and we take the average
result. We consider a 10 x 10 grid network with ten end-to-end CBR (constant bit
rate) flows. The distance between each node pair is 50 meters. The other scenario is
a network with 100 nodes randomly distributed with 20 random selected CBR flows
inside a 1000 x 1000 m?2. We fix the traffic rate to 800 packets/sec for each CBR flow.
The mobility factor is 5 m/sec. Thus, by adding the mobility factor into random
and grid topology, we have the following four scenarios: 1) Static Grid Topology 2)
Dynamic Grid Topology 3) Random Topology 4)Dynamic Random Topology. We
compare PRAS with IEEE 802.11, BASIC [29], and CorePC/{ correlative (case ii,B))
[38], Miser [77] and CAPC [39] and Adaptive [40]. Our metrics of comparison are:

o Aggregate Throughput: This counts the total number of the data bytes cor-

rectly received by the receivers per time unit.

e Effective Data Delivered per Joule: This counts the total number of received

data bytes divided by the entire energy consumption.
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4.2.2 Simulation Results and Analysis
Throughput

Figure 4.6 shows that PRAS has a leading performance, followed by Correlative and
the rest of the heuristics. Clearly, the reason PRAS outperforms other protocols
is due to the fact that a node deploying PRAS will always select a combination
of power and transmission rate that will yield the best possible performance. The
selection in PRAS is adaptive to the current network conditions (e.g., the values of
P., and P;). This combination indeed attempts to balance the spatial reuse and
the frame corruption in order to achieve higher throughput. This has also been
validated through the numerical results we obtained from the model. Correlative
(case ii-B is the best case [38]) has also shown remarkable performance, slightly
below that of PRAS. In correlative, while doing the power assignments to packets,
the impact of the carrier sensing range has not been considered and in addition the
control and DATA packets are all sent at maximum data transmission rate. This
will be advantageous in low traffic network; however, when the load is high (i.e., the
interference in the network is excessive), sending DATA frames at maximum rate
is not wise due to high number of potential interfering nodes (as we have shown
earlier). The IEEE 802.11 showed throughput limitations for two main reasons:
higher rates of RTS collisions and lower spatial reuse since all packets are sent at
maximum power. BASIC, on the other hand, severely suffers from hidden nodes
since DATA and ACK packets are sent at the minimum required power whereas the
RTS/CTS of other communicating nodes are sent at maximum power. Sending frames
using the lowest transmission power obviously increases the interference range around
the DATA/ACK packet receiver which increases the probability of the DATA/ACK
collision. Moreover, transmitting the RT'S/CTS at maximum power will unnecessarily
suppress neighboring nodes and decreases the throughput. CAPC, Adaptive and
Miser show slightly better throughput than IEEE 802.11 and BASIC due to the
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fact that DATA and ACK are well protected in these schemes; nevertheless, the
RTS frame and in most cases the CTS frame are sent at maximum power which is
shown to reduce the spatial reuse. Moreover, the assignment of the DATA power

value in Miser, Adaptive, CAPC is done on the assumption that the interfering node

always transmits at maximum power, which may not be true in random power-aware
topology. Accordingly, the power value assigned to the DATA packet will be more
than the sufficient power to protect its reception and thus this, again, impacts the
spatial reuse. These are the reasons why these protocols achieve less throughput
than PRAS and Correlative. We can see also from Figure 4.6 (Dynamic Grid and
Dynamic Random Topology) that mobility has impacted the node throughput. When
considered, the source and receiver nodes may not be able to communicate with each
other due to the fact that either one of them will be out of range of the other. This
may trigger link failures that may occur frequently due to disconnection of adjacent
nodes in a route. Routing table entries thus may get stale and may require frequent

updates.

Convergence of P, and Prrg

To study the tuning behavior of P;, we choose 20 receiver nodes from the random
topology and we show in Figure 4.7 the average value of P;, the estimated power of
an interfering node, neighbor to the receiver. The figure also shows the average value
of the transmission power of the RTS frames of the 20 sender nodes. As the figure
shows, both P, and Pgrrg start at a maximum value and quickly converge to some
steady state values, relatively larger than P, (Pnin = 1dBm as shown in Table
4.1) but much smaller than P,,,. Indeed, a smaller value of Prrg, together with the
smaller value of P;, suggests that the network enjoys a good level of spatial reuse
with less interference (and hence frame corruption) obtained through the judicious

power assignment of PRAS heuristic. In order to support our claim, we go back to
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our model for PRAS and look at the throughput vs. agrs when using the value of
P, obtained in Figure 4.7 (the P; in Figure 4.7 corresponds to a; = 80.5m). Figure
4.8 shows the throughput (total network throughput) obtained from the model; also
shown in the figure is the point that corresponds to the measured Prrg in Figure 4.7
(i.e., agprs = 90.5m). Clearly, a high throughput (of 1030K B/s) is obtained and is
close to the optimal one (1150K B/s) that corresponds to an agrrs slightly smaller
than 90.5m. This result indeed supports our claim that our PRAS heuristic balances
the tradeoff between better spatial reuse and low frame corruption rate due to hidden

nodes in order to achieve a good performance.

Energy Efficiency

Figure 4.9 depicts the energy efficiency (of all schemes) in KBytes/Joule. The IEEE
802.11 has the worst performance since all packets are transmitted at maximum power
and that results in unnecessary energy consumption. BASIC scheme severely suffers
from packet collision and hence higher energy consumption due to frame retransmis-
sions. Among all schemes, PRAS heuristic achieves the best energy consumption
performance in all simulated scenarios. This is indeed due to the fact that frames
transmission power in PRAS is carefully decided so that packet collision/corruption
is either minimized or avoided while also using just enough power for the frame to

reach the destination.

4.3 Conclusions

In this chapter, the tradeoff between spatial reuse and frame error corruption (i.e.
signal quality) is investigated and a decentralized heuristic for power and rate control
in multihop wireless networks is proposed. The algorithm is also modeled using a
realistic analytical model that characterizes the transmission activities governed by

the IEEE 802.11 DCF in a single channel, power-aware, multi-rate multihop wireless
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network. The observations and insights from the model confirm that it is possible to
achieve higher throughput performance by tuning the transmit power to allow more
concurrent transmissions while appropriately tuning the data transmission rates. The
analytical results revealed that adapting the data transmission rate in order to com-
pletely avoid packet corruption (loss) due to interference from neighboring transmis-
sions is not always advantageous. This is because when smaller data transmission
rates are used, in response to interference, the channel occupation period (or busy
time) would be longer, while larger rates yield shorter channel busy period. This
shorter period, in addition to the period wasted retransmitting corrupted frames,
would offset the benefits of switching to lower rates to avoid frame loss. However,
our results also showed that there is a frame loss threshold beyond which it is more
advantageous to switch to lower rates. Our simulations revealed a remarkable per-
formance (both throughput and energy consumption) for our proposed heuristic over

other existing approaches.
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Chapter 5

A Spatiotemporal Contention
Resolution Algorithm for
Enhancing Spatial Reuse in

Multihop Wireless Networks

As already mentioned earlier, in wireless ad hoc networks, the physical carrier sensing
(PCS) is essentially used to determine whether or not a node may access the medium.
Typically, a node senses the medium, before initiating any communication, and defers
its transmission if the channel is sensed busy; a channel is considered to be busy if
the strength of the received signal exceeds a carrier sense threshold, CS;,. The PCS
method reduces the likelihood of collision by preventing nodes in the vicinity of each
other from transmitting simultaneously, while allowing nodes that are separated by
a safe distance (termed as the carrier sensing range, r.) to engage in concurrent
transmissions. The former is referred to as collision avoidance while the latter is

known as spatial reuse.
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Traditional MAC protocols utilize temporal mechanisms, such as the Binary Ex-
ponential Backoff of the DCF access method, to resolve contention among simul-
taneous transmissions. A node wishing to transmit first senses the channel for a
Distributed Inter Frame Space (DIFS) period and then transmits only if the channel
is sensed idle. Otherwise, the node waits until the channel is sensed free for an-
other DIFS interval and waits for a random contention time: it chooses a backoff
b, an integer distributed uniformly in the window [0, CW] (where CW is the con-
tention window size) and waits for b idle time slots before attempting to transmit.
When a node detects a failed transmission, it doubles its CW until it reaches a max-
imum value (CWp,.). By separating transmissions in time, successful transmission
is achieved and several methods have been proposed to optimize the performance of
these temporal mechanisms in single hop networks so that an optimal performance
is obtained [6], [76].

Alternatively, to resolve contention among contending hosts and improve the uti-
lization of the channel, recently, the concept of spatial separation has been pro-
posed [74]. Namely, by adjusting the space occupied by each transmission, spatial
backoff controls how the channel usage is divided over space such that an appropriate
number of concurrent transmissions can exist while a suitable temporal contention
level around each transmitter is achieved. In order to control the space occupied by
each transmission, a joint control of C'Sy, and transmission rate is proposed by the
authors [74]. The authors have shown that substantial gain in channel utilization can
be achieved as a result of the improvement in the spatial reuse. Indeed, in addition
to tuning the CS;p, one can also increase the level of spatial reuse by reducing the
transmit power so that multiple transmissions can co-exist without causing enough
interference on one another; the authors of [79] analyzed the relation between the
transmit power and the CSy, in determining the network capacity. Here, a combina-

tion of lower transmit power and higher C'Sy, leads to a large number of concurrent
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transmissions with each transmission sustaining a lower data rate.

Clearly, the performance of multihop wireless networks is limited both by the
interference, caused by neighboring transmissions, in the network as well as the level
of contention among contending hosts. In this chapter, the interest is in improving the
performance of multihop wireless networks through developing methodologies to deal
with the interference caused by hidden nodes as well as combatting frame collisions
from simultaneous transmissions. Namely, a MAC-based dynamic adaptation scheme
is developed with joint control of carrier sense threshold and contention window size.

By appropriately tuning the CS;,, one may detect strong interference and hence
avoid unnecessary transmission attempts that could result in a failure (i.e., eliminate
collisions from hidden terminals). Further, when selecting an appropriate carrier sense
threshold, the exposed terminal problem may be reduced and the channel spatial reuse
could be enhanced. When experiencing collisions due to simultaneous transmissions,
adapting CW helps in resolving collisions due to simultaneous transmissions. There-
fore, it is critical to distinguish the causes of frame loss when deciding which protocol
parameter(s) should be tuned such that a good performance is achieved. Various
loss differentiation methods have recently been proposed for CSMA-based single hop
networks [67], [112], [68], [113] as well as multihop networks [66]. Except the work
of [113], none of the other methods can effectively differentiate the frame loss due to
interference from hidden nodes or due to collisions. Hence, in this work, an effective
method is proposed for differentiating among frame losses. The study reveals that by
jointly controlling both parameters (C'Sy, and CW), the network performance can be
substantially improved. Also, the study revealed that in a multihop network, there
is a tradeoff between spatial reuse and collisions from concurrent transmissions and
the optimal performance is obtained with smaller contention windows, which yields
a higher collision ratio, but that indeed promotes higher spatial reuse.

The rest of the chapter is as follows. Section 5.1 provides the preliminaries and
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Figure 5.1: Carrier Sensing Range, Silence Range and Interference Range.

motivation of the work. The proposed scheme is presented in Section 5.2 and its
performance evaluation, through simulations, is presented in Section 5.3. Finally, the

work is concluded in Section 5.4.

5.1 Motivating Issues and Solutions

Although the objective of the algorithms proposed in [48], [49], [50] and [74] is to
search for an optimal CS;;, that can avoid hidden terminals and improve the spatial
reuse, these algorithms have some deficiencies due to their purely localized nature. In
addition, none of these methods differentiate among collisions from contending nodes
and those from hidden terminals, hence their adaptation method may lead to either
unnecessary decease of CSy, or increase of CW (or both), which would deteriorate
the system throughput rather than improving it. We explain in this section the
inefficiency of these algorithms in resolving either the hidden terminal problem or
contentions through three illustrative examples and provide the motivation for this

chapter.
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5.1.1 Illustrative Examples

Consider Figure 5.1 where node A is transmitting a frame to node B and where
node C' is hidden from A and vice versa (nodes A and C cannot sense each other’s
transmission). Moreover, consider a node (F) that lies in the intersection of the
interference area of node B and the carrier sensing range of node A. Below are three

different scenarios in which node A may encounter a transmission failure.

e Scenario 1: Here, node C starts its transmission to its intended receiver (not
shown) first. Since node C is outside the carrier sensing range of A, A senses the
channel as idle (i.e., the level of energy detected is below the C'Sy;) and initiates
a frame transmission to node B. Since node B suffers from the interference of
the on-going transmission (of node C), it is unable to correctly receive the
packet transmitted by A. Hence, node A faces a transmission failure. Here in

our work, we refer to this kind of collision event as H;.

e Scenario 2: Here, node A starts its transmission to B first. Node C, unaware
of this communication (C is assumed to lie outside the silence range of A),
initiates a transmission concurrently and thereby corrupts the transmission of

node A. We refer to this kind of collision event as Hj.

e Scenario 3: Here, nodes A and F initialize their transmission (suppose node C
is not involved in any transmission) in the same time slot. Since node F' lies in
the interference range of B, it will corrupt the transmission of A. Accordingly,

let C represent this kind of collision event.

Next, for each collision event (Hy, Ho and C) classified above, we propose a solution.
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5.1.2 Solution to Scenario 1: Adaptively Adjusting C'S;, based

on Network Performance

In scenario 1, a collision (of H;-type) can be avoided if a node adjusts its CSy, (for
instance, based on the network performance, as suggested in [48], [49] and [50]); more
specifically, node A can decrease its CSy, (i.e., increase its carrier sense range) when
it encounters a transmission failure such that if node C transmits in the future, A will
be able to sense this transmission and will refrain from initiating any communication.
As a result, a collision of this type (H;) may be avoided. However, a node may need
to distinguish this type of failure from others (namely Ha-type and C-type) so that a
corresponding reactive scheme can be developed. The method to estimate the packet

error rate due to this type of failure will be presented later on.

5.1.3 Solution to Scenario 2: Upper-bounding CS;;,
Issues with existing solutions

While the algorithms proposed in [48], [49], [50] and [74] can avoid collisions from Hj-
type transmission failure, almost none of them address the hidden terminal problem
that results in Ha-type transmission failure, as we elaborate in the following example.
Suppose node C initializes a transmission (after A’s) and corrupts the transmission of
A. According to the schemes proposed in [48], [49] and [50], node A should decrease
its CSy, due to this transmission failure. However, node C' does not know that
its transmission had corrupted that of A and accordingly C fixes or increases its
CSi,. As a result, if node A (re)transmits, C' will still sense the channel status as
idle and initiate a new transmission. Clearly, the transmission of node A will be
corrupted again. It is therefore evident that the algorithms of [48], [49] and [50]
cannot avoid Ha-type collisions. Furthermore, since the transmission from node C is

expected to be successful, the node will consequently increase its C'Sy, for subsequent
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transmissions and transmit more aggressively. Therefore, the transmission from C
will continue corrupting that of A. As a result, node A will keep decreasing its C'Sy,
until ultimately its opportunity of transmission is deprived; these methods have also
been shown to deteriorate the fairness among hosts.

The algorithm proposed in [74] can avoid this kind of collision (Ha-type) if node A
decreases its transmission rate (i.e., relatively decreases the SINR requirement) until
node C falls outside the interference range of node B (the receiver of A’s frame).
Although the mathematical analysis in [46] has demonstrated that there exists an
optimal combination of transmission rate and CSy,, the value of such a combination
highly relies on the network topology and the channel condition. Hence, it is not
always possible for a node to adjust its transmission rate and CSy, to achieve this
optimal combination by solely depending on its transmission success/failure history.
Additionally, and as pointed out in [76], it is only advantageous to transmit at a
lower rate when the packet loss rate is high (usually over 50%). That is, transmitting
at a lower rate does not necessarily improve the total throughput. Furthermore,
neighboring nodes may unnecessarily be suppressed for a much longer time since the
transmission duration becomes much longer (and hence the busy time of the channel)
with lower transmission rates; consequently, the exposed terminal problem (e.g., node
E in Figure 5.1) is exacerbated. Another drawback of the algorithm presented in [74]
is that it suffers from the fairness problem, as well, for the same reasons as stated

earlier for [48], [49] and [50].

Proposed solution

A solution for avoiding collisions in scenario 2 is introduced; clearly, if node C can,
somehow, detect the ongoing transmission from node A, then it should defer its
transmission to yield to that of A (assuming node C falls in the interference range

of A’s receiver). However, C would be able to sense a busy channel, when A is
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transmitting, only when it falls inside the silence range of A or alternatively when
its carrier sense range is large enough to include A. Denote CSyuq, (Which will be
derived next) as the maximum allowed carrier sensing threshold that node C' can

use; this maximum threshold (or any value below it) guarantees that node C hears

A’s transmission and accordingly defers its own. However, evidently it is not feasible
for node C' to determine whether its transmission may corrupt that of A only based
on its own transmission success/failure history. Node C, hence, would need some
information regarding the transmission between A and B. The key idea is to allow the
receiver (B in this case), through the CTS packet, to distribute necessary information
to potential interfering nodes. With this information, all potential interfering nodes
(node C in our scenario) can adjust their CSyq, and limit their C'Sy, not to exceed
that value. Potential interferers will, therefore, block their own transmissions in order
to allow for the current transmission to complete successfully. The detailed algorithm
for determining and dynamically adjusting the C'S,,q, is presented later.

Note that, in the proposed solution for Ha-type collision, the RT'S/CTS hand-
shake does not silence neighboring nodes; rather these frames only request the neigh-
bors to bound their C'S;,. That is, nodes receiving an RTS or a CTS frame will
not be silenced for the whole 4-way handshake duration, as suggested in the IEEE
802.11 protocol, but rather for only an EIFS! (Extended Inter Frame Space) dura-
tion. Indeed, this improves the spatial reuse through avoiding unnecessary blocking
of neighboring nodes that lie in the transmission range of RT'S/CTS frame but outside
the interference range of the receiver (for instance node E in Figure 5.1). Namely, in
our proposed scheme, the decision on whether to start a new transmission is totally
left to the physical carrier sense mechanism, since the PCS mechanism already pro-
vides an effective way to protect DATA packets through setting an upper-bound, as
discussed earlier, on the C'Sy,. In order to reduce the overhead induced by RT'S/CTS

1This does not require any changes to the standard; rather a sender would only set the trans-
mission duration in the ensuing frame for EIFS period.
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frames, we deploy a dynamic mechanism that switches between the 2-way and 4-way

handshake, as will be shown later.

Deriving CS,,qz

In this section, we present our method for deriving a suitable value for C'Sy;. Ini-
tially, node A (Fig. 5.2) transmits an RTS frame to node B. After receiving the RTS

packet, node B is able to calculate the distance (dap) to A as follows:

P
Pr,B

dap = (5—)"* (5.1)

where, P is the transmission power® and P, p is the received power at node B from

A’s transmission. Subsequently, using equation (2.6):

. P
' T‘%E_Pcn

2In the proposed algorithm, we assume that all the nodes use the same transmission power.

Al
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the receiver (node B) calculates its interference range for receiving the DATA packet(s)
from node A as:

P
Ri,B = ( P — CNB

e ey
d4p¢pATA

where, {para is the SINR threshold for DATA packets. In the proposed scheme, we

)14 (5.2)

assume a fixed PHY transmission rate for DATA packets, thus the value of (par4 is
fixed. C' Np represents the current noise measured at node B.

Next, node B encapsulates necessary information about the ongoing transmission
from A (such as d4p and R; g) in the CTS packets so that all nodes in its interference
range are informed about the ongoing communication; the announced values will be
used to derive an upper bound on the CS;;, to force interfering nodes to defer their
transmission. Now, to make sure that all neighboring nodes in B’s interference range
receive the CTS frame, the frame is transmitted at a rate (the transmit power is
fixed) such that the transmission range, R;crs, is large enough to cover the entire
interference range of node B. Note, however, that since the transmission rate is
selected from a set of discrete values, we may well have R;crs > R p; this means
that some nodes may be outside the interference range of B and still receive the
CTS packet. Accordingly, and upon receiving the CTS packet, node C calculates
the distance to node B, dgc = (ﬁfg)l/ * where P,c is the power of the received
CTS frame. C then checks whether it lies in the interference range of node B, or
not, by comparing dgc with the value of R; g carried in the received CTS packet. If
dsc > R; g, C concludes that it is outside the interference range of B and accordingly
it does not need to limit the CS;,. Here, node C' discards this CTS packet and waits
for EIFS period to contend for the channel again. Otherwise, node C determines that
it lies in the interference range of node B and accordingly has to bound its CSy,, in
order to make sure that A’s transmission completes successfully. In other words, C
(and other interfering nodes) upon receiving the CTS frame should adjust its CSy,

such that its carrier sense range includes A and accordingly any transmission from
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node A will be sensed by the interfering nodes (that is, the silence range of A now
covers the interference range of B). Now, in order for node A to be within the carrier

sensing range of C, we should have:

R.c 2 dap +dgc (5.3)

R.c denotes the carrier sense range of node C (Equation 5.3); the minimum
carrier sense range corresponds to R.c = dap + dpc, and that occurs when node C
uses the maximum allowed carrier sense threshold CSpgq,c. For a CSy, < CSmas,c
selected by C, C’s carrier sense range is guaranteed to sense the transmission of A
and therefore C'Spqz,c is called the upper bound. The minimum carrier sense range
should be equal to the silence range of node A (R4, Equation 3) and is defined as

follows:

P

Rog = Rop = (5o
¢ A (Csmam,c

]

) (54)

Using equations (5.3) and (5.4), CSpaz,c can be derived as:

P

CSmaw = T 3 4
© " (dap + dpo)?

(5.5)

If the current carrier sense threshold of node C'is above C'Sp4z.¢, it should limit
its threshold (to be lower than CSpezc). Otherwise, it maintains the same value and
records that of CSp,ezc, Which will be used for future adjustment (of CSy,) shortly
thereafter.

Indeed, the computed value of C'Syq.,c ensures that node C refrains from trans-
mitting when node A transmits. However, in a multi-hop network environment, a
node may be surrounded by multiple transmissions (spatially separated) from more
than one node pair. Accordingly, every interfering node (e.g., C') maintains a table

for its neighboring transmissions; every entry (< CS} ., ¢, Tippire >) in the table

max
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corresponds to a node pair 4 currently communicating. CS},,, ¢ is the upper bound
on the CSy, a node determines for a node pair ¢ (determined, using Equation 5.5,
upon receiving a CTS frame from the receiver of the node pair 7). The maximum
carrier sense node C' uses is then determined as CSpmeec = Mini{CSsp 0} Tirpire

is a pre-defined expiration duration for node pair 7. If a node does not receive any

CTS packet for the same node pair for a T

i
eapire (We assume T,

expire Tewpire for all 2)

duration, the corresponding entry becomes stale and is deleted from the table. This
improves the spatial reuse as can be illustrated in the following example. Suppose
node A transmits a packet to node B, and node C accordingly bounds its C'S;, in
order not to corrupt A’s transmission. If node A has no more packets to transmit
to B, bounding C’s carrier sense threshold becomes unnecessary since that forces
node C' to become too conservative when sensing the medium to transmit its pack-
ets, which eventually deteriorates the spatial reuse. Therefore, once node A stops
sending frames to B for some time, node C should delete the entry corresponding to
this node pair and recompute the upper bound for its C'Sy.

As discussed, transmitting using the 4-way handshake is an efficient solution to
avoid Ha-type collisions. However, it adds extra overhead (through the RTS/CTS
exchange), which could ultimately affect the network throughput. To address this
problem, we further adopt a policy that dynamically switches between the 2-way and
the 4-way handshake to reduce the overhead. Inmitially, a node transmits using the
4-way handshake. If this transmission is successful, the next frame transmission will
use the 2-way handshake; otherwise, a node continues transmitting using the 4-way
handshake until the transmission is successful, and thereafter switches to the 2-way
access method. Recall that when using the 4-way handshake, all potential interfering
neighbors for a receiver limit their CSy, for a pre-defined duration Tegpire. If the
sender has another packet to transmit (now using the 2-way access) and it wins the

channel directly after it completes its prior transmission, there is a good opportunity
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for this initiated packet to succeed. This is due to the fact that the interfering
nodes can still sense the transmission of the sender due to the larger carrier sensing
range they use (for the period of Teupire). Hence, the transmission (using the 2-way
handshake) is protected without any additional overhead. Finally, a node operating
using the 2-way access switches back to the 4-way handshake only upon a packet loss

due to Hs.

5.1.4 Solution to Scenario 3: Increase CW

Recall that scenario 3 corresponds to packet loss from simultaneous transmissions of
more than one node in the same time slot. A simple solution to recover from such
frame loss is through a temporal contention resolution (e.g., increase of the contention
window) that aims to separate transmissions from these contending nodes in time.
Now, for each of the above categories, which may result in a transmission failure,
a corresponding solution has been proposed. However, unlike single hop WLANSs
networks, in a multihop network environment, when a node faces a transmission
failure, it is very difficult to distinguish the exact cause (Hy, Ha or C) of that failure.
Next we present our method, with some rules, for distinguishing the causes of frame
loss; then, based on the determined causes of transmission failure, we present our
algorithm, which adopts different solutions, in order to balance the trade-off between

frame collision and spatial reuse to enhance the network capacity.

5.2 Proposed Algorithms

5.2.1 Related Loss Differentiation Methods

Various loss differentiation methods have recently been proposed for CSMA-based
single hop networks [67], [112], [68], [113] as well as multihop networks [66]. The

authors in [67] introduces a new NAK packet to differentiate packet collision and
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channel error. A receiver node transmits an NAK to the sender if it successfully
receives the MAC header but fails in receiving the packet payload. Upon receiving
the NAK, the sender acknowledges that this transmission failure is due to channel er-

rors but not collisions and accordingly adapts the transmission rate. Another scheme
is proposed in [68], which differentiates collisions and errors based on the transmis-
sion time information for lost packets. Moreover, the authors in [66] proposed a
Collision-Aware Rate Adaptation (CARA). CARA employs RTS probing to differ-
entiate between packet collision or packet error. To reduce RTS/CTS overhead, in
CARA, the RTS/CTS exchange is switched off after a certain number of consecutive
packet successes and switched on after a certain packet failures. The authors in [112]
proposed two algorithms that respectively approximate the packet loss ratio due to
collisions and channel errors based on MAC layer measurement. Most recently, the
authors in [113] proposed an algorithm in which nodes differentiate interference ac-
cording to their energy and timing relative to the desired signal, and measure packet
error rate (PER) locally at the transmitter for each type of collisions. Except for the
work of [113], none of the other methods can effectively differentiate the frame loss

due to interference from hidden nodes or due to collisions.

5.2.2 Our Proposed Loss Differentiation Algorithm

In order to differentiate the possible causes of a packet loss upon a transmission, a
sender (A) checks whether any of the following conditions (or a combination thereof)

are satisfied.

e Condition A;: The ensuing transmission is an RTS transmission.

e Condition A,: The reference transmission is initialized at time ¢,
t € [taway, taway + Teapire]. Here, tiwe, denotes the most recent time node A

received the CTS packet from its receiver (node B in Figure 1). At that same
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time also (i.e., t4way), all potential neighboring nodes receive node B’s CTS

packet and accordingly are informed to limit their CSy,.

e Condition As: When the transmission is initialized, the sender determines
whether its carrier sensing range covers the interference range of the receiver;
that is re4 > ;B + d, where 7. 4 is the carrier sense range of A, r; p is the
interference range of B and d is the distance between A and B. In other words,
the carrier sense threshold (C'Si, 4) should be bounded by a “safe threshold”,
denoted as CSsafe, Where CSyppe = (m&—d)%, which is easily derived from

equation (3) while the value of 7; g can be obtained using equation (5).

Hence, the state of any transmission can be represented by a variable T =
(a1, ag, a3) where a; = 1 if condition A; is satisfied and a; = 0 otherwise. For example,
T =T, = (1,1,1) if all conditions are satisfied for the current transmission. Table
5.1 shows all the possible values of T', each corresponds to a transmission state. Now,
recall that a transmission failure may be caused by either of the following events Hy,
Hj or C; upon any transmission failure, the sender determines to which category (as
explained above) this transmission belongs and accordingly performs some analysis
to determine which event caused the failure.

For example, for those types of transmissions where A; (i.e., the ensued frame
is RTS) is satisfied (e.g., T1, T, T3 and T}), one can determine that a transmission
failure is not likely caused by interference of Ha-type (where the interfering signal
comes after the reference signal and causes a frame loss) for the following reason;
indeed, when A sends out its (RTS) packet, there is a vulnerable period during which
if any interfering node (that is outside the silence range of A) attempts to transmit,
the transmission from the sender to the receiver (B) will be unsuccessful. This
vulnerable period corresponds to the transmission duration of the frame (both header
and payload). With an RTS frame that is transmitted at 11Mbps, the vulnerable

period is very small, and hence the RTS collision of type Hs becomes negligible.
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Table 5.1: The Possible Causes for Packet Losses of Each Type

| Type of transmission | Possible causes of packet loss |

h=(1,1,1)

C

C

C, H,

C Hy

C

C, H;

C H,
Ca Hl, H2

Additionally, for a failed transmission where A, is satisfied, all nodes lying within
the interference range of the receiver had been informed, through the CTS frame, to
bound their C'S;;, in order to sense the transmission of the sender and defer their own
transmissions. Accordingly, these interfering (hidden) nodes could not initiate any
transmission while the sender is transmitting and hence Hy-type collisions are also
unlikely. For those transmissions where Aj is satisfied (e.g., T1, Ty, T5 and Tg), the
sender would refrain from sending out its packet if at least one transmission in the
vicinity of the receiver is taking place, which may in effect corrupt the sender’s frame
(here the sender’s carrier sense range covers the interference area of the receiver).
Hence, H;-type collision is unlikely for a transmission failure where Az is satisfied.
In the above discussion, we have precluded those unlikely causes of packet loss
upon every failed transmission; a summary is shown in Table 5.1 where we present the
correspondence between a transmission category and the possible cause(s) of failure.
Next we present further analysis and the possible reactive schemes for every type of

transmission failure.
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5.2.3 Solutions
Type T1, T, or Ty transmissions

When a node encounters a failed transmission of type T3, T3 or Ts, both H; and Ha
type collisions are not likely (as per our discussion above); the more likely reason for
frame loss is that of having multiple senders transmitting in the same time slot (i.e.,
C-type collision, with no hidden nodes). Here, temporal contention resolution (i.e.,
BEB) is adopted while the C'Sy, is kept fixed in order not to affect the spatial reuse
in the network. Additionally, for T transmission category, a node does not switch
to the 4-way handshake (to reduce the overhead) upon a failure since already hidden

nodes have limited their C'Sy, (i.e., Ha-type collisions are unlikely).

Type T3, Ty or T; transmissions

For these three types of transmissions, a failure results from either C-type or Hy-type
collision (Table 5.1). Intuitively, one may decide to increase CW or decrease CS:
increasing CW resolves the former type and decreasing C'Sy, resolves the latter type
by allowing a node to transmit more conservatively.

However, the authors of [83], using an appropriate analytical model, pointed out
that in a wireless multihop network, the attempt probability is jointly determined
both by CW and CSy,, while the optimal attempt probability (that maximizes the
network throughput) can be obtained using a smaller contention window at the ex-
pense of a higher collision ratio. This is so because a larger attempt probability
promotes the spatial reuse by reducing the channel idle time (there is indeed a trade-
off between spatial reuse and collisions from concurrent transmissions). Thus, upon
encountering transmission failures that may be caused by either C or H,, increasing
CW and decreasing C'Sy, simultaneously may be too conservative and results in a
lower channel utilization.

In order to decide which parameter (C'Sy, or CW) should be tuned, we need to
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further determine whether the frame loss is due to C or H;. Indeed, and unlike
single hop WLANSs (see for example [112], [67]), it is more challenging to provide an
effective loss differentiation in a multihop wireless network. For instance, the authors
of [66] proposed to use the RTS/CTS frames to differentiate packet loss due to either
collision (C) or interference from hidden nodes (i.e., H; and Hj;). However, their
method strongly depends on the assumption that the RT'S/CTS exchange completely
silences hidden terminals, which indeed has been shown [11] not to always hold.
In addition, this method cannot differentiate Hi-type and Ha-type collisions, and
requires the RTS/CTS exchange to be active for all frames.

In our work, we approximate the packet error rate (Pgg) for both C and Hj
through periodic measurement as follows. Among the 8 categories identified earlier,
11, T3 and Ty transmissions can be only corrupted by C, while 73, T and 77 can
be corrupted by either C or H;y. Therefore, during a predetermined measurement
period, the sender counts the number of frame transmissions (for each category) that

have been made as well as the number of failed transmissions. We denote:

e t;: the number of 77, Ty or T transmissions.
e fi: the number of T3, T and Ty failed transmissions.
e t9: the number of T3, Ty and T+ transmissions.

e f5: the number of T3, Ty and 77 failed transmissions.

Let Pgg c denote the collision probability from C, and Pgg u, denote the collision
probability from H;. In order to estimate Pggc and Pggu,, we first assume that
the transmission failures caused by C and H; are independent [113]. Therefore, we
can write:

f2

1- &= (1 - Pgrc)(1 — Pgrn,) (5.6)
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and with the independence assumption, Pggrc can be estimated as:

fi

Pogg =% .
SRS 57)
Combining (5.6) and (5.7), we obtain:
1-4
PER,H1 =1~ 1— i (58)

The values of Pgrc and Pgru, are updated through periodic measurements of
t1, f1, t2 and fo. Now, according to Pgrc and Pggu,, the sender decides whether
it should increase CW or adjust CS;p.

More specifically, a node compares the estimated Pgpry, value with two pre-
defined thresholds (say Ps and Pr). If Pgru, is above Pp, the node gradually
decreases its C'Sy, (to the next lower value) to transmit more conservatively; and if
Pgru, is below a certain threshold Ps, a node gradually increases its CSy, (to the
next higher level) to encourage more concurrent transmissions. Otherwise, a node
will fix its C'Sy,. The values of Pg and Pr can be obtained empirically [50]. Further,
as mentioned before, in a multihop wireless network, the transmission attempt prob-
ability (7) is jointly determined by the physical carrier sense as well as the contention
window (7 = p; X py, where p; is the attempt probability given that the medium is
sensed idle and p, is the probability that the medium is idle given that no one trans-
mits in the sender’s carrier sensing range). Clearly, a smaller C'Sy, yields a smaller p;
which results in a smaller 7. However, it has been shown that the optimal attempt
probability should remain relatively high to improve the system throughput [83].
Accordingly, one needs to keep p; large, which corresponds to a smaller contention
window. Furthermore, increasing the contention window upon a frame loss does not
necessarily help in controlling the collision when the carrier sensing range does not

completely cover the interference range, as has been shown in [83]. Therefore, we

128



propose to only increase the CW when Pgpr ¢ is larger than Pgg g, .
Finally, similar to the T5 transmission, for a failed transmission of type 7%, a node
does not switch to RTS/CTS handshake (to reduce the overhead) since the Hy-type

collisions are not likely.

Type Ty transmission

When a node encounters a failed transmission of type Tg, it switches to the 4-way
handshake for the next (re)transmission attempt and keeps its C'Sy, and CW un-
changed, which is explained as follows. Clearly, the frame loss is not likely to be
caused by H;-type interference (since Aj is satisfied) and consequently reducing the
CSy, yields no benefits but rather unnecessarily deteriorates the spatial reuse by
forcing nodes to transmit more conservatively. When collisions from C and H2 exit
(which is the case of Tg), it has been shown (both from analytical studies [43] as
well as simulations [50]) that the frame loss from Ha-type interference dominates
that from C. Hence, switching to 4-way handshake along with the solution proposed
for Scenario 2, presented earlier, can effectively resolve the contention. Moreover,
since CSyy, is smaller than C'Syqpe (recall that Az condition is satisfied), CW should
not be increased in order to maintain a high transmission attempt probability and
accordingly a higher channel utilization. Here, when the next re-transmission fails,

the node increases its contention window to resolve the contention temporally.

Type Tz transmission

When a failed transmission of type Ty occurs, a node switches to 4-way handshake
for the next (re)transmission and decreases its C'Sy, to the next lower level. For these
transmissions, hidden terminals greatly corrupt the frame reception and clearly either
the transmitter was too conservative estimating the hidden nodes’ transmissions (re-

sulting in H-type collision) or the hidden nodes were too conservative estimating the
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Table 5.2: Transmission Rate Levels Used in Simulation

Rate(Mbits/s) | receiver sensitivity (dBm) | SINR threshold (dB)
11 -83 15
9.5 -79 11
2 =75 9
1 =72 7

sender’s transmission (resulting in Ha-type collision). In order to avoid these types
of collisions, the C'Sy, for both the sender and the interfering nodes must be tuned, as
explained earlier, to ensure a safe spatial separation among concurrent transmissions.
Here, we keep the same C'W value in order to maintain a higher attempt probability.
Note that, since next the sender will retransmit using the 4-way, a retransmission

failure would be resolved by appropriately tuning CW.

5.3 Performance Evaluation

In this section, we present a simulation-based study to evaluate the performance of
the proposed scheme. Furthermore, we present comparisons with three other schemes:
the IEEE 802.11 standard, the dynamic CCA adaptation scheme proposed in [48] and

the spatial backoff scheme recently proposed in [74].

5.3.1 Simulation Setup

The simulation is carried out using Qualnet [111]. The 2-ray model has been adopted
as the channel propagation model. The transmission power for all nodes is set to
15dBm. The final result is the average of 5 simulation runs (with different seeds).
The available transmission rates and corresponding SINR and receiver sensitivity
thresholds for each transmission rate are listed in Table 5.2. In the dynamic CCA
adaptation scheme, IEEE 802.11 standard and basic (2-way handshake) scheme, all

the packets are transmitted at 11Mbps. In the proposed scheme, the transmission
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rate for RT'S, DATA and ACK packets is fixed to 11Mbps while the transmission rate
for CTS packets varies among all available levels. The transmission rate varies in
spatial backoff scheme. The default C'Sy, for IEEE 802.11 standard is set to -84dBm.
On the other hand, for other schemes that adjust the CS;,, the adaption step for
C' Sy, is set to 1dBm. Moreover, the FPg and Fr for the proposed scheme are set to
0.05 and 0.1 respectively.

In our simulation study, 100 nodes are randomly distributed over a 1000m x 1000m
area; we consider constant bit rate (CBR) flows randomly distributed between source-
destination pairs and the packet size is assumed fixed to 512 Bytes.

We take the following measurements to evaluate simulated schemes:

o Aggregate Network Throughput, which is the sum of the bytes correctly received

by the receivers per time unit (in KB/sec) in the whole network.

e Collision Probability (P,), which counts the ratio of total number of transmis-
sion failures over the total number of transmission attempts that have been

made.

5.3.2 Results and Discussions

Impact of CSy, and CW

In this section, we try to obtain a deeper insight of the impact of CW and CSj;, on
the system performance through simulation study. In the experiment, the number of
CBR flows is fixed to 25 and the traffic load is fixed to 400 packets/second. Figure
5.3 shows the aggregate throughput obtained for the IEEE 802.11 when varying both
CS;, and CW. Here, the BEB is disabled and the backoff is always selected from
the interval [0, CW].

Clearly, a larger contention window (e.g., 512 and 1024) results in a serious

throughput degradation regardless of the value of the carrier sense threshold. Indeed,
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although a very large CW eliminates the (C)-type collisions, it results in longer idle
periods, which in turn severely suppresses the spatial reuse of the wireless channel.
We recall that the transmission attempt probability (7) is jointly determined both
by CS, and CW (7 = p; X ps as mentioned in section 5.2.3) and a large CW leads
to a small p;, which in turn results in a smaller attempt probability. Consequently,
the transmitter nodes become too conservative accessing the medium, causing serious
throughput deterioration.

Alternatively, larger throughput is obtained when the contention window is small;
more specifically, when CW = 32, the largest system throughput is obtained when
smaller carrier sense thresholds are used (transmitting with CW = 32 achieves 10%
to 15% of throughput improvement over CW = 64 and CW = 128). Here, a smaller
contention window guarantees a higher access to the channel and a smaller carrier
sense threshold guarantees a safe spatial separation among concurrent transmissions.
Observe that the optimal network throughput depends on the values of both CW and
CSu; for larger CSy, (more aggressive senders), the contention windows CW = 64
and CW = 128 result in a slightly better throughput than CW = 32. From the
results and discussions above, we can conclude that there exists a balance between the
spatial reuse and the collisions due to contentions, and thus the optimal transmission
probability, 7, which results in optimal throughput performance is achieved by the

appropriate selection of the contention window and the carrier sense threshold.

Impact of network density

We study the impact of network density on the aggregate network throughput by
varying the number of CBR flows in the network. As shown in Figure 5.4, in com-
parison with the IEEE 802.11 standard, the proposed scheme, the dynamic CCA
adaptation scheme and the spatial backoff scheme, all result in higher throughputs,

simply because the IEEE 802.11 does not adopt any adaptation mechanism except
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Collision probability versus network density
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that implemented with the binary exponential backoff in response to any packet loss.

The reason why the dynamic CCA adaptation scheme performs better than the
spatial backoff scheme is due to the ineffective adaptation metrics adopted in the
latter one. Namely, spatial backoff uses consecutive transmission successes/failures
in order to estimate the network performance and performs tuning of PHY trans-
mission rate and carrier sense threshold, while the dynamic CCA adaptation scheme
uses periodic measurements of packet loss ratio. It is to be noted that the use of con-
secutive transmission successes/failures as a metric may lead to frequent fluctuations
and inaccurate estimation due to its dependence on the network topology under in-
vestigation [69]. In addition, the spatial backoff performs premature decrease of the
transmission rate even when the collision probability is low, which indeed affects
the throughput since that results in longer busy periods for the wireless channel, as
pointed in [76].

When facing a transmission failure, a node operating with the dynamic CCA
adaptation scheme does not differentiate the causes of transmission failures and cor-
respondingly reacts through decreasing C'Sy, and increasing CW at the same time.
Consequently, this may unnecessarily oblige nodes to suppress their transmissions
either by waiting for longer backoff period (effect of larger CW) or assuming a high
level of interference before initiating a transmission (effect of lower CSy,). For ex-
ample, as the network becomes more saturated, the collisions from Hj increase and
become more dominating [83]. However, when encountering Ha-type collisions, either
decreasing C'Sy, or increasing CW can not reduce the collision; rather, this may de-
crease the transmission attempt probability, and hence deteriorates the spatial reuse.
In comparison, the proposed method searches for the best operating point through
first effectively differentiating the type of losses and second reacting to frame loss by
appropriately adapting either C'Sy, or CW so that a high transmission probability is

achieved, encouraging more concurrent transmissions and leading to a better spatial
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reuse.

Another key reason for the throughput enhancement obtained by the proposed
scheme is that it probes the network for the level of interference and dynamically
switches between being conservative and aggressive in accessing the channel, in order
to reduce the frame corruption due to H;-type collisions. Moreover, it efficiently
eliminates the collisions from hidden terminals through limiting the C'Sy, of potential
interferers (i.e., eliminating Ha-type collisions), while the dynamic CCA adaptation
and the spatial backoff scheme do not completely address Ha-type collisions. This
can be observed in Figure 5.5, which shows the collision probability under different
network densities. Clearly, the proposed scheme has the lowest collision probability
among all the simulated methods. Indeed, it is this property (lower collisions) for
our proposed method that leads to over 20% of throughput improvement compared
with dynamic CCA adaptation, especially as the network becomes denser (e.g., more
than 20 flows). We also observe that as the network becomes denser, the measured
collision probability of the proposed method approaches that of the dynamic CCA
adaptation scheme, due to its aggressive nature. However, this impact has been
overcome by the high level of spatial reuse and transmission attempt probability,
which is achieved by effectively jointly adjusting C'Si, and CW upon differentiating
among failures. Therefore, the proposed scheme continues to be more advantageous
in achieving better throughput, when compared with other simulated schemes, as the

network gets denser (when there are 25 flows).

Impact of traffic load

Next, we study the impact of the traffic load on the network performance by varying
the packet generating rate of the CBR flows from 200 to 1000 packets/second and
the results are shown in Figure 5.6; the number of CBR flows is fixed to 10. The

network throughput behaves in a similar way to that of Figure 5.4. Initially, when the
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traffic load is light (200 packets/sec) for the network to be able to support all flows,
the collision probability is small (less than 15%) and the flows are easily separated
in time without the need to tune CSy, or CW. Hence, all algorithms show almost
the same throughput. As the traffic load increases (> 400 packets/sec), the collisions
from RTS packets increase and the IEEE 802.11 starts showing its limitations in
sharing the channel. The spatial backoff, dynamic CCA adaptation both achieve
better throughput than the IEEE 802.11, due to the improvement of spatial reuse
achieved by tuning C'Sy,. However, since neither of them completely solves the hidden
terminal problem, as the network load increases, the collisions from hidden terminals
start to impact the throughput (Figure 5.7). In contrast, the proposed scheme is able
to differentiate the transmission failures and accordingly adjust both C'S;, and CW
to avoid collision from hidden terminals while maintaining a high level of transmission
attempt probability to yield a high channel usage. Indeed, this enables the proposed

scheme to outperform spatial backoff and dynamic CCA adaptation.

Impact of node mobility

Node mobility has a great impact on the network performance. We select the Random
Way-Point mobility model and vary the node’s maximum speed from 2m/s to 10m/s.
The number of flows is 10 and the packet generating rate is 400 packets/s. Figure 5.8
illustrates the aggregate throughput of all simulated schemes under different mobility
levels. It can be seen from the figure that when the speed is low (e.g., 2m/s), the
proposed scheme still posses a leading performance since the network topology does
not vary rapidly. However, as the moving speed increases, it can be seen from the
figure that all schemes suffer a dramatic throughput drop. This is mainly because
the source and destination nodes may become outside the transmission range of each
other, which results in more transmission failures. On the other hand, routing table

entries may become unstable due to mobility and may require updating, which adds
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more congestion on the network.

5.4 Conclusion

In this chapter, a novel dynamic spatiotemporal scheme that balances the tradeoff
between collision and spatial reuse in multi-hop wireless networks has been presented.
Using this novel approach, a node dynamically adjusts its C'Sy, to eliminate collisions
from hidden terminal and enhances spatial reuse by diminishing the effect of the ex-
posed terminals. At the same time, the proposed approach reduces the collisions from
among contending hosts while maintaining the level of transmission attempt probabil-
ity through carefully selecting the contention window. An effective loss differentiation
mechanism is proposed to work in concert with the proposed methodology. More-
over, and unlike the DCF access mode, the RT'S/CTS handshake does not silence
neighboring nodes but rather only informs them to bound their C'Sy, to yield the
on-going transmissions. To reduce the overhead from the RTS/CTS handshake, and
based on the network performance policy, a policy has been proposed wherein a node
can adaptively enable/disable the RTS/CTS exchange. Simulation results and com-
parisons with other recent methods showed the effectiveness of the proposed method

in improving the network performance.
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Chapter 6

Distributed Correlative Power

Control Schemes for Mobile Ad

hoc Networks using Directional

Antennas

Signal-to-interference-ratio (SIR) based power control schemes with directional an-
tenna uses the current interference measurement. A source node measures the current
interference and encapsulates it in either one of its control or data packets. The re-
ceiver node according to a predefined power control scheme will calculate the required
transmission power for its ensued control or data packet based on this interference
measurement. However, interference may change and thus power assigned to this
ensued packet may be insufficient in some cases for successive packet delivery. To the
best of our knowledge, no power control schemes with directional antenna use the
estimation of the future interference has been proposed in literature.

A distributed correlative power control schemes using interference estimation tech-

niques with directional antenna is proposed. The interference model [85] is extended
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to take into account the deafness, hidden terminal and side lobe effects associated
with directional transmission. Using this interference model, an analytical study of
the power relations that exist between the directional IEEE 802.11 four-way hand-
shaking for successful packet delivery by achieving a target signal to interference
ratio (SIR) at both the transmitter and receiver is presented. Based on these corre-
lations, a distributed power control scheme is proposed. Furthermore, and based on
the simulation results, the true potentials from the proposed control scheme cannot
be shown due to the imperfection of the model derived. From these observation, an
enhanced correlative power control scheme deploying prediction filters (Kalman or
extended Kalman) is proposed. Prediction filters are shown to achieve more accurate
interference estimation in future.

The organization of the rest of the chapter is as follows. In section 6.1, the power
control schemes using directional antenna are presented. Section 6.1 presents various
simulations carried for different topologies to demonstrate the significant throughput
and energy gains that can be obtained under the proposed protocols. Finally, the

conclusions is presented in Section 6.3.

6.1 Correlative power control schemes

6.1.1 MAC and Physical Layer Properties

Our proposed protocol schemes will operate based on the following properties:

e IEEE 802.11 directional physical carrier sensing mechanism is adopted [114].
A transmitter cannot initiate any communication in a specific direction if it

receives a power level larger than a given carrier-sensing threshold denoted by

CSih.

e The D-MAC protocol is adopted with so-called directional virtual carrier sens-

ing (DVCS) [114], a directional version of IEEE 802.11 NAV (network allocation
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vector) DNAV. Here, a node is not allowed to send any frame in a specific di-

rection if its DNAV in that specific direction is set.

Interference power at each time instant can be measured quickly, but probably

with errors at each node. The interference power is equal to the difference

between the total received power and the power of the desired signal.

We assume all nodes in ad hoc network are homogeneous and all the radio

parameters are the same with two-ray channel model.

The channel loss gain between a pair of nodes can be determined. The channel

loss gain can be measured as follows:

B
Gain = B (6.1)

where P, is the received power from the transmitted power F;.

A receiver is able to receive and decode correctly a packet if and only if the
defined SINR at the receiver side is larger than or equal to predetermined
threshold denoted by (; thus we have the condition defined in equation 2.1:
Substituting equation 2.1 into equation 6.1, we get

(X By

>
= Gain

(6.2)

Another necessary condition that is defined in chapter 2 for a receiver to be
able to receive and correctly decode a packet is that the power of the received
packet should be equal to or greater than a threshold power level denoted by

. Thus, the minimum transmission power is:

K
Gain’

min
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Figure 6.1: Generic Directional Antenna Interference region

6.1.2 Interference Estimation using analytical models
Preliminaries

A generic model of directional antenna for determining the interference is shown in
Figure 6.1 [85]. R denotes the maximal permission range of node A. R” is the maximal
range of the side lobe of node A. R’ is the constraint range of the side lobe. 8 is the
beam width of the main lobe. Here, nodes lying in the area of constrained range and
in the area formed by the intersection of the node’s main beam (the white region in
Figure 6.1) with that of side lobe of radius R’ are refrained from transmission in any
direction since their transmission may highly affect the ongoing communication. We
extend and adapt this model to fit the requirements of our proposed power control
scheme.

Two types of interferers result from the application of directional antennas, namely

the potential interferes and the indirect interferes. All nodes outside the main lobe
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and outside the side lobe range (the dotted shaded region in Figure 6.1) are consid-
ered potential interfere, and may turn their directional antenna in any direction. All
nodes inside the main beam of A within range R and greater than R” or inside the
side lobe of A with a range between R’ and R” are considered indirect interferes (the

gray region in Figure 6.1) since they will refrain from transmission in the direction
of node A and they will not cause any direct interference to node A. These nodes are

free to be engaged in any communication towards other directions.

Directional Interference Model

Let P, be the transmission power, G4 be the gain of the main lobe, and G, be the
gain of the main side lobe represented by R”. The value of G, is between 0 and 1. A
is the antenna height. Using the two-way propagation model, with the exponential
attenuation factor equal to 4, and the transmitted power P,, the values of R, R” and

R’ can be found by [85]:

L2 p2N 14
r= (PG 6.4)
K
R'=R.GY* (6.5)
R =R.GY? (6.6)

Note that, potential interferer nodes may turn their antenna to any direction with
equal probabilities. As a result, the antenna gain of these nodes is a random variable

given by Gr:

GI=(2-7T—0)-GS+9'Gd (6.7)
2.7

The interference power of any interfere node is a random variable and can be
estimated by average value P,,, We now proceed to find the total amount of in-
terference as perceived by node A. Consider the nodes inside the arc-shaped area
delimited by the main beam of node A and at distances r and r + dr from node A.

Each node in this area is going to contribute an interfering signal I;(r). Whereas,
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each node outside node’s A main beam and at distance in [r,r + dr] will contribute

an interfering signal Io(r). Here, I;(r) and I5(r) be expressed as follows

p

Faug GaGrh. 'Gri'G"hz r>R

Ii(r) = { (6.8)
Paug'C:s'Gd'h R// < r < R

\

4
Pa/( 2‘(;5'G['h2
4 RI/ < 7

Ly(r) =« (6.9)

PoyvyGs-Gs-h?
——L-r‘i—— R <r<g R”

\

Therefore, the total interference is given by:

R 00

Il(r)-frdr—{—/ Ii(r) - rdr)+
R (6.10)

(@7 —6)- /RH L(r) - rdr-t—/oo L(r) - rdr))

Tiotar =p - (0 - (/

1

/ 1

where p is the uniform active density determined by the number of active nodes
on the whole network divided by the area of distribution of all nodes in the network
(nodes/m?) ,and can be approximated as will be shown next.

Prior to transmitting a packet, a node can approximate the communication ac-
tivity of its neighbors, i.e those lying mainly in the area (7 R?). This is done via the
recorded received control and data packets in the angle of arrival (AOA) cache table
of every packet not destined to itself from its neighbors. Network nodes that have
not transmitted a signal for a while will be removed from the AOA cache table, and
thus the node will not consider them in approximating the active density. Through
this approximation method, the node predicts the activity of its neighbors; if a node
checks the AOA table and finds 4 recorded entries, the node can fortell that there are
4 active nodes that may interfere with its main-lobe or side-lobe transmission and
calculates the active density as ‘ﬁ@. Note that this estimation is not quite accurate

since we are assuming the ratio of total active nodes over the total network area
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should be equal to the number of active nodes in a node transmission range over the
transmission range area. Another reason for inaccuracy of this estimation is that any
neighbor node may become active in the future while the ongoing communication
is taking place. To account for this second reason, we propose a safety margin c,
that is ¢ X p. Note that c is a simulation parameter and may vary depending on the
topology under study. Therefore, the estimated network density naturally accounts
for dynamically changing traffic flows and mobility in the network.

Simplifying the total interference given by (6.10) by using (6.4), (6.5), (6.6), (6.7)
,(6.8) and (6.9) we obtain:

Ittl_p‘Pavg'\/E'(Kl'l'KZ)
otal =
vV F;

(6.11)

where

8- h-(Gr+VG,~G,)
Kl = 2

and o
(2:m—8)-h-Gs (F—VGtl)
2-Gy

Ky =

Iiotar is the total interference estimated; all the variables are known except Fpyg.
Many estimation algorithms [38] have been proposed to find P,,. The worst case
scenario is to consider Py = Ppge. In our model, Py, is determined adaptively
from the node performance. The value of F,,, at each node starts with an initial
value that is equal to Ppq,. Here, Py is lower bounded by B, and upper bounded
by Praz. For every Nframes, that a node transmits, and are consecutively received
successfully at the receiver, F,,, is decreased by a factor of 0.1 x P,,4; otherwise,
if one frame is lost, P,y is increased by a factor of 0.1 X F,y,. Here, Nfromes is a

simulation parameter.

146



Power Control using Interference Model

Using the derived model, we derive and analyze the relation between RTS and CTS
messages, then generalize by induction to four way handshake. As stated before, a

necessary condition for receiving an RTS and CTS messages is:

Prrs 2 K
(6.12)

Pors > &

where P.rrs and P.corg are the received power of the RTS and CTS messages. Using

equation (6.1) we get:

P,
Gain = X8 (6.13)
Pors

where Pprg is the power needed to transmit a CTS message. The total noise power
estimated at the sender’s side assuming Pipermar = 0 is simply Iiot01. By substituting

equations (6.12), (6.13) in equation (6.2) we obtain:

Pors > (- (p Loy VE- (K1+K2)> (6.14)

Gain - v/Prrs

where Pgrg is the transmitted power of the RTS message. Together (6.12) and
(6.14) constitute sufficient condition for both the RTS frame and the ensuing CTS
frame transmission to succeed. Similarly, we follow the same procedure to get the
transmitted power of DATA frame from CTS frame and the ACK frame from DATA
frame. Given that RTS message is sent with the maximum power, the transmission

power of the ensuing frames CTS, DATA and ACK are given by:

Pa’u
PCTS = max(Pmm, ¢ . —\/?_T‘Z;) (615)

Pav
Ppara = maz(Prin, ¥ - Wis) (6.16)
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Time Update Measurement Update
(‘Predict’) (‘Correct’)

Figure 6.2: The ongoing Kalman filter cycle. The time update projects the current
state estimate ahead in time. The measurement update adjusts the projected estimate
by an actual measurement at that time

P
Pick = maz(Ppin, ¥+ ———d— 6.17
ACK (Prmin, ¥ r————PDATA) (6.17)
where ¢ = (- &[%%%@ and P, is given by equation (6.3).

6.1.3 Interference Power Prediction using Prediction Filters
Preliminaries

Kalman filter has been recently proposed in the literature [115] in different mobile cel-
lular systems applications related to power control such as in interference estimation
and channel gain prediction. A Kalman filter method for power control is proposed
for broadband, packet-switched TDMA (Time division multiple access) wireless net-
works in [115]. In this work, a terminal starts sending data packets via an TDMA
uplink channel to the base station and upon receiving the first data packet in slot n,
the base station measures the channel interference around its area and predicts the
future interference using Kalman filter. Based on the predicted interference, the base

station calculates the required optimum power for receiving the next data packet in
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slot n+1. This information is relayed to the terminal via a downlink channel.

The advantages of the Kalman filter are its simplicity due to its recursive structure,
robustness over a wide range of parameters and conditions, and the fact that it
possibly provides an optimal estimate with minimum mean square error. These
features and the successful reported application stories in various research fields (such
as target tracking and detection, digital signal processing, digital image processing,
etc) for Kalman filter have motivated us to apply it for power control in MANET.

The Kalman filter estimates a process by implementing feedback control form; the
filter estimates the process at some time, then obtains feedback in the form of noisy
measurement. Thus, Kalman filter prediction equations consist of two types: time
update equations and measurement update equations. The time update equations
estimate the process a priori value for the next time step by projecting forward in
time the current state and error covariance estimates. Moreover, the measurement
update equations integrate the new feedback measurement into a priori estimate
to obtain an improved posteriori estimate. Indeed the final prediction algorithm
shown in Figure 6.2 resembles that of a predictor-corrector algorithm [116] for solving
numerical problems where the time update equations are the predictor equations,

while the measurement equations are the corrector equations.

Interference Prediction

Let I, be the actual interference-plus-noise power in dBm received at time event n.
I, is to be considered the process state to be predicted by the Kalman filter. The
thermal noise power, which depends on the channel bandwidth, is given and fixed.
The total interference is simply the thermal noise plus the measured interference. The
system dynamics of the interference plus noise power can be modeled in state-space
form as:

Iy =In.1 + Ny (6'18)
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where N, is the variation of the interference-plus-noise power as new interfering nodes
may start to initiate transmissions and/or adjust their transmission power in the time
event n. According to the Kalman filter state-space mode, NN, is the process noise.

Let X, be the measured interference plus noise power at time event n. Then,
X,=1,+E, (6.19)

where E, is the measurement noise. Equations (6.18) and (6.19) are commonly
referred to as the state space generation model. The time equations of the Kalman
filter in this case are

~ A

n+l = In (620)

Pn+1 = Pn + Qn (621)

A

where I,,; is the a priori predicted interference at next time event. I, is the a
posteriori estimate of I,,. P,y; and P, are a priori and a posteriori estimate of the
interference plus noise error covariance at time event n+1 and n respectively. @, is

the covariance of the process noise IV,. The measurement update equations are:

P+ Ry
Ln=I,+K,x(X,-1I,) (6.23)
P,=(1-K,) x P, (6.24)

where I, and I, are a priori and a posteriori estimate of I,,, P, is the a priori estimate
of the error variance at time event n, K, is the Kalman gain, and R, is the covariance
for the measurement noise E,.

In the actual tuning operation of the filter, the measurement noise covariance R,
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and @, can be determined as follows :

1 = o
Q=77 % ; (X — X) (6.25)
R,=CxQ, (6.26)

where X, is the mean of the last M measured values at time event n. The event n
is when a node successfully receives a control or data frame. X, is the last obtained
measured value. C is a constant between 0 and 1. @, is an estimate of the variance
of the sum of the process and measurement noise because measurements Xn include
the fluctuation of both interference and measurement errors.

A necessary condition for Kalman filter to operate is that the process noise N,
should have a normal distribution [116]. The radio channel model considered in this
chapter includes two ray path loss, antenna gain and shadowing. Shadowing is a log-
normal distributed random variable caused by terrain features. The received signal

power at any node can be formulated as :

P.=P xr™*x G? x h? x 10310 (6.27)

where r is the distance between the two nodes and h is the height of the antenna.
G is the antenna gain of the nodes and is considered identical for all nodes. P, is
the received power from the transmitting power P,. Note that < is the shadowing
component, which is characterized by a Gaussian random variable with zero mean and
standard deviation of ¢ dB. This makes N,, in dBm normally distributed which verifies
the use of Kalman filter in the prediction of interference in MANET environment.
The convergence properties of the Kalman filter is dependent on the values of the
variance denoted by (P) [116]. We will show by simulation that P is within limits

and has the convergence shape at the end of the performance evaluation section. The
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Kalman filter algorithm functions as follows: for event n, the interference measure-
ments are input to (6.25) and (6.26) to estimate @, and R,,. Using these values and
the current measurement X, in (6.22) to (6.24), we get Kalman gain K, and the
posteriori estimates for I,, and P,, respectively. The a priori estimates for the next
time event are given by (6.20) and (6.21). Specifically, I,.1 in (6.20) is used as the
predicted interference plus noise power for power control as we are going to discuss
in the coming section; note that, P,.1 is used as an initial value to get the next
predicted value.

The extended Kalman filter (EKF) [116] attempts to correct the error induced
between the process and measured values, and it is mainly used for non-linear sys-
tems. The process in evaluation has been modeled as linear system and thus a small
enhancement can be added using the EKF scheme. This enhancement is incorporated

with in time equations of the EKF. Thus EKF time update equation is given by:

Lpi=1I,+ (I, —I,—1) (6.28)

Power Control using prediction filters

Before initiating a transmission, node A measures the interference at time instance t,
the interference plus noise-power are used as input to the Kalman filter or extended
Kalman filter to predict the estimated interference plus noise power I at future time
as discussed in previous section. Without loss of generality, I notation will be used as
the predicted interference plus noise power (in mw) in the coming formulas and for
all nodes. The RTS message which is sent at maximum power carries the interference
information I to node B . Upon receiving the RT'S message, node B uses this value
I to calculate the required power of CTS as follows. Equations 6.15, 6.16 and 6.17

can be reformulated as follows. The transmission power of the CTS message is given
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I
Gain

Peors = maz(Ppin, X ) (6.29)

Before sending the CTS message, node B measures interference around its trans-
mission zone and then predicts the interference plus noise power I, for the future in
order for node A to be able to assign successfully a power value for its data packet.
This predicted value is sent to node A in the CTS message. When node A receives
the CTS message, it repeats the same procedure taken by node B to assign a suitable
power value for DATA frame. The transmission power of the DATA message is given

by:
I
Gain

Ppara = maz(Prpin, ¢ X ) (6.30)

Node B receiving the DATA frame will assign a power value to the ACK frame

as follows:

I
PACK = max(PminaC X GZ:TL) (631)

where I, is the predicted interference plus noise power at node A upon receiving

the CTS message and is sent to node B in the DATA message.

6.2 Performance Evaluation

6.2.1 Simulation Setup

We use Qualnet [111] to evaluate by simulation the performance of our proposed
power control schemes. We compare the proposed power control schemes with IEEE
802.11b, D-MAC schemes, Directional-BASIC (D-BASIC) [103]. Our comparison
with D-BASIC would establish the virtues of the proposed schemes. The power con-
trol scheme using interference model for prediction is termed as adaptive. Moreover,
we denote the power control scheme using Kalman filter as Adaptive-K and that

of extended Kalman filter as Adaptive-EK. The channel rate is 11 Mbps and CBR
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Table 6.1: Simulation parameter settings

P, 1 o 4 dB
o 4 dB ¢ 10 dB
¢ 10 dB Proe 15 dBm
Pz || 15 dBm K -78 dBm
K -78 dBm n -83 dBm
Gy 15dbi G, —6dbi
1 Ntrames 30
6 z Mobility factor | 2 m\sec
C 0.8 Simulation Time || 300 sec

(Constant Bit Rate) and FTP (File Transfer Protocol) traffic are in our study. Two
network topologies are adopted in our simulations; one is 10 x 10 grid network with
ten multi-hop CBR (constant bit rate) or TCP (transport control protocol) flows.
The distance between each node pair is 100 meters. The other scenario is a 50 nodes
uniform random network with Ten CBR or TCP flows and all nodes are inside a
1000 x 1000 square of meters. The packet size is 512 bytes and the packet sending
rate for CBR is 400 packets/sec.

We are considering the following six scenarios:

1. Grid network with CBR flows;

2. Grid network with TCP flows;

3. Static random network with CBR flows;

4. Static random network with TCP flows;

5. Dynamic random network with CBR flows;

6. Dynamic random network with TCP flows;
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Moreover,c for each simulation topology is determined respectively to be: 1.2, 1.2,
1.3,1.3,1.2,1.2; Other simulation parameters are shown in Table 6.1. In each scenario,
one node may communicate with another node directly or by using a multihop route,
depending on the transmit power. We use three metrics to evaluate 802.11, D-MAC,
D-BASIC, Adaptive, Adaptive-K and Adaptive-EK: 1) Aggregate Throughput which
is the sum of the data frames correctly received by the receivers per time unit; 2)
Effective Data Delivered per Joule which is the received effective data frames divided
by the entire energy consumption; 3) Data Frame Corruption Ratio which is the

portion of MAC layer frames corrupted by interfering nodes.

6.2.2 Results and Analysis

Average Throughput

Figure 6.3 shows the total network end-to-end throughput for different MAC proto-
cols; namely, IEEE 802.11, D-MAC, D-BASIC, Adaptive, Adaptive-k, Adaptive-EK.
Clearly, the throughput of adaptive schemes are higher than that of the others. As
can be seen in scenarios 1 and 2, the IEEE 802.11 suffers from channel access prob-
lems which make it inefficient in terms of throughput. This is because nodes within
the transmission zone of the sender or the receiver are refrained from initiating any
transmission for the duration of the ongoing communication between the sender and
the receiver nodes. Thus, as traffic load increases, the duration to win the channel
decreases. As a result, packets will be dropped because their transmission retry limit
threshold is reached. The traffic load of 400 packets/sec is considered high and thus
the IEEE 802.11 starts to show its limitations in sharing the channel in the time
domain.

D-MAC and D-BASIC outperform the IEEE 802.11 due to their directivity gains
and due to the lack of deafness events in the grid topology. D-MAC reduces the

number of blocked nodes, so spatial reuse increases and hence throughput increases.
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D-BASIC effectively avoids interference, reduces the contention between nodes, and
as well reduces the number of blocked nodes. This is the reason why D-BASIC
outperforms D-MAC in terms of throughput in most of the scenarios. Nevertheless,
D-BASIC suffers from hidden nodes problem, which clearly shows its effect in scenario
5 (Figure 6.3).

The proposed adaptive scheme can detect the active density and based on this
estimation, can assign consecutive power to frames which differentiate it from others
in terms of achieving better throughput gains. In case of no detected activity within
the sender’s region, packets are transmitted with a sufficient minimal power Py, for
correct reception. This in turn decreases the interference and accordingly enhances
the spatial reuse which results in better throughput gain. The Adaptive method uses
an interference model to estimate the interference whereas tuned prediction filters
predict this interference. Figure 6.4 shows an intuitive deviation comparison for the
first 40 sec between these two techniques for random node 28 in scenario 3 and node
42 in scenario 6. As shown, prediction filters are able to follow the measured value
with less deviation. It is to be noted here that deviation is defined as the measured
value minus the estimated or predicted value. Figure 6.5 shows the average error con-
sidering all the scenarios for the interference estimation using Kalman, and extended
Kalman filters and the model-based. An interference estimation value that is higher
than the measured actual interference with an error that is more than 10% may highly
affect the overall performance of the network. This is because nodes with higher inter-
ference estimation value may increase their transmission power to overcome this high
interference; thus, the higher the transmission power, the more the interference effect
on other nodes. As a result this may highly affect the overall network performance
which is shown in Figure 6.5. Moreover, nodes with lower interference estimate value
with an error greater than or equal to 10% will decrease their packet transmission

power. In such a case, there is a likelihood that these packets may be corrupted
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along the path due to actual interference that nodes were not aware of when they
assigned power values to their consecutive packets. In conclusion, tuned prediction
filters outperform the model based by an average error enhancement of 12.4% and
this was the reason behind the prediction filters achieving higher throughput gain.
A slight improvement in terms of CBR end-to-end throughput for IEEE 802.11 is
reported in scenario 3. The randomness of nodes enhances the IEEE 802.11 perfor-
mance due to the fact that there exists cases where fewer nodes may lie in the vicinity
of the transmission range of the sender. On the other hand, D-BASIC transmits data
packets at low transmission power; there is high probability for data reception failure
and accordingly this aspect decreases network throughput as can be seen in scenarios
3 to 6. When the load is high, the interference is large. Thus, D-MAC and D-BASIC
protocols are not be able to use all their antenna beams due to the mutual interfer-
ence problem. The adaptive schemes are shown to perform better in scenarios 3 to 6

since they resolve mutual interference problem.
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Prediction Filters

To test the effectiveness of prediction filters, we consider scenario 5 and try to vary the
interference fluctuation by adding additional flows between two simulation instances.
Initially 10 CBR flows were running. We injected an additional 10 CBR flows between

5 sec and 200 sec to increase the interference. A snapshot for the same random node
28 is reported in Figure 6.6. The predicted value in Figure 6.6 is simply estimated
at previous event for the next event. Thus, this figure shows the estimated value
predicted at event ¢ for the next event Vs the value measured at time instance ¢ + 1.
As can be seen, the measured interference increases between these two time instances.

The prediction filters were able to accurately follow the actual measured interference.

Throughput/Energy

Figure 6.7 depicts the ratio of throughput to average energy consumption per node in
KBps/Joules. Energy consumption includes the energy of a successful transmission of
packets, the lost energy in retransmitting a packet in case of collisions and the energy
of the node while receiving a packet and when it is in idle state. The power savings
are attributed to the gain of the directional antennas and to the correct assignment of
power values for the adaptive schemes. Reduction in the mutual interference makes

it feasible for nodes to deliver packets efficiently with less energy consumption.

Mobility

We study the impact of mobility on the average throughput for scenario 5. By
increasing the mobility, the source and receiver nodes may not be able to communicate
with each other due to the reason that either one of them will be out of range of the
other. This may trigger link failures that may occur frequently due to disconnection of

adjacent nodes in a route. Route table entries thus may get stale due to node mobility
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and may require updating. This will add more congestion on the network. This is the
reason why for all case studies (IEEE 802.11, D-MAC,D-BASIC, Adaptive, Adaptive-
K, Adaptive-EK), the throughput starts to decrease as the mobility increases. As can
be shown from Figure 6.8, the percentage decrease in throughput as mobility increases
in the case where nodes are equipped with directional antennas is much less than the
omnidirectional transmission. This is due to the directional transmission properties
(directivity gains - higher range of communication) which may keep a link between two
nodes stronger if one of the nodes is moving in the same direction as the directional
antenna. This is, however, not the case with omnidirectional transmission where the
range is limited and usually much shorter. However, directional transmission may
suffer more frequent link breakages resulting from nodes that are moving outside the
main lobe beamwidth area. This explains the fact that with directional transmission,
the throughput decrease starts at lower mobility than the case of omnidirectional, as

shown in Figure 6.8.
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Data Frame corruption Factor

Figure 6.9 shows the data frame corruption ratio in all scenarios. Power control using
adaptive schemes causes less corruption than the others. The reason behind this
aspect is that all packets with IEEE 802.11 are transmitted with maximum power,
thus the interference increases, and this results in more packet corruption. D-MAC
suffers from deafness and mutual interference. This causes higher data corruption.
D-BASIC and Adaptive schemes also suffer from deafness since both are based on
D-MAC. Nevertheless, power control integrated with their operation decreases the
mutual interference, thus achieving higher packet delivery rate. The effectiveness
of the power assignment in the power control scheme adopting prediction filters is

intuitively shown to decrease the number of packets dropped.

Deafness

In all the schemes considered, deafness played a major role in decreasing the through-
put anticipated. D-MAC and D-BASIC suffer from this problem and this could be

viewed mainly in the random topology (i.e. cases 3 to 6). Deafness has not been
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completely rectified with the proposed power control scheme since, as mentioned
before, the scheme was built on D-MAC. Nevertheless, we verify that the efficient
assignment of the directional CTS has decreased to high extent the deafness conse-
quences. To verify our proposition, let us take a look at Figure . Figure 6.10 shows
the probability of RTS retransmission due to timeout in scenario 5. The probability
of RTS retransmission is simply the ratio of RTS packet retransmitted due to timeout
to the total number of RTS packets sent throughout the simulation time. Deafness
has a major effect on the RTS transmission parameter. IEEE 802.11 has the least
value since it does not suffer from this problem. D-MAC and D-BASIC have nearly
the same value since both of them send the CTS packet at fixed power value. The
adaptive scheme sends the RTS packet at fixed power then adapts the value of the
transmission power of the CTS packet to fit the node’s activity around sender. If
the node activity density is high, the power assigned to the CTS packet transmission
will give it the potential to reach most of the active nodes. Consequently, this results
in a decrease of the deafness phenomena but not complete elimination. Suggested

solution for deafness is to add a busy tone channel, which is out of scope of this work.
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Kalman Filter convergence

Figure 6.11 shows the convergence of the error of interference plus noise power covari-
ance P estimates for a random node 28 in scenario 5 under normal traffic conditions
for simulation time 500 sec. P is within a value between 0 and 1 and has a conver-
gence shape at the end of the simulation time. This result shows that Kalman filter
has operated successfully and has maintained the convergence shape. We verify the
Kalman convergence conditions [117], [116] with other nodes from other topologies

and almost the same convergence shape has been depicted.

6.3 Conclusion

A power control scheme for directional MAC protocol which requires the use of a sin-
gle channel for the transmission and for the reception of both control and data packets
has been proposed. the temporal transmission power correlations that exist between

the directional MAC protocol 4-way handshake packets (RTS/CTS/DATA/ACK)
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for successful communication have been derived taking into accounts directional op-
erational access problems such as hidden terminal problems, deafness and side lobe
interference. Based on the node activity density, an interference model was estimated
and together with the correlations derived, we were able to induce efficient constraints

that ensure the correct delivery of each individual frame in this 4-way handshake.
Moreover, the kalman and extended kalman filter has been introduced as another
solution to estimate the interference in future. It is shown that the prediction filters
outperform the model-based techniques by average error 14.3%.

It has been shown by simulation that the proposed power control schemes are
efficient in terms of throughput and energy consumption. The performance of our
proposed schemes have been compared with the performance of mobile ad-hoc net-
works using different MAC protocols such as the standard IEEE 802.11b MAC pro-
tocol, the D-MAC protocol with no power control and the D-MAC protocol with
D-BASIC power control scheme. Our simulation results showed that the correlated
power control schemes are improving the throughput compared to D-MAC by 48.6%
on average. The proposed schemes outperform the IEEE 802.11 by 78.1% factor.
At the same time, 74.2% reduction in energy consumed over the IEEE 802.11 are

achieved by the correlated schemes.
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Chapter 7

Power-Aware Ad Hoc Networks
with Directional Antennas: Models

and Analysis

In this chapter, a theoretical study on the performance limits of power-aware multi-
hop ad hoc network is presented where nodes are equipped with directional antennas.
Specifically, the interactions of both the interference and collision in a power aware
multi-hop wireless network are studied analytically and their impacts on the overall
network capacity and energy consumption are analyzed. Furthermore, the transmis-
sion power adjustment gains in minimizing the overall energy consumption is investi-
gated. To achieve the objective, an integrated interference/collision-aware analytical
model is developed. A directional honey grid interference model [118] is constructed
based on the directional antenna generic model proposed in [85]. Additionally, a col-
lision model is constructed. Using the integrated interference/collision models with
SIR constraints requirements, the expressions for the maximum throughput and en-

ergy consumption are calculated. The maximum throughput is the throughput that
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could be achieved under the worst-case scenario, and that is the maximum interfer-
ence. The energy consumption model shows both the energy consumed in collision
resolution and the energy disbursed to meet the SIR constraints.

The rest of the chapter is organized as follows. Sections 7.1, 7.2 and 7.3 presents
the model background. In Sections 7.4, 7.5 and 7.6 the interference, collision and
energy models are developed respectively. Section 7.7 presents a comprehensive study
of the directional IEEE 802.11 DCF mentioned attributes using the derived model
after which the reliability of the model, is verified using discrete event simulations in

Section 7.8. Finally, the conclusion is presented in Section 7.9.

7.1 Antenna Model

We adopt the generic model of the directional antenna presented in section 5.1.2 and
shown in Figure 6.1 [85]. Accordingly, let P, be the transmission power, G; be the
transmitter gain of the main lobe, GG, be the receiving gain. G, be the gain of the
main side lobe represented by R”, and h is the antenna height. The receiver is able
to receive and decode the packet correctly if the received power P, of a frame from a
transmitter node in its transmission zone is higher than or equal to x (the reception
sensitivity). Furthermore, using the two-ray propagation model, with the exponential

attenuation factor equal to 4, the transmitted power P; of a frame can be written as:

kR*

P=
' GG, h?

(7.1)

The values of R, R’ and R" are given by equations 6.4, 6.5, 6.6 [85].
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7.2 Medium Access Control

We consider that a directional version of IEEE 802.11 MAC (DMAC) is being adopted
by all ad-hoc nodes, in order to access the shared channel using their directional

antennas. We briefly summarize the protocol features that are needed in our analysis

o All nodes have two modes of operation, directional and omni-directional.

e When nodes are idle, they are listening to the media omni-directionally. All
control and data packets (i.e. RTS, CTS, DATA and ACK) are transmitted

directionally.

e On reception of an RT'S packet, a node switches to directional mode and points
its antenna back to the transmitting node, based on the direction-of-arrival of

the RTS packet or knowledge of the location of that sender.

e Directional virtual carrier sensing [114] is implemented as follows. Each node
keeps a directional NAV table with a similar use to the NAV value in 802.11.
When it overhears an RTS or CTS packet, not destined to itself, it marks the
direction-of-arrival in its NAV table as ”busy” for the time duration contained

inside the packet.

e When a node has a packet to transmit, it checks the direction of the intended
recipient in its NAV table to see whether there is any ongoing transmission in

that direction. If there is, it backs off and tries again later.

7.3 Network Topology

We assume that all nodes have a uniform setting (identical beamwidth and antenna
gains) and the nodes are uniformly distributed over a large two-dimensional area

with node density p. The sender and the receiver can be either in directional or
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omni-directional mode when receiving or transmitting packets. Thus, four possible
connectivity scenarios exist: 1) directional transmission and omni-directional recep-
tion (D-O) 2) omni-directional transmission and omni-directional reception (O-0) 3)
omni-directional transmission and directional reception (O-D) 4) directional trans-
mission and directional reception (D-D). Accordingly, we let Ry,, Rog, Rao, Rag to be
the ranges of the four connectivity scenarios and G4y and G, are the directional

gain and the omni-directional gain respectively. Thus, we have:

21,2\ 1/4
Ryp = (@) (7.2)
P,G4G,h\ *
Ryo = Rog = (-—ti—> (7.3)
PG Gh?\M*
Ry = (%) (7.4)

Moreover, let the average number of nodes in a transmission area of (O-O) neigh-
bors with a radius R,, be N, then we have: N = prR2,, prR2 = AN, prR%, = AN
where A\ = %f

In our work, we assume that RTS/CTS messages are sent with fixed power to
cover a range 7; (r; = arrs = acrg), while DATA/ACK are sent with power value
that is less than the fixed power to cover the distance between the sender and the

receiver range (ry = 7 = Gggtq = Gaek < Grrs). Thus, the power of RTS and DATA

packets assuming fixed bit error rate are related as:

a 4
Prrs = Puata(—222) ) (7.5)
Qdata
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7.4 Interference Model

7.4.1 Preliminaries

We assume that the system time is slotted with ¢ seconds. RTS, CTS, DATA and
ACK packets are assumed to be with fixed length of Lrrg, Lors, Lpara ,» Lack bits
(including the physical header). The channel bit rate is assumed to be R (Mbps).
Thus the transmission of RT'S/CTS/DATA/ACK packets will last for 7, = £&2s

T, = fezs T, = Leara T, — LAcK regpectively.
R R R

We assume that each node generates traffic with arrival rate of y messages per
second; we refer to this traffic as ”own” traffic. Additionally, on average there are (H -
1) relay nodes between any source and destination pair. Consequently pu(H—1) will be
the average volume of relay traffic reaching any node. Thus, the total traffic per node
is calculated as node’s own traffic + relay traffic which is equal to u+u(H—-1) = pH.

Now, assuming that packets arrive at a node using a Poisson process with ex-
ponential arrival rate of u X H, one can derive the probability that the station’s
buffer has no packets awaiting transmission, ¢. Assuming M/M/1/Q/cc queuing
model [119], and denote [ as the packet processing rate and @ as the queue length at
the node, then, ¢ can be obtained as follows:

(= —1—‘—31— (76)

1— (/% Q+1
Next, we derive the probability that a station transmits in a time slot, 7. Similar
to Bianchi’s model [15], a modified Markov chain can be used to model the operation
of the station’ access to the channel with one additional state representing a station
with no packet in its queue to transmit. Therefore, the probability that a node

transmits in a time slot is given by [119]:
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2(1 pm+f+1)
2O 4 (1 PPt 4 WGBSR o P (2P)™(1 — PY)(1 - 2P.)]
(7.7)

T =

where m = logy(Wp,/Wh), Wy and Wy, are the minimum contention window and
maximum contention window respectively. P, is the conditional collision probability
(to be derived next). Furthermore, when the node reaches the m’th backoff stage, the
contention window is increased up to the maximum value and then the station tries
at most f retransmissions. When the node reaches stage m + f and the backoff timer
decreases to zero, the frame will be either transmitted successfully or discarded.

Finally, the average number of hops, H, required for forwarding a message from
the source to the destination and assuming a random traffic pattern is given by [120],
[121]:

L

H= 7.8
Qdata ( )

where L is the average path length of a message.

7.4.2 Interference Derivation

According to the antenna model presented in Section 7.1, we derive the maximum
interference that a node receiving a data packet encounters. We assume an ongoing
communication between two nodes A and B. We then extend the analysis of the honey
grid model presented in [30] to take into account the directional antennas application.
Our honey grid model will be constructed based on the constraint range of the side
lobe R'.

Based on equations (6.5) and (6.6), we assume that the value of Gy is chosen such
that the ratio n = 1—%’% (R = arrsd,) is an integer value not equal to 1 so that a

deterministic grid model can be easily built. In this chapter, we consider the case

when n = 2; for other values of n, the same methodology of analysis can be applied
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to derive the final interference model. Accordingly, when n =2, R =4R', R" = 2R’
((6.5) and (6.6)). Thus, the honey grid model is constructed and is shown in Figure
7.1. Based on Figure 7.1, we analyze and determine the number of nodes that might
cause interference to the ongoing communication between A and B.

Nodes that lie in the region of 2m — 6 cause interference on node’s A side lobe.
As illustrated in section 7.1, these interfering nodes are classified as direct and indi-
rect interfering nodes. Moreover, the number of interfering nodes relies also on the
selection of 6. Here, we derive the interference for the case of = 7. For other
values of 6, the same methodology of analysis can be used. Thus, the number of
indirect interfering nodes at distance R” + ¢ will be 5, 10, 15 at distances R, 2R/,
3R’ respectively. These indirect interfering nodes add interference that is multiple of
GGy since they cause interference on node’s A side lobe.

Nodes lying outside the circular region of R+ ¢ are considered potential interfering
nodes and these nodes will point their beams toward node A when sending the DATA
packet and they interfere with the main lobe of node A. The number of interfering
nodes for this case are 24, 48, 72, 96, and so on. These nodes are located respectively
at distances 4R', 8R', 12R/, 16R’ and so on. These direct interfering nodes add
interference that is multiple of G4Gy.

Moreover, nodes lying in the main lobe area of the sender and at a distance less
than R + ¢ and greater than R” + ¢ can cause interference on node’s A side lobe as
illustrated in section 7.1. However, given the case where all the direct interfering
nodes are transmitting, such nodes will be silenced.

Now, when node A sends its RTS frame successfully, node B replies back with a
CTS packet. Here, nodes lying in the main lobe of the CTS packet have already been
silenced by direct interfering nodes, and as shown in Figure 7.1, at most two nodes

will be silenced by B’s side lobe of radius R'. Thus, we have 22 direct interfering nodes

at distance 4R’ (instead of 24). However, to keep the analysis simple, we decided to
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Figure 7.1: Interference

neglect this minimum effect of the CTS frame. By using equations (7.5) and (6.6),
the interference level I, is composed of interference level I from direct interfering
nodes and I; from indirect interfering nodes that are located at a distance r from the
receiver. I, is:

L=rIs+1) (7.9)
where

T4+ 7T, arrs 1 Ga T, + 1. )
Tr+Tc+Td+Ta Qdata GoTr+Tc+Td+Ta

) _
Id - E%(Pdatar 46%(

and

=220 ppr GG
2

Ty + T, + ARTS 4@ T, +T,

L +T,+Ty+ T, Adata GoTr+Tc+Td+Ta))

Here, 7 is the probability that this interfering node transmits and has been derived
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earlier. Moreover, Tﬁ% resembles the portion of time needed to send the DATA
and ACK packets over the whole 4-way handshake duration.
The total interference I by all interfering nodes derived in the honey grid model

and after mathematical manipulation takes the form:

R
PdataGd 1 2490(1 o 271' - )
I=(r—4 (Z = Z 5;F22m — ),
RTS i=1 i= (710)

Td + Ta GRTS 4% Tr + Tc )
Tr+Tc+Td+Ta Qdata GoTr+Tc+Td+Ta

(

Note that a receiver is able to receive and decode correctly a packet if and only if
the signal to interference plus noise ratio (SIR) at the receiver side is larger than or

equal to a predetermined threshold denoted by SIR, ;.

-4
SIR = GM > SIRmin (7.11)

where G is the processing Gain used in the network physical layer.
Assuming a worst case interference, SIR = SIR,,, and rearranging (7.10), we

obtain:

4
s G X aqprg
X ad, (Y, 12400 L s B g ert)
Gd X SIlen X adata(Zi 133 + Z 5 Gs2m ) (7.12>
1
( Ty+Ts (GRTa )4 w Ga Tr+Te )
Tr+Tc+Ty+T1a Qdata Go Tr+Te+Ty+Ts

The 7 obtained in (7.12) represents the transmission attempt probability under
worst case interference, which together with (7.6) and (7.7) would give the maximum
allowable traffic into the network , u. Clearly, an closed formula for 4 cannot be

derived and hence we numerically solve this non-linear system to obtain its value.
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7.5 Collision Model

We present in this section a model for deriving the effect of collisions on the through-
put under the maximum interference. For this reason, we modify the model presented

in [30] for a uniformly distributed multihop ad hoc network using directional antennas.

Both the channel and node state models are used to derive the various parameters

needed to determine the system throughput.

7.5.1 Channel State Model

Figure 7.2(a) depicts the wireless channel state transition at a given time slot o.

There exists 4 transition states within this Markov chain model.

e /DLFE is the state that indicates that the channel around node A is sensed idle.

The duration of this transition state is Tjg. = 0.

o TRANSMIT is the state that a successful four-way handshake transmission has
been completed and its duration is Tirenemst = Ty + T + Ty + Ty + 3SIFS +
4w+ DIFS.

e RTS-col is the transition state when two or more nodes accessing the same chan-
nel transmit at the same slot their RTS packets and thus their transmissions

collide. The duration of this state is T}, =T, + w + DIFS + SIFS.

e (CTS-col is the state that indicates that a hidden node from either node A or
node B sends a packet and this packet will collide with the CTS packet. The
duration of this state is Tpe =T, + T, + 2w + 2SIFS + DIFS.

where w is the propagation delay.
Now we define the transition states. The states (TRANSMIT-to-IDLE, RTS-
col-to-IDLE and CTS-to-IDLE ) have respective transition probabilities equal to 1

since no node is allowed to transmit immediately after the channel becomes idle. The
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Figure 7.2: Channel and Node Wireless State

probability of the transition state IDLE-to-RTS-col is P;;. Here, P;; is the probability

that there is not any directional neighboring nodes initiating any transmission:

or
Py= (1 Topw (7.13)

The transition IDLE-to-TRANSMIT has a probability P; that exactly one node
transmits at this time slot and starts a successful four way handshake while the other
nodes in areas S; (as shown in Figure 7.3) refrain from transmitting in the direction

of node A, and nodes in the area Sy refrain from transmitting. P is given by:

0
Pyt = P[pSi(1 - —; )PS5+ (S
T (7.14)

(1= 7]

where P, is the probability that a node begins a successful four-way handshake at

this time slot and S; and Sy are determined as follows:

=YY

fa? o — 0)a? G, -G
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1
L = (2m — 9)azRTs,doGsz easzS,doGs
2 2

(7.16)

Moreover, the transition state IDLE-to-RTS-Col has a probability P,.. Here, P,
is the probability that more than one node initiates a transmission of an RT'S packet
at the same time slot (i.e., P, = 1 - probability that none of the nodes in the area S,
and S, transmits - probability that exactly one node in the area S; transmits towards

node A - probability that exactly one node in the area Sy transmits):

(7.17)
+ pSy(1 — )Pty

Finally, the probability of the IDLE-to-CTS-Col transition state, P, is obtained:

Pie=1- P~ Py — Py (718)

Now, we can solve for the Transmit state limiting probability §; of the wireless
channel state, by writing the equilibrium equations of the channel state diagram.
B; is simply the portion of time a node is successfully transmitting; in other words,
it is the ratio between the successful transmission time to the total network time.
The total time is defined as the sum of total transmission time and contention time.

Hence, (3; can be derived as:

5, Py Lpara

= 7.19
0 + PiTyansmit + PirTrr + BicTee ( )

Now in order to calculate 3;, we need to determine P,
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Figure 7.3: Hidden Areas

7.5.2 Node State Model

The states of the transmitting node can be modeled by a three state Markov chain,
which is shown in Figure 7.2(b). Three states are defined in this model: wait, succeed,
and fail. The wait state is when nodes defer for other nodes or backs off, succeed
state is when a node completes a four way successful handshake and fail state is when
the node’s four way handshake is unsuccessful. Accordingly, we define the transition
probabilities. Because of the assumption of collision avoidance, no node is allowed
to transmit packets continuously, therefore the transition probabilities from succeed
to wait and from fail to wait are both one, and the transition probabilities from fail
to wait are both one and the transition probabilities from succeed to succeed and
from fail to fail are both zero. Given that the node listens omni-directionally, the
transition probability P, that a node having a packet to transmit continues to stay

in wait state in a time slot is equal to the probability that it does not start any
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transmission. In addition, there should be no node initiating a transmission in the
direction towards the sending node. P, is given by:

Paw = (1=p)(1 = (30 (7.20)

We define S; and Sy to be the hidden areas from node B (Figure 7.3) when
replying with the CTS packet to node A; thus the nodes existing in S3 may collide
with the CTS transmission. Note that the existence of the hidden nodes in S, results
when both transmitter and receiver are (D-D) neighbors i.e., the range extended with
a gf Therefore S; and Sy are calculated as follows:

_ Oadrsas  aduetan(§) (2w - 0)(0%rs,4aG8 )

Sy = — T2 - : (7.21)

2 2
g, = g(aRTS,dd - aRTS,do)
1 2

(7.22)

The transition probability, P,s, from the wait state to the succeed state is the
probability that node A transmits at this time slot, node B does not transmit, none
of the nodes existing in area S; transmit in the same direction towards node A, none
of the nodes existing in area S, transmits, and none of the hidden terminals in areas
S3 and Sy transmits for T, + SIF'S + T, + 2w. This probability is then calculated as

follows:

Pag = 71— 7)(pS:(1~ 205 + pSy{1 — 7))

(1= (G, (7.23)
7

(1 - (Eyprsmegizsess,
™

Now to consider the spatial reuse of the wireless medium, define the spatial reuse
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factor v(agqt,) which is the number of possible concurrent transmissions in the com-
bined region covered by nodes A and B. Indeed, v(agqt,) is the ratio between the total
region covered by nodes A and B and the actual area that excludes the region covered

by the handshake between nodes A and B (Figure 7.3). If there is one handshake in
. S .
areas 1 and 4, then in theory there may be mjfgm concurrent handshakes in the

region excluding 1 and 4. Here, S;1q is simply:

a
Stotal = Q(Wa?zz"s,dd) - a‘zRTS,dd X (arccos(—dam )—
QRTS,dd

7.24
Odata acziata ( )
Gdain_ 1 Cdus
20RTS,dd 40573 a4

Upon integrating the spatial reuse factor, P, can be re-written as v(agatq) X Pys.
Finally, the transition probability P, from the wait state to fail state can be derived

as.

Pys=1— Pyy — Py (7.25)

The limiting probability of the state succeed P; is obtained by solving the equi-

librium equations of the wireless node state transition diagram:

P’LUS

Ps=2_wa

(7.26)

The value of P, is then inserted in equation (7.13) and the value of P; is used in
equation (7.19) to obtain §;. Moreover P, in equation (7.7) is calculated as 1 — P;.
Assuming that the network is divided into several flows, each flow is assumed to reach
its destination without causing collision, then the total throughput can be defined as
the sum of the throughput of each flow. We define n as the ratio of the number of

nodes that can simultaneously transmit at the same time slot without causing any
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collision to the total number of nodes.

X

N = V(Qdata) X —5—— (7.27)
7Ta12:cTs,dd
where x is the network size.
Finally, the total network throughput (Thr) can be simply written as:
Thr =n X u X B (7.28)

7.6 Energy Model

The total energy consumption [122], [123] is calculated as the energy needed to trans-
mit control and data packets and their retransmissions due to collisions. The total
power Prrs consumed by the transmission and retransmission due to collision of
the RTS control frames. Pgrg is simply the summation of power needed to send
RTS frames multiplied by the probability that ¢ nodes existing either in areas S; or
Sy transmit an RTS frame at the same time slot. Taking into account the power

dissipated in the side lobes Prrg can be derived as:

1 25

_ 1 PN . ~ 4 2m — 8, 07\
Prrs = 2W9(Z< ; )ZCGRTS,do(l'f'Gs 7 )(277')

i=1

pS2
(1- (-Z%))”Sl‘i +Y (p ;,%)icaggmo (7.29)

i=1

(1 — T)pSZ‘i)

where C = z—Z—3.
The retransmission of CTS packets will be due to the hidden nodes existing in

the S; and S4 area. Porg is:
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P A or — 0. 07,
Pors = 57;((2 < ; )ZCQRTS,dd(l + Gs—5—)(5)

i=1

PS4
(1- (g%))psa_i) +(_ (,054) iCG‘}%TS,dd(Z_;:)i (7:30)

(1= (o))

The total consumed time T} 1S calculated as:

T;transmit

By

Tiotal = (731)

Going back to the equilibrium equation of the wireless state transition diagram, we
find B, and 3., the ratio of IDLE-to-RTS-col and IDLE-to-CTS-col relative times to

the total time §; respectively. 5, and (. are given simply by:

ﬁr = Pz'r X 'gi (732)
fo=Pex B (7.33)

P, ,P;., P, are given by equations (7.14),(7.16) and (7.17) respectively. The total
contention time during frame collisions has an RT'S component and CTS/DATA/ACK

component equal to

Trrs = Br X Tiotal (7.34)

TCTS = ﬁc X T;total (735)

Having derived all the above parameters, we can derive the total energy (E)
wasted in the network by multiplying the expected number of hops (H) by the energy

per hop:
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Table 7.1: Analytical parameter settings

Parameter Value Parameter Value
SIFS 10 us DIFS 50 s
o 20 us SIRin 10dB
Packet size | 1000 bytes (We, W) [31, 1023]
RTS packet | 20 bytes | CTS/ACK packets | 14 bytes
MACheader | 34 bytes R 2 Mb/sec
G 10.4 dB L 16d
Gq 7 dB G -6 dB
E = H X (Pyata X Tiransmit + Prrs X Trrs + Pors X Ters) (7.36)

— (1
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Figure 7.4: Network Throughput for different agrs
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Figure 7.5: Total Network Throughput vs beam angle
7.7 Results and Analysis

Table 7.1 presents the various MAC and PHY parameters we used for obtaining our
numerical results as well as in our simulation experiments. In our model verification,

Qgate 1S initialized to d = —== = 56m for (p = 100nodes/km?), which is the average

N/
distance for a receiver to exist within the transmission range of the sender. agrg, the

transmission range of RT'S/CTS control packets is also a function of d and agee <

aRTS-

7.7.1 Varying the Transmission Ranges: arrg/astq

We start by first analyzing the throughput performance as we vary the transmis-
sion power for DATA packets (i.e., Ggato) and for different transmission ranges for
RTS/CTS packets (i.e, arrs). Figure 6 shows the performance result of the RTS/CTS
handshake when 6 = Z. Figure 7.4 shows that the highest throughput is obtained for
shorter ranges of RTS (i.e., lower transmission power for the RT'S packets), while the
throughput decreases for higher transmission power. This is due to the fact that by

increasing the RT'S transmission range (agrs), the control messages will silence larger

185



p=100 nodes/km®, a_  =4d,6=m8

80

707 ~-+64 Bytes |
- --128 Bytes
8 60r “|veD56 Bytes'
<z —512 Bytes
o
-S 40'
2
230
1
[ 20p

10_ ................ AW

fﬁ;:°=,‘°fi°:;:°°°“,“
go 100 150 200
adata(m)

Figure 7.6: Network Throughput for different packet size

number of nodes, i.e., larger transmission range as well silence range, which indeed
has the effect of suppressing other senders which would have successfully initiated
concurrent transmissions. Ultimately, transmission RTS packets at higher higher
power affects the spatial reuse and results in lower system throughput, as shown
in the figure. Moreover, at a larger arrs, the RTS collision rate increases and the
interference (I, Eq. 7.10) increases as well, which reduces the throughput as well.
Next, we analyze the effect of varying the transmission power of the DATA packet.
When a4y, is small (e.g., agata << Grrs), the transmission range of DATA is also
small while the interference is large, and thus a lower throughput is obtained. On
the other hand, as agq, increases, the DATA frame would have better chances to be
successfully received at the receiver (the higher transmission power yields received
signal with higher power and hence better signal to interference plus noise ratio),
and accordingly the system throughput is improved. As the DATA frame transmis-
sion power continues to increase, the transmission range, a4.tq, becomes very large,
and the sender starts to unnecessarily silence other neighboring senders preventing

simultaneous transmissions and limiting the spatial reuse. This is verified by Figure
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Figure 7.7: Network Throughput for different transmission rate

7.4.

7.7.2 Varying the beam width 6

The effect of controlling the transmission power and the beam width 8 is shown in
Figure 7.5. Clearly, narrower beams result in higher throughput gains. Decreasing the
beam width will increase the number of interfering nodes. Nevertheless, by reducing
the beam width, the number of hidden terminals and contending terminals decreases
since the areas S, Ss , S3, and Sy in Figure 7.3 decrease. Therefore, the spatial reuse
factor v(agq,) is enhanced.

Additionally, the transmission power decreases since it is directly proportional
to the directional beam width. Hence, the resulting interference will be diminished
by the factor of beam width reduction. It can be verified from Figure 7.5 that by
reducing the beam width, the enhancement in spatial reuse is more dominant than the
effect due to the increase in the number of interfering nodes and hence in determining

the throughput.

187



p=100 nodes/km"’, 6=n3

% ' :
T s N I R
30 ‘
—8prg =

3 T
Z 15k
g
w 10‘

5-

50 100 150 200 250

I
ata

Figure 7.8: Total Energy Consumption for different transmission ranges

7.7.3 The impact of packet size and transmission rate

We measure the network performance by varying the packet size and we study the
impact of controlling the transmission power. We set arrs = 4d. Unlike our earlier
observation, the smaller the size of the data frame (e.g., 64 bytes and 128 bytes),

the greater the impact of interference becomes. This is due to the fact that, the

Tr+T;

—r e
term T

in equation (7.10) increases and as a result a lower throughput is
obtained. As agqy, increases, the reduction of the term in equation (7.9) ((%fif)‘l) is
more pronounced and yields better throughput as shown in Figure 7.6. Moreover, for
smaller packet sizes, it is verified from the analytical model that G, is also reduced.
Figure 7.7 shows the throughput when using higher transmission rates (e.g.,
11Mbps) for DATA frames whereas control messages are always transmitted at 2Mbps
[5]. Clearly, as the PHY data rate increases, the SIR threshold increases (for example,
for a data rate of 11 Mbps , SR, becomes 15dB [5]); at this new SIR threshold,

a lower attempt probability is allowed which indeed limits the amount of traffic (u)

a node can transmit which results in a lower throughput.
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Figure 7.9: Total Energy Consumption for different beam width
7.7.4 Energy Consumption

The effect of controlling the transmission power on energy is investigated in Figure
7.8. Here, Figure 7.8 shows the results for the total energy consumption for § beam
width and for different arrg. Increasing agrg will decrease the interference level since
more nodes will defer their transmissions. Nevertheless the collision rate due to nodes
contending for channel access will increase and thus more energy is wasted in colli-
sions. The consumed energy increases with the increase of agua. AS Ggate increases,
the transmission power increases and more energy will be consumed. Furthermore,
the increase of ag4a, increases the probability of CTS collision (although the hidden
nodes in S; decreases but the increase of hidden nodes S, is more pronounced) and
thus the energy due to packet collision and packet retransmission increases which
sums up in an increasing manner with the energy for transmission. At lower agutq,
the energy consumption are almost the same due to the balance that occurs between
the energy disbursed to overcome the interference and the energy consumed in colli-
sion resolution. Figure 7.9 presents the effect of increasing the beam width. When

the beam width increases, energy consumption needed to transmit and retransmit
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the packet increases, since the power as mentioned before is directly proportional to
the beam width. Furthermore, with the increase of the beam width, the collision
rate increases since the number of nodes contending for channel access increases, and
thus the energy will definitely sums up in an increasing manner with the energy for
transmission.

Figures 7.10 and 7.11 show the effect of changing the node density on the net-
work. Clearly, as the number of nodes increases, the collision rate increases and thus
the interference increases which decreases the throughput and increases the energy

consumption.

7.7.5 Results summary

To summarize, increasing the RTS transmission range, the control messages will
silence larger number of nodes which has the effect of reducing the spatial reuse
and moreover it increases the interference level on other communicating nodes which
leads to lower throughput. Given the fact that in using smaller beamwidth, more

hidden nodes exist, nevertheless the spatial reuse factor gain is more pronounced
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Figure 7.11: Network Throughput for network densities

and thus higher throughput is achieved. In addition, our model has also been used
to expose the performance of the RTS/CTS access scheme; although these control
messages may slightly reduce the collisions among contending hosts, their impacts on
spatial reuse and the added overhead outweighs their benefits and specifically when
using higher rates under the worst case scenario. Furthermore, using smaller size
packets is not beneficial, due to the higher control overhead. Finally, we noticed that
the energy consumption is more effected by the transmission range rather than the

collision factor.

7.8 Model Verification

Here, we validate the accuracy of the proposed analytical model by comparing the
numerical results with results we obtained from simulations. We use Qualnet [111] to
perform the various simulation experiments. The Switched beam antenna has been
adopted in this simulation with beamwidth equals 7. In the network, 36 nodes are
regularly placed in a 4x4 grid topology within an area of 300m x 300m. The distance

between a node and its closest neighbor is 50m. We consider CBR (constant bit rate)
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Table 7.2: Simulation vs Analytical

data(m) | Simulation (Throughput(Bytes/sec)) | Analytical(Throughput(Bytes/sec))
50 12.73 10.484
100 13.77 11.5668
150 8.933 7.05707
200 5.373 4.94316

traffic flows of packet size 1000 bytes. The RTS transmission range is set to 200m.
We recall that in our model, we derived an expression for the throughput under the
worst case network interference; however in our experiment, in order to best simulate
this scenario, we select a random transmitter-receiver pair and accordingly fix the
rest of nodes to have their traffic in the direction of the receiver. The random source
node transmits packets to its receiver at a distance agu, = 7 and 7 is varied for
different experiment runs. We use 5 simulation seeds to calculate the average single
node throughput. The corresponding transmission power values used to reach 50,
100, 150, 200 meters are respectively 0.5dBm, 12.5dBm, 20dBm, 24dBm. The results
of both model and simulations are presented in Table 7.2. The simulation results
differ from those of the analytical by 10% at higher a4y, to around 17% at smaller
values for agqqq. Indeed, the results of the analytical model provide only a lower
bound for the throughput since the throughput expression is derived under the worst
case interference. However, simulating this worst case interference scenario is not
quite feasible and indeed this is a major reason for the gap between results obtained

from the model and the simulation.
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7.9 Conclusion

An analytical model for power-aware multi-hop wireless networks with nodes equipped
with directional antennas is presented to study transmission power control. The ex-
pressions to evaluate a lower bound on throughput under maximum interference
are derived. Furthermore, an energy consumption model that utilizes both kinds
of energy consumption has been presented: The energy consumed in collision res-
olution and the energy consumed to overcome interference. The parameter effects
(0,044t arTs) On the overall network performance have been analyzed. Finally, sim-

ulation results verified the accuracy of the model.
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Chapter 8

Conclusion and Future Directions

8.1 Conclusions

In wireless multihop ad hoc networks where decentralized MAC such as IEEE 802.11
DCF is deployed, spatial reuse has an enormous influence on the channel reserva-
tion. This in turn determines the number of communicating nodes which are allowed
to transmit simultaneously and thus has tremendous effect on the throughput. In
this thesis, the effectiveness of spatial reuse on enhancing the throughput has been
investigated.

First, the effects that transmission power control, data rate adaptation and tun-
ing carrier sensing threshold have on network throughput have been explored and
the interplay between them has been investigated. To accomplish this, a realis-
tic analytical model that characterizes the transmission activities governed by the
IEEE 802.11 DCF in a single channel, power-aware, multihop wireless network has
been developed. The results showed that both carrier sensing threshold and trans-
mit power have major impact on network performance. While decreasing the CS
threshold impacts the spatial reuse, a larger CS threshold will yield severe interfer-
ence among concurrent transmissions rendering power control ineffective. Moreover,

an optimal CS threshold that strikes a balance between spatial reuse and collisions
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resulting from interfering nodes has been observed. Controlling transmission power
while selecting an appropriate CS threshold showed to be quite effective. Further, the
smaller the size of the data frame is, the more advantageous to tune the CS rather

than controlling the transmission power. The model has also been used to expose

the performance of the RT'S/CTS access scheme; although these control messages
may slightly reduce the collision among contending hosts, their impacts on spatial
reuse and the added overhead outweighs their benefits and specifically when using
higher rates. The comparative study showed that the basic access always outperforms
the RTS/CTS access method. Thus, adapting the DATA rate in order to prevent
collision is not advantageous in most of the times. Based on the observations and
insights from the results generated from the proposed model, appropriate heuristics
for tuning the carrier sensing threshold and performing power and rate control have
been developed. Specifically, a localized, distributed power and rate control scheme
has been proposed through which nodes, in a multihop wireless network, dynamically
adjust their transmission power and data rates to balance the tradeoff between colli-
sions and spatial reuse. Simulation results under different topologies were then used
to demonstrate the significant throughput and energy gains that can be obtained by
proposed scheme.

Then, a novel dynamic spatiotemporal scheme that balances the tradeoff between
collision and spatial reuse in multi-hop wireless networks has been presented. Us-
ing this novel approach, a node dynamically adjusts its C'Sy, to eliminate collisions
from hidden terminals and enhances spatial reuse by diminishing the effect of the
exposed terminals. At the same time, the proposed approach reduces the collisions
from among contending hosts while maintaining the level of transmission attempt
probability through carefully selecting the contention window. An effective loss differ-

entiation mechanism is proposed to work in concert with the proposed methodology.
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Moreover, and unlike the DCF access mode, the RT'S/CTS handshake does not si-
lence neighboring nodes but rather only inform them to bound their CS;, to yield for
the on-going transmissions. To reduce the overhead from the RTS/CTS handshake,
and based on the network performance policy, a policy has been proposed wherein a
node can adaptively enable/disable the RTS/CTS exchange. Simulation results and
comparisons with other recent methods have shown the effectiveness of the proposed
method in improving the network performance.

Finally, the effect of coupling power control with the use directional antenna on
multihop ad hoc networks environment has been studied. Mainly, a power control
scheme has been proposed for directional MAC protocol. The temporal transmission
power correlations that exist between the directional MAC protocol 4-way handshake
packets (RTS/CTS/DATA/ACK) have been derived for successful communication
taking into accounts directional operational access problems such as hidden terminal
problems, deafness and side lobe interference. Based on the node activity density, an
interference model was estimated and together with the correlations derived, efficient
constraints have been induced that ensure the correct delivery of each individual
frame in this 4-way handshake. Moreover, the kalman and extended kalman filter
have been introduced as another solution to estimate the interference in future. It
has been shown that the prediction filters outperform the model-based techniques by
an average error of 14.3%. We later verified through simulations the performances of
the proposed scheme with the performances of mobile ad-hoc networks using differ-
ent MAC protocols such as the standard IEEE 802.11b MAC protocol, the D-MAC
protocol with no power control and the D-MAC protocol with D-BASIC power con-
trol scheme. Later, analytical model that shows the benefits of coupling directional
antenna with transmission power control in a uniformly distributed multihop ad hoc

networks where nodes are equipped with directional antennas. An interference model
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has been constructed for directional antenna based on a honey grid model to calcu-
late the maximum interference. Further, a directional collision avoidance model has
been derived and based on the integrated inteference/collision model and Signal to
Interference Ratio (SIR), the maximum end-to-end throughput under the maximum
interference has been calculated. Further, the effect of collision on the energy con-
sumption has been investigated. Conclusions drawn from the proposed model that in
using smaller beamwidth, more hidden nodes exist, nevertheless the spatial reuse fac-
tor gain is more pronounced and thus higher throughput is achieved. In addition, the
model has also been used to expose the performance of the directional RTS/CTS ac-
cess scheme; although these control messages may slightly reduce the collision among
contending hosts, their impacts on spatial reuse and the added overhead outweighs
their benefits and specifically when using higher rates under the worst case scenario.
Furthermore, using smaller size packets is not beneficial, due to the higher control
overhead. Finally, the energy consumption is more effected by the transmission range

rather than the collision factor.

8.2 Future Work

The work presented in this thesis provided considerable benefits in performance en-
hancement for wireless ad hoc networks. However, there are still several future di-
rections that can provide additional benefits.

In the loss-differentiation algorithm presented in Chapter 5, we made the assump-
tion that the transmission failures caused by collisions from contenting nodes (C) and
collisions from hidden terminals (H;) are independent. However, this may not be
strictly true, since when collisions from H; exist, the contribution of type-Hs or type-
C collisions to packet loss depends on the number of H; collisions. Thus, applying
mathematical analysis to further exactly characterize more accurately the different

types of packet loss is one possible extension.
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One future direction is to apply game theory to study the behavior of tuning
protocol parameters in wireless ad hoc networks. Because nodes in a wireless ad hoc
network decide their channel accesses independently in a selfish behavior, and the

channel access of a node has an influence on those of its neighboring nodes, game

theory naturally offers certain benefits as a tool to analyze distributed algorithms
and protocols for ad hoc networks. Specifically, game theory is an effective tool to
investigate the existence, uniqueness, and convergence to a steady state operating
point when nodes perform independent adjusting of network parameters (e.g. power,
rate and CS;,). Moreover, game theory can also provide deeper insight into cross
layer optimization designs [124]. Therefore, applying game theory to distributed
power control and tuning of C'Sy, would be one of our future research directions.
Another future direction is to apply artificial intelligent schemes such as fuzzy
logic, neural networks, or genetic algorithms to select which attribute (power control,
rate adaptation or tuning the CS;h or CW) to use and tune based on collision

probability and distance.
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