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Abstract

Multihop ad hoc networking is a very appealing technology for the deployment
of wireless data networks. It eliminates the need for network planning and the
reliance on fixed infrastructure. Multihop ad hoc networks are designed with
a self-configuring capability and are able to adapt to the addition or removal
of network radio units (nodes). This capability makes them simple to install,
allowing unskilled users to quickly set up the network. These characteristics
make multihop ad hoc networks very attractive for both civilian and military
applications, e.g. in rescue operations.

The type ofmultihop ad hoc networks studied in this thesis consist of identical
nodes using the same frequency band for transmission. To control the Multiple
Access Interference produced by sharing the same radio channel, a Medium
Access Control (MAC) protocol must be used. Much work has been done in the
MAC protocols area but the work has concentrated on generic nodes, whereas
this thesis considers nodes with smart antennas, an enhanced capability. To
fully exploit the additional capability the design of the MAC protocol needs to
be considered. Hence, the results of a system level study into MAC protocols
and smart antennas is presented in this thesis.

Two different MAC protocols were examined, Spatial Time Division Multiple
Access (STDMA) which shows much potential in multihop ad hoc networks and
Carrier Sense Multiple Access Collision Avoidance (CSMA/CA) with handshak-
ing which currently has much popularity as a result of its adoption in the IEEE
802.11 standard. STDMA is a conflict-free MAC protocol where links or nodes
are scheduled to transmit in periodical slots making the integration of smart an-
tennas relatively simple. Routing was found to be critical when utilizing smart
antennas and a new procedure to create the link schedule is presented. In addi-
tion, it is shown that the terrain roughness influence the network connectivity.
However, for the same network connectivity similar performance was obtained
independently of the terrain roughness.

Although STDMA has been found to be efficient and fair, the drawback
is that it does not offer a quick response to peak rates for bursty data traf-
fic. CSMA/CA with handshaking protocol provides a quick response to bursty
traffic. The handshaking procedure within this MAC allows the use of smart
antennas at both the transmitter and the receiver. How to effectively use smart
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iv Abstract

antennas in CSMA/CA with handshaking is one of the key issues in the thesis.
Different beam selection policies using switch beam antenna systems were there-
fore investigated. It was discovered that the policy called Di-RTS was the best
in all the studied sample networks.

It is likely that multihop ad hoc networks with smart antennas will be used in
many applications and the results of this thesis will be of considerable assistance
to system designers.
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Chapter 1

Introduction

The development and success of mobile computing devices such as laptops and
personal Digital Assistants (PDAs), and their continuous cost and size reduction
has made the design of wireless data communication networks increasingly im-
portant. One significant factor that is changing the traditional way of designing
wireless technologies is the availability of deregulated spectrum e.g. the Indus-
trial, Scientific, Medical (ISM) frequency band. Deregulated frequency bands
can be utilized by users to deploy their own wireless data network. Users of
this band are only permitted to transmit with very low powers. This leads to a
compromise between having either a high data rate or a large range. The use of
multi-hopping offers the possibility to extend the range while still maintaining
a high data rate. In addition to this, the success of wireless technologies and
services will be greatly influenced by cost and the simplicity of setting up the
network. Hence, self-configuring networks are desirable since they are cheap to
deploy because they do not need the intervention of skilled users. Together these
factors make the study of multihop ad hoc networks very interesting.

In this thesis, the term ad hoc is used to indicate that the network is self-
configuring and setup without needing any central administration. The network
is composed by mobile, nomadic, or static communicating radio units (nodes)
that send data packets via the wireless medium. The term multihop is used
to indicate that the information is conveyed through the network using data
packets that may be forwarded through a number of nodes between their source
and destination. Fig. 1.1 illustrate a typical multihop ad hoc scenario. In this
case for instance, communication between node 3 and node 5 is enable using
nodes 2 and 4 as relying nodes.

Multihop ad hoc networks were formerly known as Multihop Packet Radio
Networks (MHPRN) having its origins in the early 1970s with the establishment
of the ALOHA network in Hawaii. Driven by the technological advances in
personal computing there has been a surge of renewed interest in Ad hoc networks
within the last few years [[1], pages 1-14] due mainly to three potential benefits:
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2 Chapter 1. Introduction

Figure 1.1: Example illustrating the Multihop scenario. Here node 3 can com-
municate with node 5 using nodes 2 and then 4 as relaying nodes.

• Radio range extension
The radio range of a terminal that may be limited by poor radio propaga-
tion conditions is effectively extended to the full range of the network.

• Power Saving
Less total transmit power is needed in conveying the data. Power saving
is of paramount importance for portable devices that are usually powered
by batteries.

• Self-configuring
The network is designed with the capability to adapt to the addition or
removal of network nodes.

The addition or removal of network nodes is a feature which is critical for
instance in military and emergency applications. In fact, one of the original
motivations for multihop ad hoc Networks comes from the military need for
battlefield survivability [[1], Chapter 2], i.e. to survive in the battle field a
wireless communication system is needed to coordinate distributed group actions
without relying upon any centralized administration which could be the first
target for the enemy.

In the civilian arena, there are many other potential applications of multihop
ad hoc networks including Wireless LAN (WLAN), home networking, and per-
sonal area networking (PAN) [2]. Another important application can be found
in developing countries where long distances, difficult terrain, and poverty limit
the availability of land-base communication infrastructure. The deployment of
multihop ad hoc rural-area networks could provide a cost-effective solution to
their needs.

The main constraint set by civilian applications is to provide low cost for
both terminals and services. Base on this constraint, the type of multihop ad
hoc network considered in this thesis assumes half-duplex transmission over a
common frequency band for the whole network. The results are based but not
limited to the rural scenario (results can be extended to e.g. indoor wireless
local area networks).
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In the rural scenario, due to low user densities, nodes may be distributed
over a wide geographical area of irregular terrain limiting mobility. Propagation
losses may limit the direct radio range of a node. However, due to the routing
functionality added to each node, the range can be extended. A message may
travel long distances by means of forwarding through a number of nodes between
the source and destination. This means that each node must perform critical
network topology functions that in wired networks (e.g. the Internet) are proper
functions of routers. The addition, removal of nodes, or link failures can create
topological changes that require routing updates as part of the self-configuring
and self-healing capability of a node. This problem is exacerbated in networks
with high mobility (like in urban and suburban environments) and is currently
the subject of much research [3].

An additional problem is created by access to the shared radio channel.
Transmitting in the shared wireless channel results in multiple nodes receiv-
ing the information that may be destined to a single node, and in turn, mul-
tiple transmission may result in mutually interfering at a given node. In a
multihop ad hoc network, simultaneous transmission over the same channel is
commonly referred as packet ”collision”[4]. Since nodes could be spread over a
large area, packets involved in a collision may survive provided that the Signal-
to-Interference Ratio (SIR) at the receiver site is high enough for the reception
with allowable or correctable errors. However, since a node can receive from only
one1 of it neighbors (nodes within its radio range) the packet that survives is not
always the desired one. When using half-duplex transceivers, another important
problem and limiting factor comes from the fact that a node can not received
and transmit at the same time. In order to deal with these problems a Medium
Access Control (MAC) protocol must be used at the bottom level of the link
layer. The link layer guarantees a virtual point-to-point error-free packet link to
higher layers [[5], page 24].

1.1 Medium Access Control protocols

The medium Access protocol moderates access to the shared radio channel by
defining a set of rules that allows nodes to communicate to each other in a rel-
atively efficient manner. Wireless MAC protocols have been studied intensively
since the 1970s and there exist different ways to classify them including if they
are distributed or centralized [6]. Our classification is presented in Fig.1.2 as
conflict-free MAC protocols (Centralized, Scheduled) or contention MAC proto-
cols (Random, Distributed) [7]. The main different between these two categories
is that in contention MAC protocols a transmitted packet from a node is not
guaranteed to be successfully received.

In contentionMAC protocols nodes compete for access to the channel. When
only one node makes a transmission attempt the packet is received successfully.

1Multiuser detection enables simultaneous reception but it is out of the scope of the thesis.
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Figure 1.2: Multiple Access Protocols

When multiple nodes transmit simultaneously a collision results and a contention
resolution algorithm is used to try and resolve the conflict. This resolution pro-
cess does consume resources but for bursty traffic the small loss of resources
is usually worthwhile when compared to conflict-free MAC protocols [[7], page
4]. Within contention MAC protocols we can find the first MAC protocol pro-
posed for packet radio networks called ALOHA [6, 8]. ALOHA is the simplest
contention MAC protocol where a node transmits randomly without verifying if
the channel is either idle or busy. Due to this completely uncoordinated func-
tionality packet collisions on the channel may occurs frequently under moderate
traffic loads resulting in relative poor channel utilization. An improved version
of ALOHA is called Slotted-ALOHA where the time space is divided into slots
and nodes randomly decide whether to transmit or not during each slot. By this
mechanism the vulnerability period of a packet to be successfully received is re-
duced to a single slot doubling the capacity respect to ALOHA [8]. An attempt
to avoid collisions by listening to the channel to detect other users’ transmissions
is done with Carrier Sense Multiple Access (CSMA) [9], by this way a local esti-
mation of the Multiple Access Interference is done resulting in increased channel
utilization compared to Slotted ALOHA, provided that all nodes are able to
detect other nodes transmissions. However, the performance of CSMA starts to
degrade in multihop ad hoc due to the hidden terminal problem, i.e. the lack of
a node of hearing all other nodes in the network. A possible solution for this
problem was presented by by Kleinrock and Tobagi in [10] where the receiving
node broadcasts (on a different channel) a tone to indicate to its neighbors that
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the channel is busy, thus potentially improving the performance with respect
to CSMA in multihop ad hoc networks; this MAC protocol was denominated
the Busy Tone Multiple Access (BTMA). In order to provide a solution to the
hidden terminal problem without the need of a separate channel, Carrier Sense
Multiple Access Collision Avoidance (CSMA/CA) with handshaking has been
proposed. In CSMA/CA with handshaking the data transmission is preceded
by transmitting a short Request-To-Send (RTS) packet to the intended receiver
which in turn answers with a short Clear-To-Send (CTS) packet if the channel
is idle at the receiver site. This procedure reduces the probability of collision
but does not eliminate them. CSMA/CA with handshaking is studied in chap-
ter 4. Several variants of CSMA/CA with handshaking can be found in the
literature, the most relevant are MACA [11], IEE802.11 [12], FAMA [13, 14],
and MACAW [15, 16]. However, most of these studies do not address the rural
multihop scenario because wireless LAN has been the main focus. In indoor
propagation environment walls may produce high attenuation. Hence, graph
based simulations have commonly been used where as SIR based methods more
accurately model the radio channel, especially in the rural environment.

On the other hand, conflict-free MAC protocols are those ensuring that a
transmission, whenever made, is successful one, that is, will not be impaired by
another transmission. Conflict-free transmission can be achieved by allocating
the channel to the user either statically or dynamically. MAC protocols within
this category are:

• Time Division Multiple Access (TDMA)
Interference is controlled by separating transmission in time. The time
axis is divided into time intervals of equal length called slots or time slots
and each node receives its own time slot.

• Frequency Division Multiple Access (FDMA)
The radio spectrum is divided into orthogonal channels. Each node is
assigned a unique frequency channel to transmit.

• Code Division Multiple Access(CDMA)
Reduction of interference is performed by the use of a unique spreading
code assigned to a node for transmission.

In order to take advantage of the spatial separation that may exist between
nodes in large networks and increase efficiency by spatial reuse of time slots in
TDMA, Spatial Time Division Multiple Access has been proposed in [17] and it is
studied in chapter 3. Spatial Time Division Multiple Access is a MAC protocol
where conflicts are avoided by assigning node transmissions into a repetitive
pattern of slots of finite length called schedule. The design of STDMA scheduled
has received some attention in the literature in multihop scenarios. Short (low
delay) link schedules adapted to the traffic pattern have been discussed in [18–
20]. Distributed implementation has also been an important subject [21]. Most
early contributions in the field describe the network as a binary graph, i.e. two
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nodes are either connected and able to communicate reliable, or disconnected and
not even able to disturb the transmissions of one another. Schedules were base on
pair-wise link compatibility. Relaxation of this assumption has be investigated
in [19, 20, 22]. In reference [19] by Somarriba and [22] by Grönkvist, schedules
for multihop ad hoc networks in actual (or simulated) terrains were studied. The
investigations in [19] show that the character of the terrain has significant impact
on the performance (in terms of delay and network capacity) of these networks.
Rough (mountainous) terrain makes it more difficult to achieve a fully connected
network, but when this is achieved, it has the advantage of ”shielding” the nodes
from interference yielding more efficient STDMA schedules.

Although much work has been done in MAC protocols area, it is possible to
improve performance with the use of smart antennas. The use of smart antennas
within multihop ad hoc networks will increase cost but promises to significantly
increase throughput. The effective use of smart antennas is integrally linked to
the MAC protocol, therefore a combined study is carried out in this thesis.

1.2 Smart Antennas Overview

Smart antennas can be used in multihop ad hoc networks to improve the system
performance [23, 24] but its effectiveness is closely linked with the MAC protocol
utilized. As illustrated in Fig. 1.3, a smart antenna consists of several antenna
elements (array) whose signals are processed adaptively by a combining network.
Here, the signals received at the different antenna elements are multiplied with
complex weights and then summed to create a steerable radiation pattern.

Smart antennas systems can include adaptive antennas and switched beam
antenna systems. An adaptive antenna is able to change its antenna pattern dy-
namically to adjust to noise, interference, and multipath [[25], page 8]. On the
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Figure 1.3: Smart antenna with Linear Equally Space (LES) antenna array.
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Figure 1.4: Illustration of a Switch Beam Antenna System

other hand, the switch beam antenna system uses a number of fixed beams at an
antenna site. The receiver (or transmitter) selects the beam that provides the
greatest signal enhancement and interference reduction. Switch beam antenna
systems use a linear RF network, called a Fixed Beamforming Network (FBN),
that combines M antenna elements to form up to M directional beams [[25],
page 91] as illustrated in Fig. 1.4. As stated in [[25], page 9], ”Switched beam
systems may not offer the degree of performance improvement offered by adap-
tive systems, but they are often much less complex and are easier to retro-fit to
existing wireless technologies”.

When considering the use of directional antennas in multihop ad hoc net-
works the MAC protocol is a fundamental parameter. Such networks with con-
tention MAC protocols have been explored by several researchers [23, 26–28].
Zanders [23] studied the performance improvement by the use of steerable direc-
tional antennas in multihop slotted ALOHA systems. Variants of BTMA with
smart antennas has been also investigated in [26] resulting in significant through-
put and delay reduction with respect to BTMA. More recent work [27] proposes
the use of CSMA/CA with handshaking and multiple directional antennas with
one receiver for each beam. A modified MAC scheme was proposed resulting in
small throughput improvement despite the large increase in receiver complexity.

How to use a simple switched beam antenna systems and CSMA/CA with
handshaking in multihop ad hoc networks has not been adequately addressed. It
is expected that smart antennas will improve capacity by increasing the number
of simultaneous transmission. However, due to the protocol complexity and
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the multihop ad hoc network functionality, how to ”best” adapt the antenna
radiation pattern is not obvious.

Furthermore, the application of adaptive beam forming antennas to STDMA
in multihop ad hoc had not been addressed. The author found that substantial
gains, over the omnidirectional case, could be obtained by using simple steer-
able antennas [24]. How to improve performance in this case warrants further
investigation.

The used of more complex adaptive antennas systems and STDMA inmultihop
ad hoc networks has been investigated and the results show that the performance
can be outstanding [29]. This work postdates the work on STDMA in this thesis.

1.2.1 Main Contributions of the Thesis

The main contribution of this thesis are:

• A combined routing and scheduling procedure that improves performance
of STDMA in multihop ad hoc networks with smart antennas.

• Investigation and evaluation of possible performance gain from using smart
antennas in Spatial Time Division Multiple Access. These results cover
both rough and flat terrain.

• Investigation and evaluation of possible performance gain from using sim-
ple Switch Beam antennas systems as the smart antenna technology with
Carrier Sense Multiple Access with hanshaking. Four different Beam se-
lection Policies were evaluated.

1.3 Thesis Outline

This thesis is written as a monograph composed by five chapters and appendixes.
In chapter 2 the system models and performance evaluation are described. In
chapter 3 the analysis and performance evaluation for Spatial Time Division
Multiple Access using adaptive beamforming antennas systems is presented.
CSMA/CA with RTS and CTS handshaking and switch beam antenna systems
is studied in chapter 4. The conclusions of the thesis are presented in chapter 5.



Chapter 2

System Models

In this chapter the model used for performance evaluation of multihop ad hoc
networks in this thesis is introduced. Selection of the models is done to provide
a reasonable level of abstraction of the way that the real system operates while
at the same time producing easy to analyze results. The physical and link layer
operation is modelled through the link quality model and the MAI is influenced
by the terrain, MAC protocol, and the type of smart antenna system utilized.
Additionally, the information source attached to a node is analyzed through the
traffic model and routing as part of the upper layer functionality. The definition
of the performance measures employed are also presented in this chapter.

2.1 Link Quality Model

We will refer to the collection of N nodes that form a particular network by
an uppercase case letter (e.g. Network A). A particular node in the network is
uniquely identified by its numerical number i, (i = 1 . . . N). It is assumed that
the network is composed of identical nodes meaning that all nodes in the network
have the same capability and that the only way to communicate between nodes
is through the wireless medium using a single frequency band.

2.1.1 Received Power

We represent the received power level on link (i, j) by Pij , resulting from node i’s
transmissions with power level Pi at node j; ∀ node j 6= i. The radio propagation
properties of the terrain where the network is deployed are captured by the radio
propagation losses. We represent the path losses on link (i, j) by Lij . The inverse
of this quantity is commonly referred as the link path gain, Gij = 1/Lij , and
constitute the elements of the path gain matrix, G. Hence, Pij is given by

Pij =
PiAi(θij)Aj(θji)

Lij
= PiGijAi(θij)Aj(θji). (2.1)

9
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Ai(.) denotes the (horizontal) antenna patterns used by node i, and θij denotes
the angle to node j as seen from node i.

To generate easily analyzed results the simple distance dependent propaga-
tion model is used. In addition, influence of the terrain irregularity (e.g. moun-
tains) is evaluated using artificial terrains to recreate a more realistic scenario.
The terrain model is a modification to the one used in [30] and it is described in
Appendix C. In this case, the path gains are then computed according to [31]
whereby the radio propagation loss is split into three components: a distance
dependent path loss, a plane earth propagation loss and a (multiple knife-edge)
diffraction loss due to the mountains in the terrain model.

When using the distance dependent model only, equation 2.1 is given by

Pij =
PiAi(θij)Aj(θji)

dαij
, (2.2)

where dij is the distance between node i and node j and α is the path loss
exponent. A value of α = 3 that may correspond to the rural scenario will be
used to evaluate performance.

2.1.2 Multiple Access Interference Model

In the radio environment the probability of a packet arriving error free is depen-
dent on the modulation, coding, multiple access interference(MAI) and back-
ground noise. For the purpose of network modelling it is assumed that a packet
survives if the Signal-to-Interference plus Noise Ratio (SINR) during the trans-
mission period of the packet is above a specified threshold γ0 as defined by

Γij =
PiGijAi(θij)Aj(θji)

∑

∀ link (k, l) 6= link (i, j)

PkGkjAk(θkj)Aj(θjk)xkl + PNoise
> γ0 . (2.3)

Γij is the Signal-to-Interference plus Noise Ratio for a packet sent from node
i to node j and PNoise = kT0BFsys is the background noise power level at node
j, k = 1.38 · 10−23 J/K is the Boltzmans constant, T0 = 290K, Fsys is the
receiver Noise Factor and B is the receiver equivalent noise bandwidth. xkl is a
random variable defined as

xkl =

{

1 if k transmit to node l
0 otherwise

(2.4)

The random variable xkl depends on the MAC protocol being used and if whether
or not a node k has a packet to transmit to node l. When simulating CSMA/CA
with RTS and CTS (see Chapter 4) this equation is used to determine if the
packet (that could be an RTS, CTS or DATA packet) survives in presence of
other nodes transmissions.
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When using STDMA as MAC protocol (see Chapter 3) a link transmission
schedule is created in advance. The time domain is divided into slots, each long
enough to contain one data packet. The link schedule is created by adding one
link at a time to test if all links assigned to transmit in a given slot satisfy (2.3)
with xkl = 1, i.e. considering the worst case when a node k always has a packet
to be transmitted to node l. We define Ln as the set of links (i, j) being tested
to transmit during slot n (2.5).

Γij =
PiGijAi(θij)Aj(θji)

∑

∀ link (k, l) ∈ Ln
link (k, l) 6= link (i, j)

PkGkjAk(θkj)Aj(θjk) + PNoise
> γ0 . (2.5)

2.1.3 Network Topology

In general, the total number of unidirectional links leaving node i is (N − 1).
Therefore, the total number of unidirectional links in the network is N(N − 1).
A link (i, j) is said to be feasible if a sufficiently low bit error rate (BER) can
be achieved in the absence of MAI. The radio-propagation conditions of the
surrounding environment (terrain) where the network is deployed attenuates the
transmitted signal. Therefore, since nodes have a limited transmission power,
only some links have enough received power to be feasible. The feasible links
define the physical network topology, i.e. how the different nodes in the network
are connected to each other. By varying the transmission power used by a
node the network topology can be changed. The required transmission power
to achieve a given SNR (γ0) while at the same time overcoming a maximum
propagation path loss, Lmax, using isotropic antennas can be computed by

Pi = γ0PNoiseLmax (2.6)

Fig. 2.1.3, and 2.2 show three network realizations using this procedure with a
distance dependent model to achieve a maximum radio range of 40 km. When
using smart antennas the transmission power is reduced to keep the same network
topology as for the omnidirectional case. This allows us to evaluate the spatial
filtering advantage provided by smart antennas.

An important parameter while evaluating multihop ad hoc network is the
network connectivity. The study in this thesis was confined to connected net-
works, i.e. to those networks for which there exists a path with finite number of
hops between every pair of nodes in the network. Two parameters are used to
indicate the level of connectivity: 1) The average number of neighbors to a node
in the network and; 2) The average number of hops to reach every other node.

We say that a node j is a neighbor of node i if a feasible link exist between
them; this also means that node i is at a single hop from node j. Therefore, if
the total number of neighbors to node i is Ni, the average number of neighbors
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Figure 2.1: Sample networks (Network A, B, C) with N=20 nodes. It can rep-
resent static or nomadic behavior simulated by random location over an area
of 100x100 km. Lines indicate feasible (or reliable) bi-directional communica-
tion links in absence of Multiple Access Interference. The average number of
neighbors and the average number of hops needed to reach every other node is
indicated.

is given by

E[neigbors] =
1

N

N
∑

i=1

Ni (2.7)

In a fully connected network all links are feasible yielding

E[neigbors] = N − 1 = Ni ; ∀ i.
On the other hand, the average number of hops is considered to be important
since it indicates on average how many relaying nodes a packet has to visit before
reaching its final destination. If the minimum number of hops needed to reach
node j from node i is hij , then the average number of hops is given by

E[hops] =
1

N(N − 1)

N
∑

i=1

N
∑

j=1

hij . (2.8)

Note that hii = 0 in the above equation since the packet does not need to be
forwarded.

2.1.4 Antenna Models

Smart antennas can help to reduce the MAI and improve the system capacity
but the cost per node will be higher. Switch beam technologies can provide cost-
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Figure 2.2: Sample Network C.

effective implementations 1 of smart antennas in multihop ad hoc networks. On
the other hand, Adaptive beamforming antennas (ABF) provides electronically
controlled steerable beam flexibility but at significantly higher price.

As previously mention, the switched-beam smart antennas’s method is one
of the simplest approaches that can be used. Here, a linear RF network, called a
Fixed Beamforming Network (FBN) combines M antenna elements to form up
to M directional beams. In order to obtain easily analyzed and general results
we adopted the flat-top model [[25], page 137]. It is assumed that each FBN
covers 360 degrees withM sectors selected by the MAC protocol. The horizontal
antenna pattern Ai(θ, s) for each sector s; s = 1 . . .M is given by (3) and it is
illustrated in Fig.2.3.

Ai(θ, s) =







2π
φh

; (s− 1)φh < θ < sφh

1
asl

; Otherwise
(2.9)

where φh is the horizontal antenna beamwidth (BW) and asl is the side lobe
attenuation.

Adaptive Beam forming antennas (BFA) are evaluated using the Spatial Fil-
tering for Interference Reduction (SFIR) processing method. In SFIR a DSP
processor dynamically adapts the antenna’s beam to maximize the received sig-
nal power. In this case, the horizontal antenna pattern Ai(θ, j) used by node i
while transmitting to node j is given by (2.10). The antenna radiation pattern

1There are many ways to implement Fixed Beamforming Networks using off the shelf com-
ponents (e.g. Butler Matrix)[[25], page 91].
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Figure 2.3: Switch Beam Method using Flat-top antenna model

of the receiving antenna in node j is computed in the same manner.

Ai(θ, j) =







2π
φh

; θij − φh
2 ≤ θ ≤ θij +

φh
2

1
asl

; Otherwise

(2.10)

Although more complex digital processing techniques are possible (e.g. cre-
ation of nulls in the radiation pattern to limit the interference coming from
neighboring nodes even further) they are not covered in this thesis.

2.2 Traffic Model

The multihop ad hoc network conveys information by mean of short bit strings
called packets. If a message generated by an information source attached to
a node is larger than the packet size, this is broken into several packets to be
transmitted through the network as individual entities. From a user perspec-
tive this messages are usually a reaction to a particular event (e.g. replying to
the source after receiving an email). However, under the network perspective,
messages or packets arrive as a random process [5]. For simplicity, it is assumed
that packets are of constant length and arrive according to a Poisson process 2

2We are conscious that this model does not capture the reactive property experienced by
users over real networks (for instance traffics generated by http or ftp sessions). However could
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with total external traffic load of λ packets per packet duration. Furthermore,
it is assumed that the traffic load is evenly distributed (2.11).

Λi = λ/N i ∈ {1, 2, · · · , N} , (2.11)

Λi is the external traffic load on node i.
The initial Source (S) and final Destination (D) of a packet is denoted by an

(S,D) pair. Due to the store-and-forward mechanism, packets between (S,D)
pairs may travel through intermediate nodes. Therefore, the average traffic load
λij going through a link (i, j) is the result of external and internal traffic [[19],
page 25] (2.12).

λij =
∑

∀(S,D) routed
through link (i,j)

λ

N(N − 1)
=

λ

N(N − 1)
Tij , (2.12)

where Tij are the elements of the Relative Traffic Load matrix T given by

Tij =
∑

(S,D) routed through link (i, j). (2.13)

As revealed by this equation, route selections have a strong influence on
the network performance. Commonly, while doing route search for a particular
(S,D) pair, the number of hops are used to select between different possible
paths. This may result in uneven traffic distribution. Besides that the MAI
is also affected by routing, for instance nodes at the center of the network are
highly likely to be selected as part of the shortest path to reach other nodes,
resulting in higher interference.

2.3 Performance Measure

Two primary parameters are used to evaluate performance in this thesis, the
End-to-end throughput and the average End-to-end packet delay.

The End-to-end packet delay, is defined as the time between the arrival of
a packet at the buffer of the source node and its successful reception at the
destination node. The End-to-end packet delay allows us to evaluate quality of
service (QoS) under low, moderate, and high traffic.

In general, a randomly selected packet transmitted from node S to node D
experiences a random delay DSD that is the sum of the delays on every link
utilized to route the packet (selected path). Averaging over all the equal likely
(S,D) pairs in the network, the expected End-to-end delay is given by

E[D] =
1

N(N − 1)

∑

∀(S,D)







∑

∀ link (i,j) in path
selected to route (S,D))

E[Dij ]






, (2.14)

be a suitable model for short messages (e.g. short e-mails among users) and help us to analyze
the main network design trade-off.
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E[Dij ] is the expected packet delay over link (i, j) and is a function of the
external traffic load, internal traffic load, MAC protocol, and the multiple access
interference. An exact analysis for E[Dij ] in the wireless scenario appears to be
very difficult [5, 17]. Nevertheless, the above equation can be rewritten in terms
of the relative traffic load and is given by

E[D] =
∑

∀ link (i,j)

Tij
N(N − 1)

E[Dij ] , (2.15)

Computer simulations are commonly used to measure E[Dij ], however, as the
number of nodes in the network increases, the computer time required simulating
multihop ad hoc networks significantly increases as well. Since coordination
among nodes exists when utilizing STDMA, it is possible to estimate the relative
link capacity assigned to each link. This makes possible to do a reasonable
estimation of E[Dij ] (see section 3.3).

On the other hand, CSMA/CA in multihop ad hoc seems to be very complex
and computer simulation is the only method used to estimate E[Dij ].

As mention before, the End-to-end packet delay is a function of the traf-
fic generated by users in the network. The total external traffic could not be
higher than the network capacity otherwise the buffer queue at some nodes grows
without bound making the system unstable [[32], page 4]. To avoid unstable con-
ditions the external traffic load, λ, must be equal to the End-to-end throughput,
i.e. the number of packets that reach their final destination per time period
in the entire multihop ad hoc network which is a measure of the resources uti-
lization. The term throughput and End-to-end throughput is used in this thesis
to indicate the total external traffic under stable condition measured. We are
particular interested in the maximum End-to-end throughput, λ∗, that is here
defined as the upper bound limit to the maximum total external traffic load that
produces finite E[Dij ] ; ∀ existing feasible links in the network.

In STDMA this upper bound is easily estimated but not in CSMA/CA. In
order to find an estimation of λ∗ with this protocol the external traffic load λ is
increased until a buffer overflow occurs in any node of the network.



Chapter 3

Spatial TDMA with
Adaptive Beamforming
Antenna Systems

In this chapter the use of Adaptive Beamforming Antennas with Spatial Time
Division Multiple Access protocol is analyzed and a novel routing and scheduling
strategy to create the Link Assignment schedule is introduced. The new proce-
dure take further advantages of the spatial filtering properties of smart antennas.
In addition, the influence of terrain roughness on performance is presented.

3.1 Introduction

Spatial Time Division Multiple Access is a MAC protocol where conflicts are
avoided by assigning node transmissions into a repetitive pattern of slots of
finite length called schedule.

There are two frequently found slots assignment methods in STDMA called
Node Assignment and Link Assignment[33]. In Node Assignment a given node i
is allowed to transmit on a slot t to any of its neighboring nodes. Other nodes
are also allowed to transmit on the same slot if they do not produce mutual
conflict. For instance, on the same slot t another node k is allowed to transmit
simultaneously to any of its neighboring nodes if does not cause conflicts with
reception of i’s transmission to its neighbors and vice versa. Due to this mech-
anism, Node Assignment strategies are more suitable for multicast traffic (i.e.
from one source to many destinations) management [33] using omnidirectional
antennas.

On the other hand, Link Assignment is a method where smart antennas can
be directly applied [24] to significantly improve the performance of STDMA.
Link assignment is a link-oriented method where links are assigned to transmit

17
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Figure 3.1: multihop ad hoc network example with 8 nodes.

on a given slot within the schedule. For instance, if a given link (i, j) is assigned
to transmit on slot k, it means that node i is allowed to transmit to only its
neighbor node j on slot k. Other links could be allowed to transmit on the
same slot if they don’t produce mutual conflicts. Clearly Link Assignment is
more suitable for unicast traffic (i.e. from one source to a single destination)
management. To illustrate how link assignment strategy works refer to Fig.3.1
where a simple 8 nodes network with all possible (bi-directional) radio links
indicated by lines connecting the nodes is shown. In this network it would, for
example, seem feasible to reuse the time slots used for communication on the
links 2 → 3 and 4 → 6, whereas 5 → 4 and 2 → 1 would probably not be able
to share the same slot.

As presented in section 2.2, due to the forwarding procedure in multihop ad
hoc networks an uneven traffic distribution could result in a potential limiting
performance factor. In general, the uneven traffic distribution could be the
results of:

I. Limited network connectivity
No other path is possible between quite few (S,D) pairs;

II. Poor route selection
This may arise for instance when more than one path exists between a
(S,D) pair and the one with lower capacity (or more congested) is selected.

One way to improve on this problem is to implement schedule algorithms that
take traffic distribution into account. These algorithms are commonly refered as
Traffic Controlled or Traffic sensitive algorithms [18, 19, 33].
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3.2 Routing and STDMA Schedule

Finding an ”optimum” schedule for STDMA seems to be a very difficult problem
[33, 34] therefore suboptimal (heuristics) schedules are commonly used. Fig.3.2
illustrates the simulation method utilized in [19, 33] to create the traffic con-
trolled schedule. The procedure is an interference based methods where full
knowledge of the radio propagation conditions between nodes (G matrix) is as-
sumed. In a real system, this information can be collected when the network
is started and could be periodically updated, a method to do this can be fund
in [34] . With this information as an input, the procedure starts by creating
the network topology based on the link quality. After that the Minimum Hop
Algorithm is used to select a particular path between every source (S) and final
destination (D) of a packet here denoted by (S,D) pair. MHA minimize the
number of hops in a multihop ”connection” and is independent of the access
schedule and the actual traffic flows. When setting the routing table a decision
has to be made if several paths with the same minimum number of hops are
found. If only the number of hops is used as decision criteria, a random selec-
tion seems to be a reasonable choice (we will refer to this as random MHA). In
[30] MHA has been found to produce shorter packet delay when compared with
other routing algorithms on rough terrains justifying its used. The resulting
routing table then is used to compute the Relative Traffic Load matrix T given
by (2.13). T, and the Path Gain Matrix G are used as input to a traffic con-
trolled algorithm that assign to each links a number of slots proportional to its
relative traffic load. From now on, we will refer to this procedure by Minimum
Hop Algorithm plus Traffic Controlled Scheduling (MHA + TCS).

By defining Ln as the set of links allowed to transmit in slot n, the schedule
S is defined as the sets Ln, n = 1, 2, . . . , Nf ; where Nf is the period of the
schedule in slots [33]. When using an interference based algorithm to create the
schedule, all links (i, j) ∈ Ln must satisfied (2.5).

In general, the aims of the traffic controlled schedule algorithm are:

• to compensate the uneven traffic distribution created by routing,

• maximize the network efficiency by maximizing the reuse of slots and

• minimize the schedule period Nf .

To provide an ”optimum” solution to this problem is an NP-complete problem
[[33], page 12] meaning that it requires excessive computational effort for even
moderately size networks.

Power Control and smart antennas (two well known methods commonly used in
cellular systems) could be used directly with the schedule algorithm to improve
the network efficiency. In particular, the use of adaptive beamforming antennas
may result in shorter schedule periods as indicated by the following proposition.
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matrix and derive the network
topology

schedule

Use Minimum Hop Algorithm
(MHA) to find relative traffic load
for all links

Assign a number of slot
proportional to the relative traffic
to each link

Figure 3.2: Traditional simulation method used to construct the Traffic Con-
trolled Schedule.

Proposition 3.1 Let Ln be the set of links allowed to transmit in slot n us-
ing omnidirectional antennas in a S-TDMA multihop ad hoc network and let

Γ
(omni)
ij be the Signal-to-Interference plus Noise ratio for any link (i, j) ∈ Ln us-
ing constant transmission power. Let Γ

(SFIR)
ij be the Signal-to-Interference plus

Noise ratio for any link (i, j) ∈ Ln resulting from replacing the omnidirectional
antenna system by adaptive beamforming antennas with higher antenna gain and
Spatial Filtering for Interference Reduction adaptation method for all nodes in
the network. Then,

Γ
(SFIR)
ij > Γ

(omni)
ij ; ∀ links (i, j) ∈ Ln. (3.1)

Proof: Let Amax be the maximum gain of the adaptive beamforming antenna,
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then the antenna radiation pattern is such that

Ai(θ) ≤ Amax ∀ θ . (3.2)

If SFIR is used, in any link (i, j) ∈ Ln, node i maximize its antenna gain
in the direction of node j and viceversa (the beam is electronically steered),
meaning that

Ai(θij) = Aj(θji) = Amax . (3.3)

For all links (k, l) ∈ Ln such that link (k, l) 6= (i, j) follows from (3.2) and (3.3)
that

Ak(θkj)Aj(θjk) ≤ A2
max , (3.4)

∑

∀ link (k, l) ∈ Ln
link (k, l) 6= link (i, j)

PkGkjAk(θkj)Aj(θjk) ≤
∑

∀ link (k, l) ∈ Ln
link (k, l) 6= link (i, j)

PkGkjA
2
max , (3.5)

Therefore, since the terms in (3.5) are greater than zero,

PiGijA
2
max

∑

∀ link (k, l) ∈ Ln
link (k, l) 6= link (i, j)

PkGkjAk(θkj)Aj(θjk) + PNoise
≥

PiGij

∑

∀ link (k, l) ∈ Ln
link (k, l) 6= link (i, j)

PkGkj +
PNoise
A2
max

(3.6)

When omnidirectional antennas are used, the right hand side of equation (3.5)
gives a lower bound for SINR because Amax > Aomni.

2

The above proof could be easily extended for different antennas beamwidth
(φh). As the antenna beamwidth get narrower the antenna gain increases, then,

if comparing two systems, system a with system b, A
(a)
max > A

(b)
max; if φ

(a)
h < φ

(b)
h ,

hence a more general statement is that

Γ
(SFIRa)
ij > Γ

(SFIRb)
ij ;∀ link (i, j) ∈ Ln; if φ

(a)
h < φ

(b)
h . (3.7)

Note that the above statement does not necessarily hold if switch beam antenna
systems are used.

As mention before, this may imply that higher reuse may be achieved as the
antenna beamwidth reduces.
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While creating the schedule, the problem of compensating for uneven traffic
distribution by MHA + TCS is done basically assigning a number of slots pro-
portional to the traffic load of a given link. We can see this as an optimization
problem where the objective function is to maximize the maximum End-to-end
Throughput, λ∗, for the whole network. To explain this, we define nij to be the
number of slots within a period of the schedule, Nf , allocated to link (i, j); then
the relative link capacity Cij is

Cij =
nij
Nf

, (3.8)

that constitute the elements of the network capacity matrix C.

The values for Cij and the relative traffic load is all we need for a good
estimation of the maximum End-to-end throughput λ∗. Assuming infinite buffer
length, if the average traffic load routed through link (i, j) is λi,j , for stable
condition λi,j must be lower than Cij . Consequently, the maximum End-to-end
throughput over any link that produces a finite Packet delay, Dij , is given by
[33]

λ < λ∗ = N(N − 1) min
∀ link (i,j)

{

nij
NfTij

}

. (3.9)

Equation (3.9) reveals that assigning a number of slot proportional to the
relative traffic load of a link improves λ∗. Therefore, as previously stated, traffic
controlled algorithms aim to maximize the End-to-end throughput. However
compensating after route selection is not an optimal solution since the frame
length Nf is also function of nij which in turns is a function of the spatial
reusability of slots, therefore influenced by the MAI, network topology, and
routing. In addition to interference, the schedule’s period is influence also by
the fact that a node can not receive from more than a single source, as illustrated
by the following example.

Example 3.2.1 Let consider the case illustrated in Fig.3.3 where all nodes select a

route to transmit to node E using narrow beamforming antennas such that the MAI is

effectively eliminated. If we applied the Minimum Hop Algorithm for route selection

two possible relative traffic distribution may result as indicated by the number over

each edge on the graph. In this example, link (D,E) carries 3 times more traffic than

links (A,D), (B,D), and (C,E) if Route selection 1 is the result of the MHA. If we use

a traffic controlled schedule, link (A,D) must be guaranteed 3 slots resulting in the

illustrated schedule of length Nf = 5 slots with a total number of slot assignments of 7

in the frame, corresponding to 7/5 total network capacity. If Route selection 2 is used

as an input to the traffic controlled algorithm then there will be a total capacity of

8/4 = 2 which is obviously more efficient. The resulting maximum throughput is 1/5

for Route selection 1 and 1/4 for Route selection 2 which correspond to 25% higher

throughput.
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Figure 3.3: Example of the impact of route selection when effective reduce of
MAI is achieved by using Narrow Beamwidth Antennas.

As the example shows, if we think in the case of being able to remove all the
interference (e.g. narrow beam Smart antennas) the fact that a node can not
receive from more than a single node and neither can transmit simultaneously
becomes a limiting factor. In the intermediate case, both interference and route
selection are important. Therefore a combine routing & scheduling strategy can
improve the system performance.

3.2.1 Reuse Adaptive Minimum Hop Algorithm (RA-MHA)

In MHA + TCS routing information is used by the MAC protocol through
the relative traffic load. As a way to integrate routing and schedule two way
information could be used, that is from routing to the traffic schedule algorithm
and from this to a routing that takes into account the resulting link capacity
from the schedule. Fig.3.4 illustrate the procedure that we will refer as Reuse
Adaptive Minimum Hop Algorithm (RA-MHA) utilized to further improve the
performance of Spatial TDMA with smart antennas.

Similar to the previous method the algorithm starts by computing the G
matrix based on node locations, and the terrain database. The second step aims
to spread the traffic with the objective of spreading the MAI. This was achieved
by employing the routing decision for RA-MHA (Appendix A), that takes into
account the set of minimum hop paths and capacity assigned to each link for
route selection. In this step, it is assumed that all links have the same capacity
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Figure 3.4: Procedure to create the Link Schedule for STDMA called Reuse
Adaptive Minimum Hop Algorithm RA-MHA.

(Cij = 1) and the generated routing table is labelled r1 for later decision. The
relative traffic load (Tij) produced by r1 for every link can be computed and it
is used in the next step to find the schedule as an output by applying a Traffic
controlled schedule (TCS) algorithm.

From the resulting schedule the number of slots assigned to each link and
the period of the schedule can be found to compute the resulting capacity of
each link; i.e. Cij = nij/Nf . The relative traffic load matrix T and the capacity
matrix C are used in the next step to find the maximum throughput achieved
with the routing r1 using (3.9).

The next step tries to improve the route selection by considering the actual
resulting capacity matrix C. The capacity assigned to each link by the schedule is
used to find a new routing table r2 with the routing decision for RA-MHA. Next,
the maximum throughput achieved by routing r2 and the schedule is computed.
Finally, the routing to be used is the one that produces the highest throughput.
The difference between r2 and r1 is that r2 utilizes the real network capacity
obtained by the traffic controlled algorithm to try to maximize the throughput.

The main idea of routing decision RA-MHA is described here and a detailed
step by step algorithm can be found in appendix A. The required inputs are the
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network topology and link capacity Cij . The algorithm could be summarized
by,

I. Collect the set of paths with shortest distance between all (S,D) pairs in
the network. MHA can be used to find the set of paths.

II. Put (S,D) pairs in ascending order according to the number of possible
paths. If two (S,D) pairs have equal number of possible paths, give priority
to the one with higher number of hops.

III. From the set of path for each (S,D) pair, select the one that produce
max{min{Cij/Tij}} for all links within the path and update the traffic
load for all links within the selected path with Tij = Tij + 1.

IV. Repeat III until all (S,D) pairs have been considered.

Note that in step II, priority is given to the path with longer distance since
this will affect a higher number of links. Every time a route is selected the
relative traffic load is updated adding one to all links within the selected path
to influence the next routing decision. Note that the increment by 1 in Tij is
the result of the assumption of even traffic load among nodes, however it could
be modified to include differences in traffic between different (S,D) pairs. Note
also that the resulting routing table used by each node is a matrix (rather than
a vector as in MHA), with row and column indexes correspond to sources and
destinations respectively, and the value held is the index of the relaying node to
be used to deliver the packet.
End-to-end packet delay, E[D], and maximum throughput, λ∗, were both

used to measure the performance.

3.3 Approximate Analytical Method for Delay

Calculation in STDMA

As described in section 2.3, a randomly selected packet transmitted from node
S to node D experiences a random delay DSD that is the sum of the delays on
every link utilized to route the packet. Averaging over all the equal likely (S,D)
pairs in the network, the expected end-to-end delay is given by

E[D] =
∑

∀ link (i,j)

Tij
N(N − 1)

E[Dij ] , (3.10)

Although an exact analysis for E[Dij ] (the expected packet delay over link (i, j))
appears to be difficult [5, 17] an approximate model can be employed to obtain
a numerical estimation. For this the following assumptions are needed:
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I. each node uses a different infinite length buffer for every feasible outgoing
link,

II. packets arrival time to be transmitted over each link is poisson distributed
with arrival rate λij , and

III. the slots assigned to link (i, j), nij , are uniformly distributed within the
schedule.

Assumption II implies that packet arrival to each link are independent from
the delay and queue process over the previous relaying link. This is known
as Kleinrock’s principle of independence [35]. For low traffic obviously this is
not true since one packet from a Source to a Destination will find basically
empty queues over each relaying node making the poisson distribution arrival
process assumption to each link invalid. For medium and high traffic the queuing
process makes the arrival and departure of packets much more complex and
the assumption appear to be valid, see Fig.3.5. Assumption III depends on
the Traffic controlled Schedule Algorithm utilized and could be difficult to be
actually true. It has been suggested in [17] that assumption III is a desirable
property of a good scheduling algorithm. The algorithm proposed by Grönkvist
in [20] utilizing priorities to create the schedule tries to create the schedule with
this property, therefore his algorithm will be used for our evaluation.

Nevertheless, if the above assumptions are used, the expected packet delay
through link (i, j), E[Dij ] could be modelled as the resulting packet delay in a
TDMA system with a frame length Nf/nij , with a packet transmission time of
1 Slot [[7], page 13]. Hence, equation (2.15) can be approximated by (3.11).

E[D] ≈
∑

∀ link (i,j)

λij
λ

[

1

2(Cij − λij)
+ 1

]

Slot. (3.11)

In our case since we are comparing MHA + TCS against RA-MHA method is
very important to verify that this approximation does not gives favorable results
for either of the two procedures. Hence we have evaluate this aproximation by
computer simulation. Fig.3.5 shows results of simulation for network A when 60
degrees Beam Forming Antennas (BFA) are used. In the simulation, external
packets arriving at each node where generated according to a Poisson process
with equally likely destination among nodes. Each node had a 100 packet buffer
length (FIFO) for each outgoing link where transit and local packets were placed
for transmission after its reception. The model produces a relatively small under-
estimation for low traffic in both routing methods. For moderate and relatively
high traffic, a more accurate result is achieved.

3.4 Results

Sample networks A, B, and C in Fig.2.1.3, and 2.2 have been used to evaluate the
performance result with MHA + TCS and RA-MHA. We can see that network
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selected network with 20 nodes. Note that the M/D/1 model describe the system
performance.

A is an sparse network with relatively weak links but reasonably connected with
on average 7.5 neighbors per node and an average number of hops between any
(S,D) pair of 1.8 hops. On the other hand network B is more dense getting
a better connected network than A, with on average 10.2 neighbors per node
and an average number of hops 1.5 hops. Network C is much less connected
than A with only 6.9 neighbors on average per node needing on the average 2.1
hops to send a packet between a (S,D) pair. Each node transmits with constant
power that produces a maximum radio range of 40 km with propagation constant
α = 3.

Fig. 3.6, 3.7, and 3.8 show the cumulative distribution function of the max-
imum throughput for networks A, B, and C for RA-MHA and random MHA +
TCS with 100 independent trials. Furthermore, Fig.3.9 and Fig.3.10 show the
end-to-end packet delay versus the external total traffic load, λ for networks A
and B (a single snapshot in random MHA was used in this case). Note that the
maximum throughput using RA-MHA (indicated with *) occurs with probability
one, therefore the cdf is a unitary step function u(λ− λ∗) .

As expected, Fig.3.6, 3.7, and 3.8 show that when narrow antenna beamwidth
is used the new method (RA-MHA) may produce significant higher throughput
than random MHA + TCS. For instance, the throughput improvement applying
RA-MHA with 60 degrees antennas was 31.8%, 6.2% and 18.3% higher through-
put for network A, B and C respectively , when compared to the mean value
achieved with random MHA + TCS. The lowest improvement in network B is
produced because nodes are very close to each other as revealed by its topology.
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Note that (in networks A and C) the same throughput is achieved with 60 and
10 degrees antennas. This indicates that interference is effectively reduces by
spatial location and routing becomes the main limiting factor.

The results in Fig.3.9 and 3.10 demonstrate that the use of RA-MHA may
result also in lower delays for almost all traffic conditions with respect to MHA
+ TCS. An interesting result is that higher maximum throughput is achieved
with 120 degrees antennas beamwidth with RA-MHA than with 60 and 10 with
MHA + TCS. As before, note that little improvement is achieved in network A
when 10 degrees antennas are used respect to 60 degrees antennas.

Fig.3.11, 3.12, and 3.13 summarize the maximum throughput improvement
obtained by RA-MHA compared with the mean value achieved with MHA +
TCS. In scenarios where nodes are close to each other like in sample network B
higher improvement is obtained with very narrow antenna beamwidth. The gain
with omnidirectional antennas is very small suggesting that the traffic controlled
schedule algorithm effectively manage the uneven traffic distribution created by
the routing because interference dominates. Furthermore, the results demon-
strate that smart antennas can produce a tremendous capacity improvement
with respect to omnidirectional antennas with relatively simple antennas array
(big improvement with only 120 degrees antenna’s beamwidth was achieved).

3.5 STDMA in Rough Terrain

In the rural scenario the impact of the terrain on the network performance is
very important. STDMA with omni-directional antennas has been already stud-
ied by Somarriba in [19] and the results show that Rough (mountainous) terrain
makes it more difficult to achieve a fully connected network, but when this is
achieved, it has the advantage of ”shielding” the nodes from interference yield-
ing more efficient STDMA schedules. More recently, Grönkvist [33] has found
that the network connectivity is a very important factor when using omnidirec-
tional antennas over a realistic terrain. Therefore in this section we relax our
assumption of flat terrain and distance dependent radio propagation model to
observe the effect of the terrain roughness on the performance of multihop ad hoc
networks with beam forming antennas as a function of the network connectivity,
here defined by

C =
1

N − 1
E[neighbors] . (3.12)

Note that the value of C is an important measure of the network topology,
which in turn is influenced by the terrain and nodes’ transmission power. Hence,
many of the results in this section has been plot as a function of C. In general,
for a connected network the connectivity must satisfy (3.13).

2

N
≤ C ≤ 1 . (3.13)
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respond to MHA + TCS with 120, 60 and 10 degrees respectively. The use of
RA-MHA is indicated with a*, b*, and c*.
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Different terrain roughness has been simulated using the synthetic terrain
model described in appendix C with height parameters σ=10, 40 and 80 meters
and smoothness ρ = 5 km over 50x50 km. As the value of σ increases, the terrain
roughness increases as well. With σ = 10, 40 and 80 meters, the maximum
height found were 69.8, 244.6, and 595.9 meters respectively. The node locations
for networks A, B and C shown in Fig.2.1.3 and 2.2 have been used for the
evaluation. In order to vary the connectivity over each of the different terrains
the path losses are computed as described in appendix C and the transmission
power was gradually increased. If the received power Pij for link (i, j) exceeds
γ0PNoise the link is assumed to be feasible. The receiver’s noise figure was
assumed to be Fsys = 15 dB, its effective noise bandwidth 100 kHz, operating
frequency 430 MHz, and γ0 = 10 dB which correspond to a BER lower than
10−5 for BPSK modulation scheme. RA-MHA procedure was utilized as the
method to create the schedule.

Fig.3.14, 3.16 and 3.18 show the maximum end-to-end throughput using this
three different terrains with node distribution for network A, B and C respec-
tively using omnidirectional antennas and adaptive BFA with φh = 10o antennas
beamwidth (narrow beam antennas). The required transmission power as func-
tion of the network connectivity C is shown in Fig. 3.15, 3.17 and 3.19 for
networks A, B, and C respectively. In general, it can bee seen that as the terrain
roughness increases, higher transmission power is needed to achieve the same
connectivity. The node locations is an important factor for the network connec-
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Figure 3.13: Maximum throughput for different antenna beamwidth (Network
C).

tivity, as revealed by the results for network B which is a more dense network. In
this case, when compared with networks A, higher power is needed to achieved a
connected network. This is caused by node 13 which is separated from the group.
Note also that, in the three sample networks observed, achieving connectivity
higher than 0.8 requires significant amount of power.

From Fig. 3.14, 3.16 and 3.18 it can be observed that the throughput exhibits
a linearly increasing behavior as a function of the connectivity for both narrow
beam forming antennas and omnidirectional antennas, in the three networks
observed, this behavior is independent of the terrain roughness. As the network
connectivity decreases, the throughput with adaptive BFA approaches to the
omnidirectional case. The throughput achieved with adaptive BFA was 8.24,
8.4 and 8.26 times the throughput with omnidirectional antennas for C = 1. For
the lowest connectivity the result was 5.45, 4.25, 3.3 times the throughput with
omnidirectional antennas.

Fig.3.20, 3.21 and 3.22 show the impact on the end-to-end packet delay mea-
sure at 75% the maximum throughput. As reveal by the figure, the end-to-end
packet delay exhibits high variability with respect to the connectivity with om-
nidirectional antennas but appears to be independent of the terrain roughness.
Note that the packet delay increases very much for connectivity higher than 0.8;
this is a consequence of very high transmission power resulting in a lack of slot
reuse. This discontinuity (jump in delay at mathcalC = 0.8) is also found with
adaptive beamforming antennas, such a condition should therefore be avoided.
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Nevertheless, the packet delay is almost constant up to C = 0.8 with this antenna
beamwidth.

3.6 Summary

In this chapter we have analyzed the utilization of Smart Antennas with the
conflict-freeMAC protocol called Spatial Time Division Multiple Access (STDMA).
As was explained in this chapter, Link Assignment is better than Node Assign-
ment in networks with smart antennas and the scheduling may be performed
by adopting existing heuristic algorithms. If during a given slot the transmit-
ting node and the receiving node adapt their antennas to maximize the received
power (referred as Spatial Filtering for Interference Reduction, SFIR), the re-
sulting SIR is reduced as the antenna beamwidth reduces, potentially increasing
the slot reuse.

Routing was found to be a very important problem limiting the potential
network throughput. When interference reduction measures such as narrow an-
tenna beamwidth are used the problem that a node can not receive and transmit
at the same time becomes an important limiting factor. To improve the network
performance a novel procedure to create the Link Schedule that combines routing
& scheduling, called Reused Adaptive Minimum Hop Algorithm was introduced
and its performance was evaluated. Both lower end-to-end packet delay and
higher throughput were demonstrated through application of the new strategy.

Influence of the terrain roughness on the network connectivity and perfor-
mance of STDMA was also investigated. Results show that connectivity of the
network is a very important factor that influence both throughput and delay.
Terrain roughness influences the connectivity in the sense that higher transmis-
sion power is needed to obtained the same connectivity. Throughput and delay
results are similar for the same network connectivity appearing to be independent
of the terrain roughness. It was observed that on rough terrain, the throughput
linearly increases as the connectivity increases. The performance improvement
of narrow antennas increases with respect to the omnidirectional case as the con-
nectivity increases as well. Very high transmission power is required to achieve
higher connectivity (C ≥ 0.8 in the three sample network studied) which results
in high transmission power since only a single hop is needed to reach any desti-
nation but it also results in high delay because of poor spatial reuse. This effect
is reduced but not eliminated by the used of adaptive beamforming antennas.
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Figure 3.14: Maximum throughput versus connectivity for Network A on rough
terrain with σ=10, 40 and 80 meters utilizing omnidirectional antennas and
adaptive BFA with 10o antennas beamwidth.
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terrain with σ=10, 40 and 80 meters.
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Figure 3.16: Maximum throughput versus connectivity for Network B on rough
terrain with σ=10, 40 and 80 meters utilizing omnidirectional antennas and
adaptive BFA with 10o antennas beamwidth.
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Figure 3.17: Transmission power versus connectivity for Network B on rough
terrains with σ=10, 40 and 80 meters.
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Figure 3.18: Maximum throughput versus connectivity for Network C on rough
terrain with σ=10, 40 and 80 meters utilizing omnidirectional antennas and 10o

antennas beamwidth.

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

60
Transmission Power vs Connectivity on Rougth Terrain (Network C)

Connectivity

Tr
an

sm
is

si
on

 P
ow

er
 (d

B
m

)

σ=10m
σ=40m
σ=80m

Figure 3.19: Transmission power versus connectivity for network C on rough
terrains with σ=10, 40 and 80 meters.
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Figure 3.20: End-to-end packet delay at 75% the maximum end-to-end through-
put versus connectivity for Network A on rough terrains with σ=10, 40 and 80
meters utilizing omnidirectional antennas and adaptive BFA with 10o antenna
beamwidth.
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Figure 3.21: End-to-end packet delay at 75% the maximum end-to-end through-
put versus connectivity for Network B on rough terrains with σ=10, 40 and 80
meters utilizing omnidirectional antennas and adaptive BFA with 10o antenna
beamwidth.
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Figure 3.22: End-to-end packet delay at 75% the maximum end-to-end through-
put versus connectivity for Network C on rough terrains with σ=10, 40 and 80
meters utilizing omnidirectional antennas and adaptive BFA with 10o antenna
beamwidth.
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Chapter 4

Carrier Sensing Multiple
Access with RTS/CTS and
Switch Beam Antenna
Systems

This chapter focus on the utilization of smart antennas with the random access
protocol Carrier Sense Multiple Access/ Collision Avoidance (CSMA/CA) with
Request to Send (RTS) and Clear to Send (CTS) handshaking mechanism. The
setup procedure utilized in this protocol makes it possible to use smart antennas
at both the transmitter and the receiver. Although it is expected that the appli-
cation of smart antennas in CSMA/CA with handshaking can provide significant
improvement with respect to the omnidirectional case however, as expounded
later in this chapter, the system design needs careful consideration. Since cost
is of paramount importance, the study is limitted to utilization of switch beam
systems. Several beam selection policies controlled by the MAC-sublayer are
proposed and their performance evaluated.

4.1 Introduction

A handshaking procedure for wireless multihop ad hoc networks was first pro-
posed by Phil Karn in [11]. Several Variants of this protocol have been proposed
including the IEEE 802.11 standard [12–16].

A CSMA/CA node uses a simple half-duplex transceiver controlled at at
the link layer to receive or to transmit. At the MAC sub-layer, transition from
transmission to reception is based on the CSMA/CA protocol, which is designed
to minimize the probability of collisions. This is done by transferring a data

41
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Figure 4.1: Data transfer procedure from Node A to Node B using Carrier Sense
Multiple Access Collision Avoidance with RTS and CTS.

packet in three steps as illustrated in Fig.4.1. Firstly a node that has data to
transmit sends a short Request to Send (RTS) packet. All nodes hearing the
RTS, excepting the target receiver node, defer their transmissions. Secondly,
the target node transmits a short Clear to Send (CTS) and all nodes hearing
the CTS, excepting the originating node, defer their transmission until after the
end of the data packet. Finally the originating node transmits the data, now
having a fair degree of confidence that the channel will be free of interference. In
addition to these three steps a node inhibits its transmission if it senses another
transmitter on the channel, i.e. Carrier Sense (CS). Link layer acknowledgement
could follow the data packet immediately after its reception, like in IEEE 802.11
standard [12]. The type of CSMA/CA implemented for evaluation and generate
the results in this chapter is very similar to FAMA described in [14] where higher
layer acknowledgement solutions are assumed to be used. Details about the
simulation of this protocol could be found in appendix B.

Two well known problems found in CSMA/CA are the hidden terminal and
exposed terminal problem. Fig. 4.2 illustrates a packet transmission from Node
A to Node B using omnidirectional antennas. The maximum range of Carrier
Sensing dCS is greater than the range of error free reception dRTS of an RTS
(or Data) in absence of MAI. Note that Node C can not sense the RTS yet
may be close enough to Node B to interfere with RTS’s reception. Node C is
said to be the hidden terminal. Carrier Sensing is important in reducing the
hidden terminal problem [5][17][36]. Alternatively Node D can sense the RTS
and DATA but may be able to transmit without interfering with the DATA
packet’s reception. If this is so, then Node D is said to be exposed. The range of
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Figure 4.2: Carrier Sensing and RTS reception zones. If A transmit a RTS, B
may decode it correctly, D may detect the channel busy but no C

the RTS and CTS is set by the modulation and coding while the range of carrier
sensing is determined by the carrier sensing time constant and threshold.

Carrier detection can be performed at the physical layer through a power
detector to produce a local estimation of the MAI. Let xi be the i-th input
sample to the power detector and x the average output power over an M samples
window; the output power estimation level is then given by

x =
1

M

M−1
∑

i=0

x2
i (4.1)

Let ICD be a binary variable with a 1 used to indicate carrier sense and 0
otherwise. Then the value ICD passed to the MAC-sublayer is given by

ICD =

{

1 if x > PTh
0 otherwise

, (4.2)

PTh is the carrier detection power level threshold. Since xi is the sum of signal
plus noise on the channel, setting the carrier sensing threshold too low may cause
that a node falsely detects the channel busy due to background noise only. On
the other hand, setting PTh too high will result in a bad MAI estimation. The
selected value for PTh can be expressed as a function of the noise power and is
given by (4.3).

PTh = γcsPNoise , (4.3)

γcs is the signal to noise ratio for carrier sensing, 1 < γcs ≤ γ0 .
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Figure 4.3: Carrier Sensing and RTS reception zones. If A transmit a RTS, B
may decode it correctly, D may detect the channel busy but no C

The minimum value for PTh must be chosen to minimizes false carrier de-
tection. In absence of any node transmission (noise limited system) the white
Gaussian noise dominates and the output of the power detector x is distributed
as chi-square with M degrees of freedom with mean PNoise and variance σ2 =
2P 2

Noise/M [36]. If we do a fairly large number of samples good estimation of the
noise power (low variance) could be achieved. However, the use of large M also
produces an undesirable carrier detection delay while receiving that could result
in reduction in performance [9]; therefore short M is also desirable. In this work
it is considered that a minimum carrier detection threshold of 3dB above the
noise floor can be used. The receiver needs a minimum time to sense the car-
rier included within our simulations through the microslots period. By setting
the microslot period to much less than the length of an RTS the probability of
collision is reduced.

It has been previously stated that carrier sensing could be removed and rely
only on the RTS/CTS handshaking in protocols likes MACA[18]. The hidden
terminal and exposed terminal problems are difficult to thoroughly analyze, how-
ever RTS collisions are considered to be critical[37]. How carrier sensing could
help with RTS collisions is better understood through an example.

Example 4.1.1 We want to illustrate the relation between carrier sensing threshold
and the probability of RTS collision between two given nodes when using omnidirec-
tional antennas.

Lets assume for simplicity a distance dependent radio propagation model. Then,
in absence of multiple access interference, the range for error free reception of the RTS
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, dRTS is given by (see Fig.4.2),

dRTS =
α

√

PA
γ0PNoise

, (4.4)

The RTS reception area can be computed by ARTS = πd2

RTS .

In similar way, the carrier detection distance can be computed

dCS =
α

√

PA
γcsPNoise

= α

√

PA
PTh

, (4.5)

Assume a hidden Node C lies just out of carrier sensing range as shown in Fig. 4.3
(dAC = dcs ). The received SIR ΓAB (ignoring background noise) is

ΓAB =
PAB
PCB

=

(

dBC
dAB

)α

≥ γ0 , (4.6)

where d2

BC = d2

AB + d2

CS − 2dABdCS cos θ.Hence, the distance for which A’s RTS
survives is dAB = dcap. Then

(

dcs
dcap

)2

− 2

(

dcs
dcap

)

cos θ + 1 ≥ γ
2/α
0

. (4.7)

Hence, the capture range can be approximated by

dcap ≈ min



dRTS ,
dcs

cos θ +

√

(γ
2/α
0

− 1) + cos2 θ



 (4.8)

Some examples of the resulting relative capture area using (4.8) are drawn in Fig.4.4

using the parameters of table I with carrier sensing thresholds of 3dB, 6dB, 9dB and

10dB (No CD zone) above the noise floor. It can be seen from the figure that the cor-

rect detection area of the RTS is shrink to 75.6%, 57.9%, 40.8%, 34.9% for 3dB, 6dB,

9dB, and 10dB carrier sensing threshold respectively. If nodes are uniform distributed

over this area this correspond to the probability of successfully reception of the RTS.

Collision with short RTS packet is less costly in performance than data packet
collisions. This could be true if the data packet size is much bigger than the RTS
and CTS packet. To verify the impact on the end-to-end packet delay of RTS
collisions we have done discrete step simulations with the simulation parameters
summarized in table 4.1. We have selected RTS and CTS packet size of 25 bytes
each which are small when compared with the Data packet size of 500 bytes.
The impact of different carrier sense thresholds with omnidirectional antennas
in network A and B are shown in Fig. 4.5. Using the minimum carrier sense
threshold of 3dB yields better performance at relatively high traffic load. How-
ever the performance improvement by selecting a low carrier detection threshold
is only 7.14% for network A and 5.55% for network B.

Depending on the antenna adaptation use during RTS/CTS and Data trans-
mission, Carrier sensing impact may not be that important when narrow beam
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Figure 4.4: Reception area of A’s RTS when a hidden terminal C is located at the
carrier detection boundary for different values of CS threshold. RTS reception
in absence of MAI is indicated by a dotted line.

Table 4.1: Simulation Parameters used for Performance Evaluation
Parameter Value

Packet Size (PS) 500 Bytes
RTS size 25 Bytes (5% PS)
CTS size 25 Bytes
Data Rate 100 Kbps
Buffer Length (FIFO) 100 packets
Clock Step (microslot) 5 Bytes (1% PS)
Number of Nodes (N) 20
Packet Transmitted per Node 2000
External Packet Arrival Poisson Distributed
Packet Destination Uniform Distributed
Routing Method Minimum Hop Algorithm (MHA)
Maximum Radio Range 40 km
Minimum SINR γ0 = 10dB
Receiver Noise Figure 15 dB
Equivalent Receiver
Noise Bandwidth (B) 100 kHz
Carrier Sensing Threshold +3 dB minimum
above the Noise Floor +10dB maximum
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Figure 4.5: Fig.7. Performance of Network A and B with omnidirectional an-
tennas and carrier detection threshold of 3dB and 10 dB above the Noise Floor.
Tpacket is the data packet transmission time.

antennas are utilized. In addition, the use of directional patterns for RTS and
CTS transmission could help to overcome the exposed terminal problem by spa-
tial filtering of the interference but may increase the hidden terminal problem
so a careful system design is needed.

In the following, it is assumed that each node is equipped with a switch
beam antenna system, then the MAC sublayer must select the type of antenna
(if using omnidirectional or directional) to transmit or to receive triggered by a
given event (e.g. reception of an RTS). Hence it is needed to utilize what we
will called a Beam Selection Policy.

4.2 Beam Selection Policies

For each transmission from i to j over link (i, j), node i and node j must select
the appropriated antenna sector. Five cases have been studied

I. Omnidirectional Antennas: All nodes within the network use omni-
directional antennas for communications for the whole time. This is the
reference case.

II. Beam Selection Policy I (Omni-RTS): During the transmission of
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an RTS both nodes use omnidirectional antennas while during CTS and
DATA transmissions both nodes use directional beams. See Fig. 4.6.a.

III. Beam Selection Policy II (Di-RTS): This policy is the same as policy
I except that the RTS is transmitted using a directional beam. See Fig.
4.6.b.

IV. Beam Selection Policy III (Di-RTS/Omni-CTS): This policy is the
same as policy II except that the CTS is transmitted using a omni-directional
beam. See Fig. 4.6.c

V. Beam Selection Policy IV (Omni-RTS/ Omni-Rx.CTS/Di-CTS):
During the transmission of an RTS both nodes use omnidirectional anten-
nas while during reception of the CTS the originating node uses omnidi-
rectional antenna and the receiving node transmit the CTS directionally.
See Fig. 4.6.d

In all cases a receiving node (the one to whom the data is intended) use an
omnidirectional reception of the CTS since doesn’t know who is the possible
transmitting node. To keep the same radio range we utilized a simple power
control strategy where the transmission power of node i to transmit to node j
is given by

Pi =
Pomni
Ai(θij)

, (4.9)

where Pomni is the transmission power when transmitting with omnidirectional
antenna.

Due to the complexity of the wireless Multiple Access Interference and the
MAC protocol funcionality it is not clear which policy performs the best. For
instance, Policy I could help preventing collisions of CTS at the originating node
and may help to prevent RTS collision at the receiving node. However, Omni-
directional transmission of RTS packets may cause unwanted interference. The
use of directional transmission of CTS relays on the spatial filtering capability
of the selected beam to transmit the data. On the other hand, Policy II is a
more aggressive beam selection policy that relays completely in the interference
rejection capability provided by the directional radiation pattern of the antenna.
A more conservative strategy is given by policy III where transmission of an om-
nidirectional CTS may prevent transmissions that may or may not affect the
receiving node. This may result in an unnecessary channel reservation that does
not take advantage of spatial interference reduction of smart antennas.

Policies I,II, and III are very convenient if a node has total location infor-
mation of its neighboring nodes. This could be the case for static or nomadic
networks with very slow mobility. For a mobile scenario Policy IV is a possi-
ble and interesting solution. In a mobile scenario the originating node may not
know where exactly its neighbors are located, therefore its start sending an om-
nidirectional RTS. After receiving the RTS the receiving node get the location
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(b) Beam Selection Policy II (Di-RTS)

(a) Beam Selection Policy I (Omni-RTS)
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(c) Beam Selection Policy III (Di-RTS/Omni-CTS)

Figure 4.6: Beam Selection Polices used by node A to communicate with node
B. Circles indicates the use of omnidirectional antennas and triangles directional
antennas.

information of the originating node and therefore can transmit a directional CTS
which is received by the originating node using an omnidirectional antenna pat-
tern. After that, the data transmission could be done using directional patterns
by both nodes.
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Note that other selection policies are possible but they were considered to
result in lower performance improvement. For instance, it is possible to use both
Omni-RTS and Omni-CTS but we can expect no significant benefit of reserving
the channel this way.

4.3 Numerical Results

The performance using the above selection policies was evaluated using sample
networks A and B in Fig.2.1.3. A carrier sensing threshold of 3dB above the
noise floor was used since it performed best in the omni-directional case.

4.3.1 Policy I (Omni-RTS)

The results for sample network A and B are shown in Fig.4.7 and 4.8 respectively.
It can be noted that in both networks for very low traffic load not significant
impact on packet delay is observed using this policy. This is an expected result
since for low traffic the probability that two nodes attempt simultaneous trans-
mission is rather small. For medium and high traffic lower packet delay is always
achieved by using narrower antenna beamwidth.

The use of of narrower antenna beamwidth always results in higher through-
put. Fig.4.9 summarize the End-to-end maximum throughput achieved using this
policy.

Note that higher throughput is achieved for network B since is better con-
nected than network A (the average number of neighbors in network A is 7.5
while in network B is 10.5). On the other hand the relative improvement respect
to the omnidirectional(see table 4.2) case is higher for network A since the net-
work is more spread allowing better filtering of interference with 90, 60, and 30
degrees antenna beamwidth that with network B. The used of narrower antenna
beamwidth results in an increasing SIR achieving substantial lower delay and
higher throughput.

4.3.2 Policy II (Di-RTS)

One possible problem with Policy I could be the potential data packet collision
with omnidirectional RTS transmissions. If a node is unable to heard a CTS
after hearing an RTS and neither detect presence of carrier on the channel, it
assumes that it can transmit since its estimation of the MAI indicates that it
is out of the antenna front-end of the receiving node. This estimation could be
completely wrong since the transmitting node uses a directional transmission
of data. This create the risk that those nodes that in the omnidirectional case
where considered exposed, starts transmitting an omnidirectional RTS that may
produce significant interference at the receiving node while receiving the data
packet resulting in degradation of the required SIR.
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Figure 4.7: Performance of Policy I (Omni-RTS) for network A.
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Figure 4.8: Performance of Policy I (Omni-RTS) for network B.
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Figure 4.9: Maximum throughput using Policy I (Omni-RTS) for networks A
and B.

Policy II try to improve on this problem by implementing a more aggressive
transmission strategy transmitting with directional antennas during the whole
procedure. This also produce the additional benefit of hardware complexity
reduction since the need of power control is eliminated.

The performance using beam selection policy II are shown in Fig. 4.10 and
Fig. 4.11 for networks A and B respectively.

Similar to policy I, lower delay for medium and high traffic is obtained by
this strategy. As expected, higher throughput is always obtained as the antenna
beamwidth is reduced.

The End-to-end throughput improvement for policy I and II is summarize
in Fig. 4.12. It is clear that policy II(Di-RTS) perform better than Policy I
(Omni-RTS) in all cases. This confirm our previous analysis that omnidirectional
transmission of RTS packets reduces the performance colliding with data packets.

The performance improvement in End-to-end throughput using policy I re-
spect to policy II is shown in in Fig. 4.15. A throughput improvement of 21.0%,
31.8%, 21.4%, and 18.7% for network A, and 9.1%, 12.0%, 18.8%, and 18.1% for
network B was obtained. Note that the improvement for network A increases
up to 600 antenna beamwith and then decreases with 300 and 100 beamwidth.
Similarly, the improvement also increases until 300 antenna beamwidth and de-
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Figure 4.10: Performance of Policy II (Di-RTS) for network A.
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Figure 4.11: Performance of Policy II (Di-RTS) for network B.
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Figure 4.12: End-to-end throughput comparison for Policy I and Policy II for
networks A and B.

creases for 100 beamwidth for network B. This is because the omnidirectional
impact of RTS transmission reduces as the antenna beamwidth reduces which
also confirming our previous statement.

4.3.3 Policy III (D-RTS/Omni-CTS)

A potential problem with policy II is that does not prevent transmission toward
a receiving node even if this transmission may produce significant interference.
One possibility to overcome this problem is through the use of Policy III (D-
RTS/Omni-CTS)where transmission of an omnidirectional CTS is utilized. This
result in a more conservative strategy since prevents transmission event if they
may not result in destructive interference toward other direction.

The results with this strategy evaluated on our two sample networks Fig.4.13
and 4.14 show the performance on networks A and B respectively. As can see the
use of this strategy results in poorer capacity improvement. Similar results to the
Policy I and II for low traffic is obtained. However a significant lower throughput
was found. This is an expected result since this strategy does not fully exploit
the interference reduction achieved with directional antenna patterns. The use
of omnidirectional CTS prevents transmissions that may not interfered with the
outgoing data transmission. This seems to be the dominan effect. This can be
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confirmed by the result of network A where nodes are more spread out limiting
the number of nodes that are deferred by hearing an CTS.

The reason why this protocol does not produces significant improvement is
because does not consider the direction of the intended receiver of the data
packet to prevent transmission in that direction only. A smarter way to improve
on this problem potentially producing better results could be find in [27] where
they consider that multiple beams could be combined together. Even with a
single beam selection, the use of location information to prevent transmission
in the direction of the receiver, may result in better performance. Due to the
complexity changing our simulator to include this functionality this research will
be considered in further works.

4.3.4 Policy IV (Omni-Tx.RTS/Omni-Rx.CTS/Di-CTS)

As mention in section 4.2, this policy is suitable for mobile networks where does
not exist exact knowledge of the location of a given node. Since the procedure
start transmitting with an omnidirectional RTS and wait with an omnidirectional
antenna pattern, lower performance could be expected with this policy than with
Policy I and II for static networks.

Fig. 4.16 and 4.17 shows the results obtained by implementing this policy
in networks A and B respectively. As expected, similar behavior to policies I
and II for low and relatively high traffic is achieved. However the throughput
improvement is reduced by both RTS and data collision as well as CTS collisions
under high traffic conditions.

The interesting thing with this result is that a big improvement in the over
all performance is achieved by using this strategy which may justified its use in
mobile scenarios. The End-to-end throughput improvement obtained respect to
the omnidirectional case was 28.6%, 50.0%, 85.7%, and 121.4% for network A
and 22.2%, 38.9%,72.2% and 127.8% for network B using 900, 600, 300, and 100

antennas beamwidth respectively.

4.4 Beam Selection Policies in Rough Terrain

In this section impact of terrain roughness on the performance for the different
policies is analyzed. Two different rural scenarios are evaluated using the ter-
rain model described in Appendix C with roughness parameter σ = 10m and
σ = 40m and smoothness parameter ρ = 5km over a squared area of 50km x
50km. The network was deployed using 20 nodes randomly dispersed over the
terrain until a connected network was found using the same criteria described
in section 3.5 but with constant transmission power Pi = 2dB. Fig. 4.18 shows
two networks topology, network C and D, over the rough terrain used in the
numerical examples below. The average number of neighbors for network C was
13.9 and 12.6 for network D.
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Figure 4.13: Performance of Policy III (Di-RTS/Omni-CTS) for network A.
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Figure 4.14: Performance of Policy III (Di-RTS/Omni-CTS) for network B.
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Figure 4.15: Performance of Policy III (Di-RTS/Omni-CTS) for network B.

Fig. 4.19, 4.20, 4.21 show the performance results using 90o, 60o, 30o an-
tennas beamwidth respectively using the 4 different policies and omnidirectional
antennas. In general we can say that beam selection policy II produces the
highest throughput in both networks yielding the same previous conclusion in-
dependently of the terrain roughness.

An interesting result is that Policy IV performs very similar to Policy I. The
probably reason for this is that the shielding provided by mountains reduces the
received interference while waiting for the CTS with omnidirectional antenna
pattern.

Finally, Policy III produces the poorest result which are almost the same
that using omnidirectional antennas. This is mainly because the channel is
reserved over (on average) 13.9 and 12.6 neighbors preventing almost any other
transmission on the network.

4.5 Summary

In this chapter we have proposed and evaluate the performance of Carrier Sense
Multiple Access/ Collision avoidance with RTS/CTS control handshaking using
omnidirectional and smart antennas. Since cost is of paramount importance
in civilian applications we address the problem of implementing switch beam
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Figure 4.16: Performance of Policy IV (Omni-Tx.RTS/Omni-Rx.CTS/Di-CTS)
for network A.
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Figure 4.17: Performance of Policy IV (Omni-Tx.RTS/Omni-Rx.CTS/Di-CTS)
for network B.
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Figure 4.18: Topology of network C with terrain standard deviation σ = 10m
and network D over rough terrain with standard deviation σ = 40m.
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Figure 4.19: Performance on networks C and D with φh = 90o antenna
beamwidth.
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Figure 4.20: Performance on networks C and D with φh = 60o antenna
beamwidth.
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Figure 4.21: Performance on networks C and D with φh = 30o antenna
beamwidth.
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technologies as the smart antenna method to increase the end-to-end throughput.
Four different Beam selection policies were proposed and their performance

evaluated by discrete step simulation. Policy I, II, and III are well applied to
static or nomadic networks while policy IV could be implemented for mobile
networks where neither the transmitter no the receiver knows in advance the
exact location of its neighbors.

Table 4.2 summarizes the throughput improvement with respect to the om-
nidirectional case for all the beam selection policies when applied to the two
sample networks A and B used to evaluate the performance. From this table
it is found that the must aggressive strategy, Policy II (Di-RTS), which utilize
directional antenna patterns all the time performs the best. This strategy fully
exploit the spatial interference reduction provided by the use of directional an-
tennas patterns. Up to 185% in throughput respect to the omnidirectional case
was achieved by using this beam selection policy. An additional advantage with
this policy is that can be implemented without power control to keep the same
radio range of RTS and Data transmissions which results in lower hardware cost.

The throughput improvement of beam selection policy IV may justify its
implementation in mobile networks. Up to 127.8% throughput improvement
was obtained in our evaluation for network B.

Finally, Policy III (Di-RTS/Omni-CTS) could be considered the more con-
servative strategy evaluated producing the poorest result. A possible way to
improve the results of this policy is using the location information to prevent

Table 4.2: Throughput Improvement Respect to the Omnidirectional Case

Network A

Antenna Beamwidth (φh) 90o 60o 30o 10o

Beam Selection Policy I
(Omni-RTS)

35.7 % 57.1% 100.0% 142.86%

Beam Selection Policy II
(Directional-RTS)

64.3% 107.15% 142.9% 185.7%

Beam Selection Policy III
(Di-RTS/Omni-CTS)

28.5% 42.9% - 57.1%

Beam Selection Policy IV 28.6% 50.0% 85.7% 121.4%

Network B

Antenna Beamwidth (φh) 90o 60o 30o 10o

Beam Selection Policy I
(Omni-RTS)

22.2% 38.9% 77.8% 144.4%

Beam Selection Policy II
(Directional-RTS)

26.3% 47.4% 100.0% 173.7%

Beam Selection Policy III
(Di-RTS/Omni-CTS)

5.6% 16.7% - 17.0%

Beam Selection Policy IV 22.2% 38.9% 72.2% 127.8%
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transmission only in the direction of the intended receiver. The incorporation of
such as changes could be an interesting subject for further research.



Chapter 5

Conclusions

In this thesis we have studied the design of multihop ad hoc networks using
either of two MAC protocols and smart antennas at both the transmitter and
the receiver. When using the MAC protocol Spatial Time Division Multiple
Access (STDMA), it is possible to control the relative capacity assigned to links,
estimate the packet delay, and to provide some degree of quality of service. The
drawback is that it may not offer good peak rates for bursty data traffic. The
Carrier Sense Multiple Access/ Collision Avoidance (CSMA/CA) with RTS and
CTS handshaking protocol has the ability to provide high peak data rates. The
problem with this protocol, as with any other random protocol in multihop ad
hoc networks, is that it is difficult to estimate the packet delay making quality
of service guarantees problematic.

Application of smart antennas to Spatial Time Division Multiple Access
is relatively uncomplicated and has been found to provide substantial gain in
performance with respect to the omnidirectional case. The use of Adaptive
Beamforming Antennas using Spatial Filtering for Interference reduction always
results in higher Signal-to-Interference plus Noise Ratio and can be used to
increase the reuse of slots in link assignment scheduling.

The potential improvement of smart antennas was found to be limited by
route selections. When interference reduction measures such as narrow antenna
beamwidth are used the constraint that a node can not receive and transmit
at the same time becomes an important limiting factor. To improve the net-
work performance a novel procedure to create the Link Schedule called Reused
Adaptive Minimum Hop Algorithm was introduced and its performance eval-
uated. Substantial higher End-to-end throughput and lower End-to-end packet
delay were demonstrated through application of the new strategy.

The influence of the terrain roughness on the network connectivity and per-
formance of STDMA was also investigated. It was found that the terrain rough-
ness influence the connectivity. However, for a given connectivity similar perfor-
mance was achieved with different terrain roughness with omnidirectional anten-
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nas and with adaptive beamforming antennas. This revealed that the network
connectivity characterizes the network performance with this MAC protocol.

On the other hand, implementation of smart antennas with CSMA/CA with
RTS and CTS is not straightforward. The use of smart antennas reduces the
over all MAI thus reducing the exposed terminal problem, but their use may
increase the hidden terminal problem. The problem of designing networks of
this type using Switch Beam antenna Systems was address. Four different beam
selection policies where proposed and their performance evaluated by discrete
step simulation. Three of these policies (Policy I, II, and III) are well applied
to static or nomadic networks while policy IV could be implemented for mobile
networks where neither the transmitter nor the receiver knows in advance the
exact location of its neighbors.

It was found that the most aggressive policy referred as Policy II (Di-RTS)
which utilize directional antenna patterns whenever possible performs the best.
This strategy fully exploits the spatial interference reduction provided by the use
of directional antennas patterns. An additional advantage of this policy is that it
can be implemented without power control to keep the same radio range of RTS
and Data transmissions which results in lower hardware cost. This result was
independent of the terrain roughness. If mobile networks are being considered
then policy IV is recommended.

In general, CSMA/CA is a very complex MAC protocol with many param-
eters and it has been designed by considering that omnidirectional antennas
are employed. Therefore, to fully exploit the potential improvement of smart
antennas, further modifications to this MAC protocol need to be researched.
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Appendix A

Routing Desicion for Reuse
Adaptive Minimum Hop
Algorithm

In the following the relative capacity of the network C and the network topology
are input parameters for routing decision. Each element in C denoted by Cij
represents the relative capacity assigned to link (i, j) and it is given by (3.8).

A.1 Algorithm

I. Using the network topology, collect the set of paths with shortest distance
between all (S,D) pairs in the network.

II. Put the list of (S,D) pairs in ascending order according to the number of
possible paths; i.e. (S,D) pairs with less number of choices are considered
first. If several (S,D) pairs have equal number of possible paths, order
then according to the number of hops in descending order.

III. Set the relative traffic load Tij = 0; ∀ links (i, j).

IV. While there are elements in the list of (S,D) pairs:

A. Take the first (S,D) pair in the list and take the first path as the best
one.

B. Store relative traffic load: BestTij = Tij ; ∀ links (i, j)

C. Update the relative traffic load:

BestTij = (Tij + 1); ∀ links (i, j) in the selected path. (A.1)
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D. Compute the relative flow vector:

BestF low =
Cij

BestTij
; ∀ links (i, j)in the selected path (A.2)

E. While there are paths not considered for this (S,D) pair:

1) Take the next path and store the relative traffic load:

NewTij = Tij ∀ links (i, j) (A.3)

2) Update traffic load:

NewTij = (Tij + 1) ∀ links (i, j) in the new path. (A.4)

3) Compute the relative flow vector if we select this path:

NewFlow =
Cij

NewTij
; ∀ links (i, j) in the selected path. (A.5)

4) If Better( NewFlow, BestFlow) /* See Fig A.1 */ then

• BestTij = NewTij ; ∀ links (i, j)

• BestF low = NewFlow

F. Update Traffic load and routing tables

1) Tij = BestTij ; ∀ links (i, j)

2) Update table of relaying nodes:

• put in routing table of node i, (S,D)=j , ∀ nodes i in lins (i, j)
in the selected path.

G. Remove this (S,D) pair from the list.
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Better = False
MinFlow = min(BestFlow)

NewMinFlow = min( NewFlow)

NewMinFlow > MinFlow

NewMinFlow = MinFlow

Sum(NewFlow=MinFlow) <
Sum(BestFlow = MinFlow)

Sum(NewFlow=MinFlow) ==
Sum(BestFlow = MinFlow)

/* Eval. Next Minimum */
BestFlow(BestFlow == MinFlow) = inf;
BestFlow(NewFlow == MinFlow) =inf;

All elements of
BestFlow== inf ?

Return (Better)

Return (Better)

Better =
True

Better =
True

Yes

No

Yes

Yes

Boolean Function Better(NewFlow, BestFlow)

No

Figure A.1: Function to deside if the traffic flow over a selected path is better
that the previously selected.
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Appendix B

Simulation of CSMA/CA
with RTS and CTS

In our implementation of CSMA/CA a node could be in one of 5 stages: PAS-
SIVE, RECEIVE, HANDSHAKE, BACKOFF, and TxDATA. A TIMER control
the time the node will be within a stage before changing to another stage. Tran-
sit between states is triggered by the occurrence of different events (e.g. packet
arrival, carrier sensing, TIMER expired etc.).

A node is in the stage PASSIVE while do not has packets to transmit and
no carrier sense is detected. During this state the MAC sublayer order to the
physical layer to utilized omnidirectional antennas. If while in this stage a packet
arrives to the queue of the node, it transits to the HANDSHAKE stage and start
transmitting an RTS packet to the relaying node (defined in its routing table)
used to deliver the packet to its final destination, previous to start transmitting
the packet the MAC sublayer order to the physical layer to use utilize either
omnidirectional antenna or select the sector with best signal quality for the
relaying node depending of the beam selection policy been used. Within this
stage, after transmitting the RTS, the node waits for a CTS from the relaying
node using the antenna type defined by the beam selection policy being used. If
no CTS is received a collision is assumed and the node deferred its transmission
switching to use omnidirectional antenna and passing to the RECEIVE stage for
the period required to transmit a maximum size data packet aiming to prevent
destroying an outgoing communication. On the other hand, if a CTS with the
address field to this node is received, it is assumed that the channel is acquired
passing to the TxDATA state initiating the data transmission utilizing the sector
with best signal quality for the relaying node.

After transmitting the data packet the node order to the physical layer to
switch to omnidirectional antennas and defers any other transmission for at
least the period required to hear a CTS passing to the RECEIVE stage. If while
in PASSIVE a carrier is detected, the node changes to the RECEIVE stage to
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receive the information coming into the receiver (using omnidirectional antenna).
A node remains in RECEIVE stage if no carrier is detected and if the TIMER
set by any other stage does not expire. If carrier is detected the node starts
receiving the packet from the physical layer and depending of the type of data
received (RTS, CTS, DATA, or ERROR) it responds in different ways. If in this
stage an RTS address to the node is received and the TIMER has not expired
it do not answer to the RTS and remains in the RECEIVE stage. However, if
the TIMER has expired it answers with a CTS to the requesting node using the
antenna type defined by the beam selection policy being used and remaining
in the RECEIVE stage afterwards using the sector with the best signal quality
received from the transmitting node and setting the TIMER to the period of a
packet. On the other hand, if a CTS is received while in RECEIVE stage, the
node set the TIMER in this stage for at least the period of a packet to avoid a
possible collision with a data packet from any other node.

If in RECEIVE stage a Data packet is received with the address field the local
node ID, this is passed to the network layer setting the TIMER to the period
required to hear a CTS using omnidirectional antenna. Finally, if a data ERROR
occurs, the node state in RECEIVE setting the TIMER to the period required to
receive a data packet and using omnidirectional antenna. If the waiting time in
RECEIVE expired while not carrier sense is detected and the node do not have
packets in queue to be transmitted, it passes to the PASSIVE stage, otherwise
it passes to the BACKOFF stage where omnidirectional antennas are used for
carrier sensing.

In the BACKOFF stage an uniform distributed waiting time between 0 and
10 times the CTS period (contention windows) is generated. If the waiting time
expire while not carrier is detected the node passes to the HANDSHAKE stage,
otherwise it passes to the RECEIVE stage.

To simulate the interaction with other nodes and the channel perceived at
each node, we used discrete step simulation where at an instance of time ti the
channel state is passed to the node and its influence on the channel over the
next time instants ti+1 is returned as illustrated in Fig. B.1. Each node was
simulated as a state machine following the MAC-protocol described before. The
channel radio propagation conditions between nodes were computed using the
channel models described in chapter 2. The received power level in a given in-
stance of time is modified to include the antenna radiation pattern utilized by
the node within the current state.

Further it is assumed that:

• To hold a reliable link, the minimum required SNR is 10 dB.

• All nodes are assumed to know the location of their neighbors (nodes within
it radio range).

• Each node uses the Minimum Hop Algorithm (MHA) to route packets
through the network.
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Figure B.1: The channel perceived by a node is given in time ti and the node
returns its influence on the channel at time instant ti+1

• Nodes use half-duplex transceivers with negligible turn around time from
reception to transmission and vice versa.

• The packet processing time is negligible.

• An SINR of at least 10 dB is required during the whole packet transmission
period for correct reception.

• The channel radio propagation conditions do not change with time but the
Multiple Access Interference does.

• No multipath arrival signals are considered.

The minimum value for SNR of 10 dB correspond to the use of the Binary
Phase Shift Keying (BPSK) modulation scheme and a BER below 10−5 in the
presence of White Additive Gaussian Noise (AWGN) [38].

In practice, the transmitter turn around time, the round-trip radio propaga-
tion delay, and packet processing time are critical parameters that have to be
considered at the MAC sublayer. For instance, while sending an RTS packet, the
MAC sublayer switches the transmitter to ON and has to wait the transceiver
turn around time before starting to transmit the packet. The same is true while
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replying to an RTS packet or sending the DATA packet. On the other hand,
the selection of the waiting time for an answer before assuming that a conflict
has occurred is a critical design parameter. The waiting time for an answer
after sending an RTS or a CTS must be the sum of the transmitter turn around
time, the round-trip radio propagation delay, and the packet processing time de-
lay. The packet processing time delay must include the time required to detect
(carrier sensing delay), receive, and decode the packet. For instance, after trans-
mitting an RTS the packet processing time is the time needed for the receiving
node to detect the RTS, decode the RTS and start to answer with a CTS. In the
rural scenario, the radio range could be of several kilometers and the round-trip
delay becomes significant. For instance, for a maximum radio range of 1km the
round trip delay corresponds to 2(3.333) ≈ 6.67µs, while for 40 km corresponds
to 266.67µs (0.267 ms). With 100 kbps the transmission time for a 500 Bytes
packet is 40 ms, for 25 bytes RTS and CTS it is 2 ms. Therefore, with 100 kbps
the round trip delay is negligible but is significant for 40 km (corresponding to
13% TRST ). In our simulation ti+1 − ti corresponds to a microslot and it was
used to include the effect of the round trip delay selected to be 10%TRTS .
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Rough Terrain and Radio
Propagation

To analyze influence of mountains in a rural environment we use a (synthetic)
terrain which is a modification to the one introduced in [30]. In this model, the
terrain height variations are modelled by a stationary two-dimensional random
process, H(x, y), in the locations (x, y) given by

H(x, y) =
1√
c

k=ρ
∑

k=−ρ

ρ
∑

l=−ρ

| H∗(x− k, y − l) | p(k, l) , (C.1)

where H∗(x, y) is a two dimensional white Gaussian process with zero mean and
variance σ2, and p(k, l) is the impulse response of a filter given by

p(x, y) =

{

1 + cos(π

√
(x2+y2)

ρ
) | x |≤ ρ, | y |≤ ρ

0 otherwise,
(C.2)

and

c =

ρ
∑

k=−ρ

ρ
∑

l=−ρ

p2(k, l) . (C.3)

The parameters σ(m) correspond to the standard deviation of the terrain height
and ρ(m) is an smoothness parameter that determines over which distance there
exist correlation between heights. Fig. C.1 shows a typical terrain realization
with σ = 40 m and ρ = 5 km used to simulate a hilly terrain. The maximum
difference in terrain height was 70 m. In general, the terrain could be varied
from relatively flat (σ ≈ 0) to very mountainous terrain (high σ > 40).

The radio propagation properties ofmultihop ad hoc networks where analyzed
using the diffraction model according to Epstein-Peterson refined by Ladell [31].

77



78 Appendix C. Rough Terrain and Radio Propagation

Figure C.1: Rough terrain realization with parameters σ = 10m and ρ = 5km.

Figure C.2: Dominant (strongest) received power over rough terrain in Fig. C.1
with 20 nodes.

Using this model the over all propagation loss, LT is a combination of the diffrac-
tion loss produced by mountains, Ldif , the flat-earth propagation loss, Lf and
the free space propagation loss, Lfs, given by

LT = Lfs +
√

L2
dif + L2

f (dB) , (C.4)

These losses are calculated using the terrain model as described in [19]. Fig.
C.2 shows the dominant received power level for a sample network deployed on
the terrain of Fig. C.1.
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