
Copyright

by

Aamir Hasan

2006



The Dissertation Committee for Aamir Hasan

certifies that this is the approved version of the following dissertation:

Interference Suppression in Wireless Ad Hoc

Networks

Committee:

Jeffrey G. Andrews, Supervisor

Gustavo de Veciana

Robert W. Heath, Jr.

Edward J. Powers

Lili Qiu



Interference Suppression in Wireless Ad Hoc

Networks

by

Aamir Hasan, B.S.; M.S.E.E.

Dissertation

Presented to the Faculty of the Graduate School of

The University of Texas at Austin

in Partial Fulfillment

of the Requirements

for the Degree of

Doctor of Philosophy

The University of Texas at Austin

May 2006



To my family



Acknowledgments

First of all, I would like to thank my supervisor, Prof. Jeffrey G. Andrews, for his

invaluable guidance and inspiration during my work. He encouraged me to develop

high standards and explore beyond what I perceived earlier as my limits. I value

his encouragement during difficult periods of my graduate studies.

I wish to thank my committee members, Prof. Gustavo de Veciana, Prof.

Robert W. Heath, Jr., Prof. Lili Qiu, and Prof. Edward J. Powers, for their con-

structive feedback on my dissertation. I’m honored to have them on my committee.

I would like to show my special thanks to Prof. de Veciana, for his critical comments

on some of my technical papers.

I would like thank my parents Saghir and Hashma for their unconditional

love and support through all these years, my sister Tehmina and brother Aasim for

their love and prayers. I owe special gratitude to my beloved wife, Farhana, who

is more concerned about my success and well being than I am, and to my adorable

sons, Ibrahim and Arham, for being a beautiful part of my life.

I would like to thank all current and former members in the Wireless Net-

working and Communications Group for the wonderful friendship, especially Dr.

Xiangying Yang, Dr. Zukang Shen, Runhua Chen, Andrew Hunter, Shailesh Patil,

and Sundar Subramanian.

I am thankful to the Government of Pakistan, Ministry of Science and Tech-

nology for supporting me on a four year fellowship and providing the opportunity

to study in one of the most beautiful parts of the world. Last but not the least,

v



I am indebted to the Pakistan Air Force, to which I am associated for the last 20

years and is responsible for my professional upbringing.

Aamir Hasan

The University of Texas at Austin

May 2006

vi



Interference Suppression in Wireless Ad Hoc

Networks

Publication No.

Aamir Hasan, Ph.D.

The University of Texas at Austin, 2006

Supervisor: Jeffrey G. Andrews

Wireless ad hoc networks are infrastructure-free self-organizing networks formed by

cooperating nodes. They are highly desirable for various emerging applications and

to extend the range and capacity of infrastructure-based wireless networks.

Scheduling algorithms in ad hoc networks allow nodes to share the wireless

channel so that concurrent transmissions can be decoded successfully. On one hand,

scheduling needs to be efficient to maximize the spatial reuse. But on the other

hand the scheduling algorithm needs to be easily implementable with little, if any,

coordination between nodes in the network.

The goal of this dissertation is to propose and evaluate a simple scheduling

technique that suppresses transmissions by nodes around the desired receiver in

order to achieve successful communication. This minimum separation, the guard

zone, has important implications on the network performance and impacts the MAC

design. In particular, using stochastic geometry, a near-optimal guard zone for

spread spectrum ad hoc networks is derived – narrow-band transmission (spreading

gain of unity) is a special case. In ad hoc networks employing a Direct-Sequence

Code Division Multiple Access (DS-CDMA), the guard zone can easily be realized

vii



in a distributed manner, and offers a 2− 100 fold increase in capacity as compared

to an ALOHA network; the capacity increase depending primarily on the required

outage probability, as higher required QoS increasingly rewards scheduling. By

implementing guard zone-based scheduling, the attained performance is about 70−
80% of a well-known near-optimal (and practically infeasible) centralized scheme.

One major advantage of DS-CDMA is its ability to reduce the required guard

zone size compared to a narrow-band system. A guard zone smaller than transmis-

sion range ensures that nodes that can potentially cause an outage are within the

decoding range of a receiver. This lowers the complexity of scheduling algorithms

as smaller area, which lies with in the transmission range of the receiver, needs to

be managed by the MAC protocol. The dissertation considers primarily a physical

and MAC layer view of the network to investigate and define what is optimal at the

physical/MAC layer.
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Chapter 1

Introduction

1.1 Ad Hoc Networks

Wireless ad hoc networks are truly wireless in that they do not rely on wired infras-

tructure, establishing instead direct and multi-hop radio communication between all

devices in the network. This makes ad hoc networks fundamentally different from

the ubiquitous cellular network and the increasingly popular wireless local area net-

work (WLAN); see Fig. 1.1. In cellular networks a mobile terminal communicates

directly with a base station using single-hop routing. Two mobile terminals that

may or may not be in the same cell have to communicate via one or more base

stations. The base stations, together with the mobile switching center (MSC), to

which they are connected, perform all necessary network and control functions [77].

Currently, cellular networks do not allow multi-hop routing1 to the base station and

unlike ad hoc networks no peer-to-peer communication between mobile terminals oc-

curs. Similarly, both fixed and mobile terminals in WLANs use single-hop routing

to communicate to an access point that is responsible for the network’s organization

and control.

Ad hoc networks have neither fixed topology nor require preexisting infras-

1Multi-hop routing between mobile terminal and base station may improve cellular network
performance [60].

1



 

 

Fixed network Cellular network/
Wireless LAN

Ad hoc network

Fixed network Cellular network/
Wireless LAN

Ad hoc network

Figure 1.1: An ad hoc network is a group of wireless nodes which cooperatively
form a network without fixed infrastructure. A node communicates directly to
nearby nodes, and indirectly to all other destinations using a dynamic multi-hop
route through other nodes in the network.

tructure; it is assumed that, once deployed, the network nodes would self-configure

to provide connectivity and form a communications network “on the fly”. In the

absence of any base stations or mobile switching centers the nodes themselves dis-

tributively take on the responsibility for the organization and control of the network.

Thus, such a network is robust against the failure of nodes as the network does not

rely on a few critical nodes for its operation. Also, new nodes can be added easily

to the network, offering the possibility of integrating ad hoc networks with other

networks, like the Internet [79]. There are many emerging applications for wireless

ad hoc networks including emergency services, law enforcement, military communi-

cations, video games, direct communication at conferences and business meetings,

and extending the range and capacity of infrastructure-based wireless networks. Ad-

ditionally, there is a mounting interest in “sensor networks”, which are wireless ad

hoc networks of a large number of low-complexity sensors [62], [18].

In some ad hoc networks node hierarchy is introduced [11] in the form of
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Figure 1.2: Sample clustered network topology. Mobile nodes are grouped into
clusters and each cluster has a CH, i.e. A,B,C. A CH can control a group of ad hoc
hosts known as plebe nodes, i.e. 1,2,4,8,9,10,11. Plebe nodes can only communicate
to its CH. Gateway nodes, e.g. 3,5,6,7, are nodes that are within communication
range of two or more CHs and relay messages between different clusters.

clusters [43], as shown in Fig. 1.2. Mobile nodes are grouped into clusters (see details

in Fig. 1.2) and nodes can only communicate to its clusterhead (CH). Although the

grouping makes the system less “ad hoc” and more like a cellular system without

wired base stations, the hierarchy is not pre-established as in cellular networks and

comes without any infrastructure.

1.2 Design Challenges in Ad Hoc Networks

While the tremendous flexibility of wireless ad hoc networks is a highly desirable

attribute, this comes nevertheless, with the price of several challenging design is-

sues [31, 57, 98]. Some of these challenges such as spectral efficiency, power control

and quality of service are common to any mobile wireless communications system.

Additionally, the lack of fixed infrastructure in ad hoc networks coupled with the

multi-hop requirement introduces new research problems like topology control, dis-

tributed scheduling with robust interference mitigation capability, the need for ad

hoc addressing and self-routing [99]. These technical challenges cause difficulty in
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modeling such networks and, therefore, analyzing the behavior of ad hoc networks

from a wholistic point of view is extremely difficult.

Since the 1970’s DARPA packet radio networks, research2 on ad hoc networks

has offered potential solutions to some of the problems mentioned above. However,

a general consensus towards understanding the design principles for ad hoc networks

is still missing. For example, [38,40] argues that even from a capacity point of view,

a smaller set of longer hops in multi-hop ad hoc networks should be preferred over

many short hops. They argue by listing 18 reasons that using longer hops and

routing as far as possible is a better strategy in ad hoc networks. This is contrary to

what has been generally considered good design, i.e., shorter hops result in better

spatial reuse [35]. The recent trend of cross-layer optimization for designing ad hoc

networks has also come under scrutiny [52]. They argue that interactions between

different layers need to be well understood for analyzing the behavior of ad hoc

networks and unintended cross-layer interactions may lead to undesirable results on

overall system performance. This dissertation is a small step toward understanding

some of these interactions and to appreciate the design tradeoffs in ad hoc networks

with regards to a CDMA physical layer.

One critical issue in ad hoc networks is the problem of scheduling, arising

from the need to share the wireless channel [82]. In an ad hoc network employing

scheduling, only a subset of contending transmitters are allowed to transmit simul-

taneously. This greatly improves the chances that concurrent transmissions may be

decoded successfully. Therefore, the goal of any scheduling scheme is to improve

the conditions for concurrent transmissions. Appropriately selecting the subset of

transmitters is critical as it affects the performance measures (end-to-end delay, out-

age, throughput, power levels) of the network. On one hand, scheduling needs to be

efficient to maximize spatial reuse and minimize retransmissions due to collisions.

But on the other hand, the scheduling algorithm needs to be easily implementable in

a distributed fashion with little, if any, coordination between nodes in the network.

2An overview of the related research in wireless ad hoc networks is presented in Chapter 2

4



The implementation of a channel access strategy strongly impacts the performance

of the network; furthermore, an efficient design strategy that is easily implementable

in a distributed fashion is needed. Some important questions to consider include:

“How should ad hoc networks schedule transmissions to maximize capacity? Which

interfering transmissions should be suppressed? Does the best strategy change with

different physical layers [24, 74]?” The answers to these questions will play a sig-

nificant role in both current and future research and impact the design paradigm

for wireless ad hoc networks. The dissertation considers primarily a physical and

MAC layer view of the network to investigate and define what is optimal at the

physical/MAC layer.

1.3 Contributions and Organization of the Dis-

sertation

Since ad hoc networks are inherently interference limited, first the effect of interfer-

ence suppression on the performance of ad hoc networks is investigated. One way to

suppress interference in ad hoc networks is by ensuring spatial separation among con-

current transmissions by incorporating a guard zone around active receivers where

transmitters (other than the intended transmitter) are inhibited. A close-to-optimal

guard zone that maximizes spatial reuse is derived for both finite and infinite sized

networks that is simple to implement and well-suited to a DS-CDMA physical layer.

Chapter 2 presents a brief tutorial that reviews the current research in ad hoc

network analysis that is most relevant to the dissertation. Chapter 3 presents the

first contribution of this dissertation that investigates interference suppression using

guard zones in ad hoc networks. Using stochastic geometry, the guard zone size that

maximizes capacity for spread spectrum ad hoc networks is derived – narrow-band

transmission (spreading gain of unity) is a special case.

The second contribution, presented in Chapter 4, is on guard zone-based

5



scheduling in ad hoc networks and discusses how DS-CDMA helps in implementing

a distributed scheduling algorithm. Taking into account the intensity of the con-

tending nodes, a near-optimal guard zone is derived that maximizes spatial reuse for

a finite sized ad hoc network. The variation in the optimal guard zone size with dif-

ferent network parameters like path loss, outage, spreading gain, and node density

is also identified. The performance of guard zone-based scheduling is compared to a

high-complexity, near-optimal centralized scheme and also with the popular carrier

sense multiple access (CSMA).

An alternative to guard zone scheduling, which inhibits transmissions around

a receiver, the dissertation considers interference-aware receivers that exploit the

information in the interfering signal with the goal of improving the quality of the

desired transmission. Therefore, in Chapter 5 a comparison between interference

cancellation techniques - considering Successive Interference Cancellation - with in-

terference mitigation using guard zones is presented.

In Chapter 6, I propose a medium access control (MAC) design that enforces

spatial separation through a guard zone around an active receiver that is well-suited

to DS-CDMA. I also identify the design tradeoffs offered with a DS-CDMA physical

layer. In Chapter 7, the contributions of this dissertation are summarized alongside

future research topics.
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Chapter 2

Related Research

This chapter reviews the current research in ad hoc network analysis that is most

relevant to the dissertation. Unlike their wired counterparts, nodes in wireless

ad hoc networks that are close to each other in space may not be able to trans-

mit concurrently because of spatial contention for the shared wireless medium. A

MAC protocol may be implemented in each node that resolves channel contention

and avoid collisions. Because channel contention is a fundamental property of

wireless transmission, an obvious question to consider is, “what is the aggregate

traffic-carrying capacity of a multi-hop wireless network?” Since the seminal work

of Gupta and Kumar [35], this question has received considerable interest in the

recent years [13,23,26,37,58,91,97,101,102]. Section 2.1 provides a summary of the

studies related to the throughput analysis of wireless ad hoc networks.

Conceptually, network capacity cannot be associated with a particular layer

[91], but rather is a cross-layer design issue. Therefore, it is no surprise that this issue

has attracted a significant amount of research interest over the years. In practice,

determining the network capacity is complicated and depends on the implementation

of the MAC protocol [24], the degree of spatial localization in traffic patterns between

nodes [59], and the properties of the physical layer [68]. In [8] the authors argue that

the maximum number of possible concurrent transmissions depends on how channel

7



access is modeled at the media access layer. Therefore considering only single-

hop transmissions (next neighbor transmissions), the number of such concurrent

transmissions provides an estimate of the network capacity [23, 82, 103]. Related

studies in this context are summarized in Section 2.2.

2.1 Throughput Capacity of a Multi-hop Wireless

Ad Hoc Network

The capacity of wireless ad hoc networks has been a key area of investigation in

the research community. The network capacity problem deals with finding the

fundamental limits of achievable communication rates in wireless networks. A set of

rates between source-destination pairs is called achievable if there exists a network

control policy that guarantees those rates. The closure of the set of achievable rates

is the capacity region of the network. For a network of n nodes, in the most general

case, since each node can communicate with any other nodes, the capacity region

has dimensions n(n − 1). Within the field of multiple-user information theory,

the capacity of general broadcast, interference, and relay channels are still open

problems, and so computing an n(n−1) ad hoc network capacity region is obviously

an immensely complex problem [37].

Recently, some progress in the study of wireless ad hoc networks has been

made by asking coarser questions than the precise achievable rate regions. Therefore,

instead of aiming to fully characterize the multidimensional capacity region, some

studies focus how the network throughput (for a given traffic pattern) scales as the

number of nodes n becomes large [27, 28, 33, 35, 101, 102]. In this context, studies

that attempt to determine the traffic-carrying capacity of wireless networks under

certain models of communications are discussed below.
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2.1.1 Networks with Static Nodes

The early work on network capacity problems focused on the computation of achiev-

able rates with distributed protocols such as ALOHA (e.g., [83], [55]) and TDMA

(e.g., [6], [41]). Gupta and Kumar [35] initiated a formal capacity analysis of ran-

dom and arbitrary networks with an asymptotically large number of nodes. In [35],

theoretical bounds on the capacity of an ad hoc wireless network were found using

geometry analysis techniques. Their technique advances the number of nodes to-

ward infinity, which has a statistical averaging effect. That is, in the limit of large

number of nodes, all networks are essentially the same and thus they are able to

derive upper and lower bounds on the capacity that hold for all networks. In [35]

two types of transmission models were defined. The first is called the Protocol

Model, in which transmission is considered successful if the destination is within a

fixed range, and the source node is located closer to the destination node than any

other simultaneously transmitting node. The second is the Physical Model, in which

transmission is successful if the received SINR is above a preset threshold.

The main results of [35] for a two-dimensional wireless network are as follows.

Under the Protocol Model, with n nodes randomly located on a unit-area disk, and

the destination for each node chosen randomly, the per-node throughput capacity

is Θ(1/
√

n log n). On the contrary, if the node locations and traffic patterns are

optimally chosen (as is unlikely in practice), then the transport capacity, defined as

the number of bit-meters achieved per-node over a given time interval, is Θ(1/
√

n).

Alternatively, under the Physical Model, the coefficients involved in the bounds are

slightly different, but retain the same scale order results. Therefore, in the limit,

the per-node throughput vanishes as the number of nodes goes to infinity. Although

three-dimensional wireless networks have higher capacity than two-dimensional net-

works [36], the throughput obtained by each node still tends to zero as the number of

nodes in the network increases. In a random 3-D network, per-node throughput for

a randomly chosen destination scales as Θ

(
1

(nlog2n)
1/3

)
. When node locations and

9



traffic patterns are optimally chosen, the per-node throughput scales as Θ
(

1
n1/3

)
.

The decrease in per-node capacity with increasing node density can be ex-

plained by the contrast between the MAC and routing requirements in ad hoc net-

works. Long range direct communication between two nodes is impractical due to

the excessive interference caused. Therefore, the mean number of hops taken by a

packet to reach its destination increases with the number of nodes – a routing prob-

lem. Since nodes close to a receiver cannot transmit simultaneously, the capacity of

each node is reduced by interference – a MAC problem. Since the number of inter-

fering nodes is proportional to the interference area, the capacity loss is quadratic in

the transmission range. Thus, the tradeoff between the routing requirement and the

MAC restriction reduces the available capacity with the increase in node density.

In [59], it was shown that the key factor deciding whether large ad hoc net-

works are scalable depends on the localization of the traffic pattern. They argue

that nodes in large networks may communicate mostly with physically nearby nodes,

therefore, path lengths could remain nearly constant as the network grows, leading

to constant per node available throughput. They also derive the criteria for traffic

patterns that make the capacity scale with the network size. With the help of simu-

lations, they show that the existing 802.11 channel access algorithm (which cannot

easily support minimum-energy routing), does a reasonable job of scheduling packet

transmissions in ad hoc networks and approaches the theoretical maximum capacity

of O(1/
√

n) per node with random traffic.

Recently, the capacity of a power constrained ad hoc network with an arbi-

trarily large bandwidth was studied in [68]. Possible examples of such a network

include Ultra-Wide Band (UWB) and low-power sensor networks. Considering n

randomly distributed identical nodes over a unit area, they show that with high

probability the uniform per-node throughput capacity is Θ
(
n

α−1
2

)
where α is the

path loss exponent. Interestingly, this bound demonstrates an increasing per-node

throughput for α > 1, in comparison to the decreasing per-node throughput shown

in [36]. Therefore, under different physical layer models the capacity of ad hoc
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wireless network is different.

The key observation in [68] is to show that interference (perceived by a re-

ceiver) is bounded with high probability, and hence, properly scaling the bandwidth

W as a function of n, renders the interference negligible. By showing the minimum

distance between any two nodes exceeds 1
n
√

log n
(with high probability), they bound

the total interference to Pon(n2 log n)
α/2

, where Po is the maximum transmit power.

Therefore, scaling W as Θ
(
n(n2 log n)

α/2
)

renders the interference negligible. This

bandwidth scaling where W →∞ for n →∞ allows for a DS-CDMA MAC requir-

ing no scheduling of transmitters, since they cause negligible interference. This is

in a similar spirit to the dissertation, however, as shown in Chapter 3, by restrict-

ing interferers through a guard zone, a more relaxed scaling of W is needed at the

expense of spatial reuse.

2.1.2 Networks with Node Mobility

Huge gains in the throughput due to node mobility were shown in [33] at the expense

of large packet delays. Using a one-hop relaying mechanism, the proposed scheme

achieves an aggregate throughput capacity of O(n), or a per-node throughput ca-

pacity of O(1) which is in sharp contrast to a fixed network scenario [35]. This

huge improvement is obtained through the exploitation of the time variation of the

users’ channels due to mobility, however their scheme’s usefulness in practical ad

hoc networks is questionable as the delays incurred are of the order of the time-scale

of node mobility. With mobility, a natural strategy for two nodes to communicate

is to transmit only when the source and destination nodes are close together, at

distances O(1/
√

n). It was shown in [33] that with sufficient mobility an ad hoc

network can exploit a form of multiuser diversity via packet relaying. The nodes

use mobile relays that can hand off the packets to the destination when they are

close to it. A routing algorithm was proposed in [10] which exploits the patterns in

the mobility of nodes to provide guarantees on the packet delay. They show that
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packet delay is small and bounded, while the throughput achieved by the algorithm

is only a poly-logarithmic factor from the optimal in [33]. A recent study [47] inves-

tigates the effect of too much mobility on the network capacity. When the network

is extremely mobile it results in a channel that changes too rapidly for nodes to

keep track of each other. Therefore, extreme mobility actually hurts the network

capacity.

2.1.3 Networks with Directional Antennas

Recently, some research work [71, 107] has tried to provide a theoretical framework

to understand how much capacity improvement can be achieved with directional

antennas. The main finding of [71] is that one can only achieve a factor of Θ(log2n)

increase in capacity by allowing arbitrarily complex signal processing at transmit-

ters and receivers. In [107], the authors derive the capacity gain in terms of the

beam-widths of transmitting and receiving antennas. Their results show a con-

stant per-node throughput capacity by asymptotically decreasing the beam-widths

of transmission and receiving antennas as 1/
√

n. In [87], the asymptotic capacity

bounds were derived for three different types of antennas, flat-topped antenna, lin-

ear phased-array antenna, and fully adaptive antenna. They also propose how the

antenna parameters may be tuned to overcome the scalability problem [35] in ad

hoc networks.

In order to evaluate the performance and spatial reuse properties of direc-

tional antennas, Nasipuri et al. [67] proposed a MAC protocol for an ad hoc network

of nodes equipped with multiple directional antennas. Their protocol uses a varia-

tion of the RTS/CTS1 exchange to let both source and destination nodes determine

each other’s directions. Simulation experiments indicate an average throughput im-

provement of 2 ∼ 3 times over omnidirectional antennas. A complete system for

ad hoc networking using directional antennas was recently presented in [75] where

1Short control packets known as Request-to-Send/Clear-to-Send (RTS/CTS) used in IEEE
802.11 for channel reservation.
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the main focus is on the design implementation. The field demonstration of their

prototype ad hoc network suggests that real antennas have significant side and back

lobes that affects performance of directional antennas.

2.1.4 Networks with Infrastructure

By placing a sparse network of base stations in an ad hoc network, the capacity of

hybrid wireless networks was studied in [61]. These base stations are assumed to be

connected by a high-bandwidth wired network and act as relays for wireless nodes.

For a hybrid network of n nodes (distributed randomly) and m base stations (placed

on a regular grid), the results show that if m grows asymptotically slower than
√

n,

the benefit of adding base stations on capacity is insignificant. However, if m grows

faster than
√

n, the throughput capacity increases linearly with m, providing an

effective improvement over a pure ad hoc network. Therefore, in order to achieve

non-negligible capacity gain, the number of base stations should grow at a rate faster

than
√

n. More recently [109] studied the aggregate throughput capacity for a hybrid

network model in which infrastructure nodes are placed in any deterministic manner

and are allowed to adjust the range for each transmission. Their results confirm the

conclusion of [61] that to obtain a significant improvement in capacity for ad hoc

networks infrastructure investments will need to be high.

The capacity of wireless ad hoc networks behaves differently for different

communication paradigms. In [28], Gastpar and Vetterli study the scenario where

there is only one active source and destination pair, while the other (n − 2) nodes

serve as relays. Similar to [35], there are n nodes located uniformly in a disk of

unit area with the average transmission power constraints on the source nodes and

the relay nodes. The authors approach the problem from an information theoretic

perspective and allow arbitrary network coding in contrast to a simple point-to-point

coding model used in [35]. Under the point-to-point coding assumption, a receiver

only decodes messages from one sender, considering simultaneous transmissions as
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noise, and similarly, at any given time, a sender transmits information only to

one receiver. With the same physical constraints in [35], but with a better coding

scheme, the throughput capacity between the source and destination is shown to

scale as O(log n), which grows logarithmically with the number of relaying nodes.

2.2 Network Capacity at the MAC Layer

The flexibility of the ALOHA protocol, which was first proposed in 1970 by Abram-

son [2], makes it an attractive option for distributed wireless systems. Performance

of ALOHA in a multi-hop context was first studied in [69] where the aggregate in-

terference was computed by considering a finite number of interferers (within two

hops). In a widely referenced paper [29], Ghez et al. introduced the reference model

for infinite-user ALOHA in a network with spatial reuse. In the absence of a suitable

model for the aggregate interference, they assume that the packet with the strongest

received power is correctly received if and only if P1/P2 > K (K being a system

dependent constant and P1 and P2 are the received powers of the strongest and the

next to strongest packets involved), and all other packets involved in the collision are

not received successfully. This is similar to the protocol model used in [35], where a

receiver (assuming it is within the transmission range r of its intended transmitter)

can successfully receive a packet, only if it is outside the interference range (1+∆)r

of all the active transmitters where ∆ > 0 is some constant.

For an infinite network with a random distribution of terminals in R2, Sousa

and Silvester were able to obtain in [86] the probability distribution function for

the aggregate interference at a receiver under a pure ALOHA protocol. Assuming

an inverse power law for the signal strength versus distance from the transmitter,

they showed that for α = 4, the aggregate interference power follows the inverse

Gaussian distribution (results are highlighted in Chapter 3). Using these results the

tradeoff between the distance covered in one hop and the probability of a successful

transmission were derived. Similar analysis for Rayleigh fading channels with α = 4
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was done in [84]. Recently, density functions of the distance to the nth-nearest

neighbor in Rm were derived for uniformly random networks [39]. These results are

useful for interference analysis in ad hoc networks as they provide a better model for

defining successful communication between a transmitter and a receiver as compared

to the protocol model.

2.2.1 Maximizing Capacity in a Pure ALOHA Network

The work of Baccelli et al. [7] employs a stochastic geometric model, based on a

Poisson point process that captures the spatial distribution of nodes and allows

for an explicit evaluation of network parameters to investigate MAC design for ad

hoc networks. To prevent nodes that are close to an emitting node from transmit-

ting simultaneously, a random exclusion zone around each node is created with a

mean radius proportional to 1/
√

p. The spatial exclusion mechanism is enforced

by random access to the medium where each station tosses a coin with some bias

p, referred to as the Medium Access Probability (MAP). By tuning the MAP and

the transmission range they maximize the mean spatial density of progress, defined

as the product of the number of simultaneously successful transmissions per unit

area times the average jump/hop distance per transmission. Their work identifies

the optimal MAP for a given transmission distance and the optimal transmission

distance for a given MAP.

Assuming an exponentially distributed transmission power (unlike the fixed

power assumption in [86]), the results in [7] show that the probability of outage

under the contention density that maximizes the density of successful transmissions

is ≈ 63%. Thus, maximizing spatial reuse based on a pure ALOHA MAC will result

in a high number of unsuccessful transmissions resulting in poor energy efficiency.

In any practical system, especially in wireless ad hoc networks, it is desirable

to limit the outage probability to a small constant ε. This is not only important for

energy consumption [50], [3] but is also critical for delay sensitive networks and/or
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networks where re-transmissions must be kept to a minimum [110]. In [97], closed

form asymptotic upper and lower bounds on the maximum density of successful

transmissions subject to the outage constraint, termed transmission capacity, were

derived for ad hoc networks (discussed in Chapter 3). In contrast to [7], the inclusion

of the parameter ε, bounding the acceptable outage probability, restricts waste of a

scarce energy budget on unsuccessful transmissions. Their results capture how ad

hoc network capacity is affected by the spreading factor (M), outage constraint (ε),

SINR threshold (Γ), and transmission range d using a random ALOHA-like MAC.

Similar results for transmission capacity were also derived in [96] with interference

cancellation employed at the receivers. The results in [95–97] suggests that in a ran-

dom ALOHA network, ad hoc network capacity is limited primarily by the strongest

interferer (this point is re-visited in Chapter 3).

2.2.2 Maximizing Capacity in a ALOHA-Type Network

A widely popular improvement over pure ALOHA was first proposed in the 1970s

by Kleinrock [56], and is known as carrier sense multiple access (CSMA) for packet

radio networks. In CSMA-based schemes, the transmitting node first senses the

medium to check whether it is idle or busy. The node defers transmission to prevent

a collision with the existing signal if the medium is busy, otherwise, the node begins

to transmit its data. Typically in a wireless network using CSMA, two terminals

can each be within range of some intended third terminal but out of range of each

other, due to the separation between them. The situation where two terminals can-

not sense each other’s transmission, but a third terminal can sense both of them, is

referred to as the hidden terminal problem. In order to solve the hidden terminal

problem in CSMA [89], researchers in the past two decades have come up with many

protocols, which are contention-based, but involve some form of Dynamic Reserva-

tion/Collision Resolution. The general idea of these protocols is to implement a

mechanism in the receiver to protect its reception. In the IEEE 802.11 [1] standard,
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this is done via a packet handshake prior to the actual transmission, by exchanging

so-called RTS/CTS packets.

Throughput optimization of a CSMA protocol was investigated in [63, 106,

111] where a transmitting node blocks concurrent transmissions within a carrier

sense range modeled as a disc b(0, Rcs) around each transmitter. Therefore, schedul-

ing transmissions using the CSMA mechanism ensures spatial separation by in-

hibiting transmissions around the transmitters. Scheduling through CSMA can be

thought of as guard zones around the transmitters instead of the receivers. In [111]

an optimal carrier sensing range that maximizes spatial reuse under a minimum

required SINR was derived for an ad hoc network with regular topology. In [106]

the focus is to highlight the impact of MAC overhead on the optimal carrier sense

range.

An optimal carrier sense threshold was investigated in [63] for a random

network where the location of the contending nodes is modeled with a homogenous

Poisson point process with intensity λ in an area S square meters. They show that

the resulting simultaneous transmissions, following the CSMA rule, can be modeled

with a thinned Matern hard-core process [88] with intensity λRcs = 1−e−πλR2
cs

πR2
cs

. Taking

into account the collision rate C of a transmission, the number of transmissions free

of hidden collisions is thus S(1−e−πλR2
cs )(1−C)

πR2
cs

. The above expression captures the

tradeoff between spatial reuse and the outage probability. Setting Rcs to a small

value improves spatial reuse at the expense of hidden collisions, while a bigger Rcs

helps avoid collisions at the cost of spatial reuse. The results in [63] conclude that

the throughput is sensitive to the carrier sensing range and there exists an optimal

Rcs that maximizes the throughput.

Limits on the network throughput imposed by the aggregate interference from

many transmitting nodes spread over a large area was considered in [82] for a DS-

CDMA network. An efficient distributed channel-access technique that increases

capacity through minimum-energy routing was proposed. Their algorithm obtains a

practically-constant lower bound on the signal-to-noise ratio of signals from nearby
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neighbors as the system scales. By inhibiting interferers inside the disc b(0, D),

where D = (node density)−1/2, they show that the expected SINR depends only on

log n (for α = 2). A significant improvement in the bandwidth scaling requirement

is achieved as compared to [68] at the expense of a small guard zone. In [65] all

nodes listen to the transmissions in their vicinity and update their state information

so as to determine whether initiating a new transmission will interfere with other

ongoing transmissions. A multistage contention protocol to realize spatial packing

was implemented in a distributed fashion in [103] which achieves close-to optimal

performance. However, the model assumes fixed transmission distances with no

power control.

2.2.3 Maximizing Capacity with Centralized Scheduling

Unlike most of the prior studies which started with a graph model having trans-

mission powers fixed, [91] considers a joint optimization of transmission powers and

schedules. In [91], the communication channel was modeled using deterministic rate

matrices, and the notion of capacity region was defined. These regions describe

the set of achievable rate combinations between all source-destination pairs in the

network under various transmission strategies including variable-rate transmission,

single-hop or multi-hop, power control, and interference cancellation. They show

that multi-hop routing, spatial reuse, and interference cancellation all lead to sig-

nificant gains, but gains from power control are significant only if rate adaptation

is not considered.

Optimum power control under a maximum power constraint for channelized

cellular systems which maximizes spatial reuse was presented in [32]. These results

were shown in [23] to be also applicable in wireless ad hoc networks under certain

conditions. A distributed power control algorithm proposed in [23] limits the inter-

ference generated by concurrent transmissions in order to maximize spatial reuse.

Their scheduling algorithm assumes global knowledge of the attenuation in all the
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transmissions and interference paths to determine the largest subset of transmis-

sions that can co-exist. Their power control algorithm guaranties optimal power

assignment for the scheduled subset of transmissions. Although the scheme packs

the maximum number of concurrent transmissions that are possible under the SINR

requirement, it has two obvious short comings. First, such a scheme is impractical

to implement in a wireless ad hoc network, although it provides a good performance

comparison to other practical algorithms which are sub-optimal. Second and more

importantly, reducing the transmit power at a certain link will cause the link to

become more vulnerable to interference. Incorporating a tight power control limits

the ability of the scheduling mechanism to add additional links. This occurs when

the existing links’ SINR requirements cannot be met as new links are admitted in

the system, and even when SINR requirements can be met, the power assignments

of the existing links must be re-computed.

2.3 Discussion

In recent years, the capacity of ad hoc networks has been the subject of increasing

attention. These studies highlight the fundamental limitation of wireless ad hoc

networks: that communication between distant nodes causes too much interference,

therefore most of the communication must happen between only nearby neighbors

and multiple hops are required to carry a message to a distant node. As a result, ad

hoc network design is burdened with the issues of scheduling at the link layer and

relaying of data packets at the network layer. The broadcast nature of the wireless

medium and the decentralized nature of ad hoc networks makes this scheduling

problem very different from that in infrastructure-based networks. In fact, the lack

of centralized control in ad hoc network, is the biggest design challenge and to fully

realize the capacity of ad hoc networks, efficient interference suppression techniques

that can be implemented in a distributed manner need to be investigated.

The results presented in the following chapters ignores routing, end-to-end
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delay, and energy efficiency. These issues are critical in evaluating the performance

of any communication system [38,40,51,104], for example to improve spatial reuse,

efficient routing schemes in ad hoc networks should select routes that offer the least

amount of interference. On the contrary, if the goal is to minimize end-to-end

delay there might be a conflict between routing and multiple access decisions. As

highlighted earlier, the dissertation considers primarily a physical and MAC layer

view of the network. Higher layers need to be designed to take advantage of the

offered capacity. Here, the goal is to evaluate the impact of the physical layer on

the performance of ad hoc networks both in terms of network capacity as well as

determining how the design paradigm for the MAC changes with different physical

layers.
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Chapter 3

Guard Zones

3.1 CDMA

The inherent security, multiple access, and anti-multipath properties of spread spec-

trum have long been considered to make Code Division Multiple Access (CDMA)

desirable at the physical layer of ad hoc networks [73]. Since ad hoc networks are

inherently interference limited, there has been growing interest in using spread spec-

trum to relax interference requirements and improve spatial reuse, [1, 14, 23, 65, 82,

85, 96, 97, 105]. The two types of CDMA generally considered for wireless ad hoc

networks are frequency hopped (FH-CDMA) and direct sequence (DS-CDMA). FH-

CDMA divides the available bandwidth into M sub-channels, each of bandwidth W
M

.

This effectively thins out the set of interfering transmitters at a receiver. A receiver

attempting to decode a signal from a transmitter on sub-channel m only sees in-

terference from other simultaneous transmissions on sub-channel m. Examples of a

well-known simple ad hoc network that uses frequency hopping is Bluetooth, which

has 80 frequency bands of 1 MHz width (M = 80, B = 80 MHz), with hop intervals

of 625 microseconds.

In DS-CDMA, the data signal of bandwidth W/M is spread by a noise like

sequence to have bandwidth W . In DS-CDMA, the spreading gain M reduces the

21



minimum Signal to Interference plus Noise Ratio (SINR) required for successful

reception. Assuming that interference is treated as wideband noise, the SINR re-

quirement for a DS-CDMA system is reduced by about M [30] (2/3M is the exact

cross-correlation of asynchronous PN codes [100]). The third generation cellular

standards all employ a version of DS-CDMA for multiple access. Therefore, the two

candidate CDMA systems use the total available bandwidth W quite differently to

mitigate interference.

3.2 Transmission Capacity

Capacity, specifically transmission capacity [97], is defined in this dissertation as the

maximum permissible density of simultaneous transmissions that satisfies a target

SINR at each receiver, with a specified outage probability. The results presented

assume a simple path loss model for propagation and neglect routing, end-to-end

delay, and energy efficiency. The focus of this chapter is to highlight the increase

in transmission capacity of ad hoc networks by employing a suitable guard zone,

defined as the region around a receiver where transmissions are inhibited, around

each receiver in CDMA systems. The goal of the guard zone is to achieve higher

capacity by protecting receiving nodes, thus allowing efficient sharing of the wireless

channel.

In contrast to [97] where a simple ALOHA-type MAC is employed, a guard

zone of size b(O, D) around each receiver helps limit the aggregate interference by

inhibiting the nearby dominant interferers, however, it also restricts the freedom of

transmission of nodes within the disc b(O, D). Therefore, there is a tradeoff between

interference suppression and spatial reuse and appropriately choosing the guard zone

size is critical in order to maximize spatial reuse.

Definition 1 : The optimal guard zone Dopt corresponds to a fixed system-wide

guard zone that maximizes the permissible density of simultaneous transmissions

under the outage framework.
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Therefore, the main objectives in the first contribution are

1. To find Dopt for both FH-CDMA and DS-CDMA in terms of the network

parameters.

2. To determine the transmission capacity corresponding to Dopt.

3. To evaluate the improvement in transmission capacity compared to the case

where no scheduling is implemented i.e. D = 0.

The system model utilizes a marked homogenous Poisson point process (PPP)

Π(λ) = {(Zi, di)} where the points {Zi} model the location of nodes contending

for the channel at some time t with intensity λ. The marks {di} represent the

transmission distance between the ith Tx-Rx pair and the transmitters’ maximum

transmission range is assumed to be dmax. The allowed maximum intensity λ of the

process is Π such that the outage probability is less than ε, for 0 < ε ¿ 1. Here

outage implies that the SINR (post-despreading) at the desired receiver is below

some threshold, Γ. Limiting ε to a small value ensures that capacity and energy

is not wasted due to excessive collisions, back-off times, retransmissions, and other

MAC overhead.

The propagation model is based on a simple path loss model that ignores

both short term and long term fading. Since path loss is the dominant factor

in ad hoc networks, this model has been used extensively in evaluating ad hoc

network performance. Considering each node employs an omni-directional antenna,

the transmit power used is Pt = ρdα, where d is the distance between the transmitter

and its intended receiver and α is the path loss exponent in the range 3−5 [77]. This

power control strategy, known as pairwise power control, allows each transmitter

to adjusts its transmission power based on the distance from its intended receiver.

Pairwise power control ensures that the received signal power at the intended receiver

is fixed and is always ρ. Therefore, a transmitter Zi with mark di employs a transmit

power ρdα. Assuming a maximum power constraint ρmax, dmax can be expressed as
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(ρmax/ρ)1/α.

Each contending transmitter is assumed to choose its intended receiver iden-

tically and independently with the distribution function Fd(x) = (x/dmax)
2. There-

fore, the location of intended receiver, modeled with points Wi for transmitter i,

is uniformly distributed in a disc b(Zi, dmax). Throughout the analysis in Chapter

3 and 4, I do not consider multi-user receivers [4] or any interference cancellation

techniques [96], instead traditional matched-filter receivers are assumed where in-

terference is mitigated either by avoiding interference through frequency hopping or

by despreading in DS-CDMA receivers.

The analysis is performed on a typical receiver placed at the origin and denote

|Zi| as the distance from the node i to the origin. The appropriate requirements

on λ due to outage constraint ε for DS-CDMA and FH-CDMA using the Palm

distribution Po are,

DS Po

(
ρ

Mη +
∑

i∈Π∩b̄(O,D) ρ( di

|Zi|)
α
≤ Γ

M

)
≤ ε, (3.1)

FH Po

(
ρ

η +
∑

i∈Πm∩b̄(O,D) ρ( di

|Zi|)
α
≤ Γ

)
≤ ε, (3.2)

where i ∈ Π ∩ b̄ (O, D) denote the set of nodes transmitting simultaneously while

potential transmitters inside the disc1 b(O, D) are inhibited. For FH-CDMA, i ∈
Πm ∩ b̄ (0, D) denotes the set of transmitters that select sub-channel m, for m =

1, · · · ,M while transmitters inside the disc b(O, D) are inhibited. Each process

Πm is a marked homogenous Poisson point process with intensity λ
M

assuming each

transmitter chooses its sub-channel independently. In the above expressions, the

first term in the denominator represents noise while the second term constitutes

the aggregate interference. In DS-CDMA the total noise power Mη accounts for

noise from the entire band W while in FH-CDMA the noise power is only from one

sub-channel, i.e. η.

The guard zone D is necessary in order to maintain a desired SINR at the

1A ball of radius D > 0 centered at origin O, i.e. the set b(O, D) = {x : |x| ≤ D}.
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receiver. Clearly, the size of the guard zone effects throughput (per node) in an

ad hoc network as nodes within the disc b(O,D) are inhibited. Considering only

DS-CDMA, the normalized (by ρ) aggregate interference is Y =
∑

i∈Π∩b̄(O,D)(
di

|Zi|)
α

whose mean µy and variance σ2
y (for α > 2) were derived in [97] using Campbell’s

Theorem [88] and are,

µy =
4πdα

maxD
2−α

(α2 − 4)
λ, (3.3)

σ2
y =

πd2α
maxD

2(1−α)

(α2 − 1)
λ. (3.4)

The constraint on the normalized aggregate interference Y for the typical receiver

placed at the origin in (3.1) can be expressed as

Po (Y ≥ Mδ) ≤ ε, where δ =
1

Γ
− η

ρ
. (3.5)

Similarly the outage constraint for FH-CDMA can be found by substituting λ in

(3.3) and (3.4) with λ/M and replacing Mδ in (3.5) with δ.

In order to determine the outage probability in (3.5), the probability density

function (pdf ) for the aggregate interference Y is needed. The problem in determin-

ing this pdf is due to the unequal interference caused by the transmitting nodes,

i ∈ Π. The nodes transmitting close to the origin contribute much more interference

than the nodes which are further away from the origin. The pdf and the cumulative

distribution function for the total interference Y , (for ρmax = 1) were derived in [86]

for the special case when D = 0, α = 4 and di = dmax∀i, and are

fY (y) =
π

2
λy−

3
2 e−π3 λ2

4y , (3.6)

FY (y) = 2Q

(
π

3
2 λ√
2y

)
. (3.7)

This is the only case for α > 2 in which a closed-form expression is known to exist.

The above results are used in the next section to evaluate the exact transmission

capacity for both CDMA systems when D = 0.
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3.3 Transmission Capacity without Guard Zone

Only for this section, two simplifications are made to the system model of Section

3.2, i) all transmitters utilize the same transmission power ρmax = 1 and ii) all

transmission distances are over the same distance d = dmax. Although these are

compromising assumptions, they allow the intuition surrounding the need for a guard

zone to be cleanly developed, while capturing the important trends. Subsequent

sections relax these assumptions. When D = 0 and α = 4, using the distribution

function in (3.7), the constraint on the aggregate interference in (3.5) is

DS Po (Y ≥ Mδ) ≤ ε, (3.8)

= Q

(
π

3
2 λ√

2Mδ

)
>

1− ε

2
. (3.9)

Using the above result, the normalized (by M) transmission capacity for both

CDMA systems are:

λDS =

√
2

π3

κ

M
Q−1

(
1− ε

2

)
, (3.10)

λFH =

√
2

π3
κ Q−1

(
1− ε

2

)
, (3.11)

where κ = r−α

Γ
− η

ρ
.

In [97] upper and lower bounds on λ for both DS-CDMA and FH-CDMA

were derived (for α > 2) in the form λ∗ ≤ λ ≤ λ∗. The transmission capacity

λ ≤ λ∗ ensures outage probability Po < ε is definitely met, and λ > λ∗ results

in Po > ε and it is ensured that an SINR outage will occur. In the absence of a

guard zone (D = 0), transmission capacity bounds from [97] for both DS-CDMA

and FH-CDMA are reproduced below:
(

α− 1

α

)
ε

π
(Mκ)

2
α ≤ λDS ≤ ε

π
(Mκ)

2
α , (3.12)

(
α− 1

α

)
εM

π
κ

2
α ≤ λFH ≤ εM

π
κ

2
α . (3.13)

The lower bounds in (3.12) and (3.13) suggest that for higher path loss expo-

nents the transmission capacity for an ad hoc network approaches the upper bound.
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Table 3.1: Network Parameters, unless otherwise specified
Symbol Description Value

d Transmission radius 10m
α Path loss exponent 4
Γ Target SINR 10dB
η SNR 20dB
ε Outage probability requirement 0.05
ρ Transmitted power 0dBm
M Spreading Ratio 16

This is verified by comparing the above bounds (for α = 4) with the actual trans-

mission capacity results derived in (3.10) and (3.11). The normalized transmission

capacity ( λ
M

) as a function of spreading ratio is shown in Fig. 3.1 for the network

parameters of Table 3.1. The capacity of DS-CDMA as compared to FH-CDMA

degrades with increasing spreading gain, this is also true if DS-CDMA is compared

to a non spread system. This results from the known problem in DS-CDMA, i.e.

the near-far effect [30].

In cellular networks, the near-far problem in DS-CDMA [72] is mitigated

using power control, but in ad hoc networks power control is difficult to implement

as there is no centralized authority to coordinate the required power levels [53].

Some recent work [9, 12, 23, 66] attempts to implement system-wide power control

in ad hoc networks, however, power control alone cannot completely eliminate the

near-far problem in DS-CDMA [23]. This near-far problem is also a persistent

criticism against the possible use of DS-CDMA in ad hoc networks, but this is

a misconception as a narrow-band system suffers an even more drastic near-far

problem as compared to DS-CDMA, where the interference is at least mitigated by

a factor M . Although this may not be sufficient to suppress nearby interferers, the

spreading gain does provide attractive robustness against the aggregate interference

of more distant interferers.

In Fig. 3.1 the upper bound, λ∗ in both CDMA systems is almost the same

(for ε ¿ 1) as the exact capacity derived in (3.10) and (3.11), suggesting a tight
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Exact capacity results using 
distribution function in (3.7) 

Figure 3.1: Normalized transmission capacity vs. spreading factor for D = 0. The
upper bound derived in [97] for both DS-CDMA and FH-CDMA coincides with the
exact transmission capacity results in (3.10) and (3.11) respectively for α = 4.

upper bound. Interestingly, λ∗ in [97] is determined by considering the interference

from just one interferer within the disc b(O, s) where s = κ−1/α (for FH-CDMA)

and s = (Mκ)−1/α (for DS-CDMA).

For these values of s even a single transmission within b(O, s) causes outage

and therefore constrains the transmission capacity. This suggests that in networks

where local scheduling is not implemented, ad hoc network capacity is limited by

the strongest interferer since it dominates the outage probability. This is shown to

be true even when channel variations like fading and shadowing are considered [95].

Therefore, an attractive alternative to random access is to inhibit the interferer

or interferers in the close vicinity around each receiver. Since the nearest inter-

ferer limits capacity, suppressing its interference through an appropriate guard zone

seemingly should greatly improve the number of simultaneous transmissions. This

is examined more concretely in the following section.
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Figure 3.2: Example of guard zone in a simple network. The guard zone around
receiver Rx1 inhibits node A from transmitting while Tx2 may transmit concurrently
to receiver Rx2.

3.4 Transmission Capacity with Guard Zone

In determining the effect of guard zone on the network capacity, I first consider

outage probability for a simple two-user system.

3.4.1 Two-user System

A two-user system actually involves three nodes: a transmitter Tx1 communicating

with its receiver Rx1 at the origin and an interferer Tx2 transmitting simultane-

ously (to some other receiver) as shown in Fig. 3.2. The transmission from Tx1 is

successfully received if the SINR constraint at Rx1 is met. Assuming that the net-

work ensures that all interferers inside the guard zone D (for example node A) are

inhibited through some handshaking mechanisms as part of the MAC or in future

systems, potentially by utilizing GPS measurements or a special power aware MAC

protocol. In order to understand the effect of the guard zone, the outage probability

at Rx1 is investigated by considering just two transmitters: intended transmitter

Tx1 and an interferer Tx2 at a distance s from Rx1, both using fixed transmit power

ρ = ρmax.
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Considering a network of size R and interferer Tx2 to be uniformly distributed

in a(O,D, R), the distribution function for s is2

FS(s) =
(s2 −D2)

R2 −D2
, (0 ≤ D ≤ s ≤ R). (3.14)

Again assuming the PN code cross-correlation is 1/M , the outage probability at Rx1

for DS-CDMA and FH-CDMA can be found using straightforward analysis using

(3.1) and (3.2) as

pDS
o = P

(
s ≤

(
1

Mκ

) 1
α

)
, (3.15)

pFH
o = P

(
s ≤

(
1

κ

) 1
α

)
1

M
, (3.16)

where P denote probability. The ratio of the outage probability for DS over the

outage probability for FH (for similar d = dmax) is:

pDS
o

pFH
o

=
M

(
(Mκ)

−2
α −D2

)

κ
−2
α −D2

. (3.17)

For D = 0, pDS
o /pFH

o = M1− 2
α and the loss probability ratio monotonically

increases in α for α > 2. This is similar to the results in [97] where the benefit

of FH-CDMA over DS-CDMA is more pronounced in transmission areas with high

attenuation. This also suggests that when an ad hoc network is interference limited,

avoiding interference by frequency hopping is preferable to interference suppression

(DS-CDMA). The outage probability reduces for both systems with the introduction

of a guard zone. The loss probability ratio in (3.17) is 1 for some D = Do, where

outage probability for DS-CDMA is the same as that of FH-CDMA, setting (3.17)

to 1 results in

Do = κ
−1
α

√
M1−2/α − 1

M − 1
. (3.18)

The outage probability in (3.15) and (3.16) versus the normalized guard zone

(by dmax) is shown in Fig. 3.3 (the plot uses the parameters given in Table 3.1) for

2a(O, D, R) implies {x : D ≤ |x| ≤ R}, i.e an annulus between D and R.
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Figure 3.3: The ratio of the loss probability for DS-CDMA to FH-CDMA vs. nor-
malized guard zone D (by dmax). Outage probability for both CDMA systems
improve with increasing guard zone. DS-CDMA performs better as compared to
FH-CDMA when D ≥ Do. The results use the network parameters of Table 3.1.

M = 1, 16 and 64. The performance (in terms of SINR outage) for both CDMA

systems improves with the introduction of a guard zone, which is intuitive since

employing a guard zone reduces the probability of a close-by interferer. What is

interesting is that DS-CDMA results in better performance when D ≥ Do, whereas

without a guard zone, it never exceeds FH performance. The outage probability for

DS-CDMA goes to 0 as the guard zone approaches (Mκ)−1/α since one interferer

beyond (Mκ)−1/α cannot cause an outage. The equivalent guard zone for FH-CDMA

also for a narrow-band system corresponds to κ−1/α where outage probability goes

to 0. This suggests a significant advantage of DS-CDMA as compared to narrow-

band, its ability to reduce the required guard zone size, with a decrease on the order

of M−1/α, so that it can be even smaller than the transmission range. A guard

zone smaller than transmission range is useful for implementing efficient scheduling

mechanisms since nodes that need to be inhibited are within the decoding range of

a receiver.
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Considering the two-user system, the outage probability for FH-CDMA re-

duces with increasing D, however the reduction is not as drastic as DS-CDMA. This

suggests that incorporating a guard zone in an actual FH-CDMA ad hoc network

may not be that beneficial for increasing spatial reuse. This is investigated in the

following section where the results of the two-user system are extended to determine

the transmission capacity (with guard zones) for ad hoc networks for both CDMA

systems.

3.4.2 Ad Hoc Network with Guard Zones

Introducing a guard zone around a receiver reduces the aggregate interference and

thus relaxes the SINR constraint in (3.1) and (3.2). This reduction in the SINR

requirement at the expense of inhibiting nearby transmitters may be a favorable

tradeoff if the network can accommodate a higher transmission capacity. I first

consider DS-CDMA and extend the two-user system results to an an ad hoc network

employing pairwise power control for the system model explained in Section 3.2.

In order to study the effect of the choice of guard zone size D on the transmis-

sion capacity, a distribution function for the aggregate interference in (3.1) needs to

be determined. Under pairwise power control with guard zone D this distribution,

also when D = 0, is not known. Employing a guard zone removes the dominant

nearby interferers and reduces σ2
y by a factor 1/D2(α−1), see (3.4). Therefore, the

probability in (3.5) is approximated by modeling the aggregate interference as Gaus-

sian. This is verified with the help of simulation, shown later, that the Gaussian

approximation is pessimistic for small spreading gains but becomes reasonable as M

increases (details can be found in Fig. 3.9 that plots the simulation results for the

Gaussian approximation). Applying the Gaussian approximation, the constraint on

the normalized aggregate interference in (3.5) can be expressed as

Q

(
Mδ − µy

σy

)
≤ ε. (3.19)

Substituting µy and σy from (3.3) and (3.4) results in the maximum intensity of the
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transmitters λ1 that can be tolerated by the typical receiver and still not violate

the outage requirement ε. This does not guarantee the intensity λ1 can be spatially

realized as the analysis only considers the guard zone around the typical receiver.

The maximum intensity λ1 can be expressed as

λ1 =
b2

4a2D2

[√
1 +

4aMδDα

b2
− 1

]2

, (3.20)

where a = 4πdα
max

α2−4
and b =

√
π

α2−1
dα

maxQ
−1(ε).

Not captured in the above result is the fact that the set of active transmitters

with intensity λ1 are not only outside the guard zone of the typical receiver placed

at the origin, but also outside the guard zone of all the active receivers. There-

fore, (3.20) is somewhat misleading in the sense that it suggests that increasing D

arbitrarily helps sustain a better λ. As explained earlier, employing a large guard

zone may not increase the number of simultaneous transmissions as it also restricts

the freedom of transmissions. Therefore, a spatial constraint due to the size D is

introduced along with the outage constraint in (3.1).

If the initial intensity of the point process Π is λ0, defined as the intensity

of transmitters trying to concurrently contend for the channel, then the percentage

of receivers ps in the network that will have no interferers inside their guard zone

can be determined using the void probability e−πλ0D2
. The resulting thinned process

with intensity λ2 = λ0ps is the intensity of transmitters which satisfy the guard zone

criteria, however, it provides no guarantee about the outage requirement in (3.1).

The thinning ps captures the restriction in the freedom of transmission due to the

guard zone size D. The scheduled transmitters with intensity λ2 are certainly not

distributed with a homogenous Poisson point process since by design, the probability

of an active interferer inside the guard zone is 0. In Section 3.6 the distribution of

transmitters scheduled using the guard zone criteria is evaluated and it is shown that

outside the disc b(O, D) the distribution of transmitters can still be approximated

with a homogenous Poisson distribution. This is evaluated using simulations by

applying the two standard Poisson tests [88].
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Both λ1 and λ2 can be thought of as the outage constraint and the spatial

constraint respectively. To maximize transmission capacity, the guard zone D needs

to be selected so as to maximize the minimum of both intensities, λ1 and λ2, over

all contention densities i.e.

λ(D) = max
D,λ0

[min(λ1, λ2)] . (3.21)

This is a non-linear optimization which is solved through numerical calculation in

order to determine a closed form solution for D in terms of the network parameters.

Numerical calculation shows that the guard zone size D over all λ0 which maxi-

mizes λ(D) in (3.21) corresponds to ps ≈ 1/e for both CDMA systems. This was

verified under different network parameters (Table I), as shown in Fig. 3.4(a) and

(b), suggesting that transmission capacity is maximized when intensity of scheduled

transmitters is about 1/e times the intensity of the initial contending transmitters.

Using the above fact the first main result, the optimal guard zone Dopt

and the corresponding transmission capacity λ(Dopt) for DS-CDMA can

be expressed as,

DS Dopt = dmax




4
α2−4

+
√

e
α2−1

Q−1(ε)

Mδe




1/α

, (3.22)

DS λ(Dopt) =
1

πed2
max


 Mδe

4
α2−4

+
√

e
α2−1

Q−1(ε)




2/α

. (3.23)

Similar results for for FH-CDMA are found by replacing Mδ in (3.20) with δ and

by substituting λ in (3.3) and (3.4) with λ/M . The optimal guard zone and

the corresponding transmission capacity for FH-CDMA are,

FH Dopt = dmax




4
α2−4

+
√

eM
α2−1

Q−1(ε)

Mδe




1/α

, (3.24)

FH λ(Dopt) =
1

πed2
max


 Mδe

4
α2−4

+
√

eM
α2−1

Q−1(ε)




2/α

. (3.25)
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Figure 3.4: Transmission capacity is maximized over all guard zones under different
λ0. Maximum transmission capacity is achieved by selecting the guard zone such
that ps ≈ 1/e. (a) α = 4, dmax = 25m (b) α = 3, dmax = 10m.
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The optimal guard zone as a function of network parameters (Table 3.1)

is shown in Fig. 3.5(a), which captures the reduction in Dopt relative to M for

both CDMA systems, the reduction being more in the case of DS-CDMA. In DS-

CDMA, by employing a moderate spreading gain the required guard zone size be-

comes smaller as compared to the maximum transmission range, this is similar to

the observation made earlier in Section 3.4.1 for the two-user system. Using (3.24)

and (3.25), the results for the normalized transmission capacity using optimal guard

zones versus the spreading gain are shown in Fig. 3.5(b). A significant improvement

in transmission capacity is achieved with guard zones in DS-CDMA, however, the

capacity is still sub-linear with the spreading gain and scales as M2/α. The plot

shown in Fig. 3.5(b) compares the transmission capacity (with guard zones) with

the upper bound results in [97]. In FH-CDMA, employing a guard zone around a

receiver attempting to decode a signal on sub-channel m is disadvantageous since

the guard zone restricts transmissions on all the M sub-channels. Transmissions on

the remaining M−1 sub-channels (other than sub-channel m) need not be inhibited

as they do not contribute any interference to a receiver using sub-channel m. Thus,

employing a guard zone that inhibits all transmissions results in highly inefficient

spatial reuse. In FH-CDMA for M ≥ 36, transmission capacity with guard zone is

lower than the upper bound without guard zone; see Fig. 3.5(b). Therefore, when

M is high it is better to use random ALOHA for FH-CDMA instead of scheduling

through guard zones.

Considering only spatial reuse, a better strategy for FH-CDMA is to inhibit

transmissions only on one sub-channel. For example, consider a receiver attempting

to decode a signal from its intended transmitter on sub-channel m. The MAC should

implement a guard zone around the receiver where transmissions are inhibited only

on the sub-channel m. This allows transmissions on the remaining M − 1 sub-

channels to take place even inside the guard zone. Additionally, it also protects

the receiver as transmissions inside b(O,D) does not contribute to the aggregate
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Figure 3.5: (a) Normalized guard zone vs. spreading gain. In DS-CDMA, the opti-
mal guard zone size decreases and becomes smaller than the maximum transmission
range with a moderate spreading gain (≈ 10 for network parameters of Table I).
With the increase in spreading gain the guard zone becomes insensitive to the path
loss. (b) Transmission capacity vs. spreading gain.
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interference. An even more intelligent FH-CDMA implementation, at the cost of

increased complexity, would be to adaptively select sub-channels that offers less

interference [25, 90]. However, such a strategy requires a MAC implementation at

each node and the main advantage of FH-CDMA that the MAC need not perform

contention resolution, is lost. Therefore, in the following section the performance

for DS-CDMA systems by employing guard zone scheduling is evaluated.

3.5 Performance Evaluation in DS-CDMA Sys-

tems

By employing guard zone, the improvement γ in transmission capacity in DS-CDMA

as compared to the case when D = 0 can be found using the transmission capacity

bounds derived in [97] for pairwise power control. The bounds are reproduced here:

DS
ε

2πd2
max

(
M

β

) 2
α

≤ λ ≤ 4ε

πd2
max

(Mδ)
2
α . (3.26)

Using the above upper bound and the transmission capacity result in (3.23), γ is

expressed as

γ =
1

4ε
[

4
α2−4

+
√

e
α2−1

Q−1(ε)
]2/α

e1− 2
α

. (3.27)

As shown in Fig. 3.6 even under high outage (ε = .1) the improvement through

guard zone is about 50% and as outage requirements become stricter the improve-

ment is increasingly drastic. The outage constraint, in a pure random ALOHA

network, is met due to the inherent spatial separation amongst nodes (in proba-

bilistic sense). Therefore, strict outage results in poor transmission capacity where

capacity decreases linearly with ε. In the guard zone case, spatial separation is en-

sured through the MAC, so the gain from the guard zone increases under stricter

outage constraints. When α is high, random ALOHA suffers more from the near-far

problem, so the gain from guard zone increases with path loss exponent.
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Figure 3.6: Increase in transmission capacity vs. path loss exponent. For stringent
outage requirements, the gain from guard zone is as much as 10-100x since lower ε
tolerances increasingly reward scheduling.

The optimal guard zone expression in (3.22) determines the minimum spread-

ing gain requirement M ′ for Dopt ≤ dmax and is expressed as

M ′ =
1

δe

[
4

α2 − 4
+

√
e

α2 − 1
Q−1(ε)

]
. (3.28)

Selecting M > M ′ ensures that potential interferers are inside the decoding range of

an active receiver. In practice, by monitoring the received power level of the control

packets, transmitters can identify if they lie inside the guard zone of any active

receiver. Assuming control packets (messages required prior to data transmission)

are transmitted with maximum power ρmax, the guard zone constraint translates

into an equivalent power threshold Pth expressed as

Pth =
ρMδe

4
α2−4

+
√

e
α2−1

Q−1(ε)
. (3.29)

Therefore, if a transmitter decodes a control packet from any receiver (other than

its own) with received power greater than Pth it refrains from transmitting. This
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requires nodes to monitor the control packets being generated in their vicinity before

transmitting. As highlighted earlier, a guard zone smaller than dmax is useful since

it eliminates the hidden node problem as interferers outside the decoding range of

a receiver do not cause an outage.

3.6 Validity of Poisson Distribution and Gaussian

Interference

By implementing an ad hoc network in software [45] (written in LabVIEW), the

distribution of the thinned transmitters resulting from guard zone scheduling is

investigated. First, a spatially distributed set of transmitters according to a ho-

mogenous Poisson point process in a circular network of radius R meters [88] is

generated. The candidate transmitters with intensity λ0 each selects a receiver lo-

cated at a random location that is at a distance d meters. Second, all receivers

having any interferers inside the disc b(O, D) inhibit their corresponding transmit-

ters. The thinning process schedules only those Tx-Rx pairs whose receiver’s guard

zone is free of interferers. One realization of this scheduling process with initial can-

didate transmitters intensity λ0 alongside scheduled transmissions with intensity λ2

are shown in Fig. 3.7.

While deriving the transmission capacity with guard zone in (3.23) and (3.25),

transmitters outside the guard zone of the typical receiver are assumed to be dis-

tributed with a homogenous Poisson distribution. The assumption facilitates the

guard zone analysis by allowing the mean and variance of the aggregate interfer-

ence to be expressed in closed form using Campbell’s theorem. Therefore, using the

above simulation setup the validity of the Poisson assumption is evaluated. In order

to verify and test the Poisson process hypothesis, two recommended tests in [88]

are applied. First, the distribution of the distance S for each scheduled transmitter

from the origin is compared with the probability density function fS(s) = 2s
R2 . This
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Figure 3.7: The figure on the left shows a realization of the initial contending trans-
mitters with intensity λ0 and on the right are the scheduled transmitters with in-
tensity λ2.

validates the distribution of the scheduled transmitters to be independent and iden-

tically distributed with uniform distribution. Second, the total number of scheduled

transmitters k (k = 0, 1, 2, · · · ) in an area a(O, D, 2D) are sampled to determine

the spatial distribution of nearby interferers. Since, nearby interferers dominate

the aggregate interference, the distribution of transmitters just outside the guard

zone is more critical than interferers that are far away. These probabilities are then

computed and compared with a Poisson distribution.

The results of the two tests sampled over many realizations are shown in

Fig. 3.8 for the network parameters given in Table 3.1 with R = 100 meters. The

results were also verified using different values of dmax and α. Also, by monitoring

the aggregate interference at each scheduled receiver the percentage of nodes that

violate the SINR requirement are computed and compared against the Gaussian

approximation in Fig. 3.9. The plot shows that the Gaussian approximation for the

aggregate interference is pessimistic for small spreading gains but becomes reason-

able as M increases. Since the Gaussian approximation results in higher outages as

compared to the actual outage in the network, I conjecture that the transmission
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Figure 3.8: (a) The probability density function of the distance S for scheduled
transmitters from the origin (b) Probability of k (k = 0, 1, 2, · · · ) nodes inside the
region a(O, D, 2D).
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Simulation results 

Gaussian approximation 

Figure 3.9: Actual outage probability Po (Y ≥ Mδ) (through simulation) is com-
pared with the outage determined by modeling Y as Gaussian. The Gaussian
approximation uses the simulation results for µY and σY to calculate the outage

probability as Q
(

Mδ−µy

σy

)
. The results shows that the Gaussian approximation is

quite pessimistic when M is small and improves with M .

capacity is lower-bounded by a Gaussian approximation for the aggregate interfer-

ence.

3.7 Conclusion

The study illuminates some key dependencies for the capacity of ad hoc networks.

In the absence of local scheduling it is better to do frequency hopping than to use

direct-sequence CDMA techniques. Due to the asymmetric nature of interference

in ad hoc networks, competing transmissions in the close vicinity of the receiver

constitute the vast majority of the total interference. Therefore, employing a guard

zone around each receiver improves the capacity of ad hoc networks in general, and

is especially effective for DS-CDMA networks. The optimal guard zone expression

using stochastic geometry that maximizes the density of successful transmissions

under the outage constraint is derived. The proposed scheme implements pairwise
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power control where nodes’ transmission power is based solely on the distance from

their intended receivers.

In the case of DS-CDMA, the optimal guard zone can be made smaller than

the transmission range by appropriately choosing the spreading gain. A capacity

increase relative to random access (ALOHA) in the range of 2− 100 fold is demon-

strated through an optimal guard zone; the capacity increase depending primarily

on the required outage probability, as higher required QoS increasingly rewards

scheduling.
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Chapter 4

Guard Zone-based Scheduling in

Ad Hoc Networks

4.1 Introduction

As highlighted in previous chapters, the question “how much traffic can a wireless

network carry?” has received considerable interest in recent years. In particular,

the key issue in most of these studies is to determine the maximum achievable

throughput per source-destination pair [13,26,33,35,37,58,101,102]. The approach

is to let the number of nodes per unit area grow large while considering a fixed

sized network to determine the throughput scaling with the number of nodes and

the constants are ignored. Similarly, other studies while fixing the number of nodes

per unit area and increasing the size of the network to infinity have attempted to

study the capacity of ad hoc networks [7,84,86,96,97] by considering next-neighbor

transmissions.

In practice, infinite sized ad hoc networks do not exist [82] and the derived

results in the limit of large number of nodes may not be applicable for finite sized

network with fixed number of nodes. In this regard, [91] investigates capacity regions

for a finite ad hoc network and [48] computes bounds on the optimal throughput with
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finite number of nodes. An interesting observation in a recent work [13] is, for any

network topology and traffic pattern, the capacity of finite sized ad hoc network

is maximized by employing arbitrary large transmission power. This is in sharp

contrast to the earlier results [34] suggesting nodes to employ just enough transmit

power to ensure connectivity. They argue that the constants in the throughput

scaling results [35] should also be considered when ad hoc networks have finite

number of nodes.

In Chapter 3 an optimal guard zone that maximizes transmission capacity

was derived for an infinite sized ad hoc network. Naturally, a smaller guard zone is

required if the network is finite that should also take into consideration the density

of the contending nodes. The main objectives for the second contribution are,

1. To propose a scheduling protocol based on the concept of a fixed system-wide

guard zone that achieves high capacity and simple implementation in a finite

sized ad hoc network.

2. To derive the optimal guard zone D∗ for a finite sized network, which maxi-

mizes spatial reuse for a DS-CDMA (also for narrow-band) physical layer.

3. To determine the intensity of the scheduled transmissions λ∗ corresponding to

D∗.

4. To compare the performance of guard zone-based scheduling to the three well-

known multiple access schemes, a) random ALOHA, b) CSMA, and c) near-

optimal centralized scheduling scheme.

This Chapter provides an understanding of the guard zone and how it is af-

fected by the network parameters that should help researchers and designers improve

the efficiency of multiple access and scheduling protocols for ad hoc networks.
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4.2 Guard Zone-based Scheduling

Employing an appropriately sized guard zone that suppresses close-by transmissions

results in improved spatial reuse as shown in chapter 3. Employing a guard zone of

size b(O, D) around each receiver helps limit the aggregate interference by inhibiting

the dominant nearby interferers, see Fig. 3.2 where enforcing a guard zone around

Rx1 inhibits node A from transmitting.

In general not all receivers experience similar aggregate interference, espe-

cially when power control is employed. This implies that the guard zone size around

each receiver should be individually chosen to maximize spatial reuse. The motiva-

tion for a fixed system-wide guard zone is to allow the scheduling algorithm to be

realized in a simple distributed manner and to eliminate the need to monitor and

exchange the interference conditions at each node. Therefore, a fixed system-wide

guard zone that maximizes spatial reuse (area spectral efficiency) is investigated and

its performance is compared with a near-optimal scheduling algorithm. Based on

the total number of nodes contending, the proposed guard zone-based scheduling

allows new links to be admitted without affecting transmissions in progress. The

guard zone-based scheduling, implementation details are in Chapter 6, admits new

transmitters to the current active set as long as the admitted transmitters do not

violate the guard zone around the admitted receivers.

4.2.1 Network Model and Assumptions

The system model considers a wireless ad hoc network consisting of N transmitter-

receiver (Tx-Rx) pairs contending for the channel in a two-dimensional circular

region with finite (but arbitrarily large) radius R. The locations of the contend-

ing transmitters are based on a marked homogenous Poisson point process (PPP)

Π(λc) = {(Zi, di)} with intensity λc where the points {Zi} model the location of

nodes contending for the channel at some time t. The marks {di} represent the

transmission distance between the ith Tx-Rx pair. I assume that the transmitters’
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maximum transmission range is dmax where dmax ¿ R, and a maximum power con-

straint ρmax. Similar to chapter 3 the location of the intended receiver, modeled

with points Wi, for transmitter i is uniformly distributed in a disc b(Zi, dmax).

The proposed scheduling algorithm selects a subset of possible transmissions

based solely on the guard zone criteria from the initial transmission scenario of N

contending Tx-Rx pairs. After randomly ordering the N Tx-Rx pairs 1, 2, · · ·N ,

the algorithm (starting from Tx-Rx pair 1) sequentially tests pairs for admittance.

Due to the absence of any interferers the algorithm always admits the first Tx-

Rx pair; however, pair 2 is admitted only if the first and second transmitters are

outside the guard zone of the second and first receivers, respectively. Similarly, at

stage i (i = 0, 1, · · · , N − 1), assuming k (k = 0, 1, · · · , i) pairs have already been

admitted, the algorithm tests the (i + 1)th pair, which is admitted if the following

two conditions are met:

1. the k already admitted transmitters are outside the guard zone of the (i+1)th

receiver, and

2. the (i + 1)th transmitter is outside the guard zone of the k already admitted

receivers.

At any stage i, if a contending pair cannot be admitted, the algorithm discards it

and tests the next pair for admittance. The scheduling algorithm stops after N

iterations, at which time it has admitted a total of XN pairs that are assumed to

transmit simultaneously.

Randomly ordering the Tx-Rx pairs 1 through N is evidently suboptimal

in the sense that the algorithm schedules transmissions sequentially, instead of a

exhaustively searching for the largest subset of transmissions satisfying the guard

zone criteria. Since the size of the search space grows in an exponential manner

with the number of contending nodes, sequentially selecting transmissions from a

random set is conducive to a realistic implementation, including for example, the

sequence in which the desired transmissions are generated.
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Table 4.1: Network Parameters, unless otherwise specified
Symbol Description Value

Γ Target SINR 10dB
η SNR 20dB
ε Outage probability requirement 0.01

dmax Maximum Transmission radius 10m
R Network Radius 100m 

po
0

1 - po

p1
1

1 – p1

p2
2

1 – p2

pn-1
N-1

1 – pn-1

N

1

pn-2

Figure 4.1: Guard zone scheduling is modeled with a one-sided non-homogenous
random walk. The algorithm starts from state 0 where each state represents the total
number of Tx-Rx pairs admitted with guard zone-based scheduling. The probability
of admitting the (i + 1)th Tx-Rx pair given i pairs already admitted is pi. After
N decisions, one for each contending Tx-Rx pair, one would like to know end state
XN .

The XN − 1 scheduled transmitters (other than a given receiver’s intended

transmitter) that are outside the guard zone of an admitted receiver are assumed to

be still distributed with the Poisson distribution. This was shown to be a reason-

able assumption in Chapter 3 (Section 3.6) and is further validated by simulation

later in the chapter. At stage i the probability of admitting the (i + 1)th Tx-Rx

pair given k pairs have already been admitted corresponds to the probability that

there are zero receivers (out of k already admitted receivers) in b(Zi+1, D) times

the probability that there are zero transmitters in b(Wi+1, D). Therefore, using the

Poisson assumption for the k Tx-Rx pairs already admitted which corresponds to a

process of intensity k/πR2, the probability of zero Tx-Rx pairs in b(Zi+1/Wi+1, D)

around the (i + 1)th Tx-Rx pair is e−kD2/R2
.

The scheduling algorithm explained above can be modeled with a discrete

Markov chain as shown in Fig. 4.1 where each state corresponds to the number of
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admitted pairs. This is a non-homogenous one-sided random walk characterized by

the (N + 1) × (N + 1) transition matrix P where [pi,j] is the probability of going

from state i to i + 1 in one transition and can be expressed as

P =




1− p0 p0 0 · · · 0

0 1− p1 p1 · · · 0
...

...

0 0 0 · · · pN−1

0 0 0 · · · 1




, (4.1)

where p = e−2D2/R2
. Since the scheduling algorithm always starts from state 0,

the probability that XN = i can be expressed as the N -step transition probability,

denoted by PN
i as,

PN
i =

∑
a1+a2+···+ai=N−i

(
1− p1

)a1
(
1− p2

)a2 · · · (1− pi
)ai p1p2 · · · pi−1. (4.2)

This is the probability that after N decisions the chain is in state i, i.e., a total of

i Tx-Rx pairs passed the guard zone criteria. In the above expression a1, a2, · · · , ai

represents the number of decisions where a pair is discarded with a total number of

discarded pairs being N − i as only i pairs are admitted1.

The first goal is to determine the optimal guard zone size D∗ under pairwise

power control that maximizes the number of admitted transmissions XN such that

the outage probability is less than ε, for 0 < ε ¿ 1. In the following section an

optimal guard zone size D that maximizes spatial reuse is derived for the system

model explained above.

1The probability p = e−2D2/R2
can also be expressed using (4.2) as P 2

2 . This implies that in
a network where only two Tx-Rx pairs are contending, p is the probability that both pairs are be
admitted.
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4.3 Optimal Guard Zone under Pairwise Power

Control

The optimal choice of the guard zone size D∗ that maximizes the area spectral

efficiency corresponds to the smallest guard zone that meets the outage requirement.

However, it may be noted that unlike chapter 3 the optimal guard zone size also

depends on the intensity λc of the contending transmitters. Intuitively, a smaller

λc requires a relaxed guard zone size compared to a dense network where a more

stringent guard zone may be required for a similar outage requirement. Similar to

the analysis in chapter 3 the effect of D on the outage and spatial constraints is

investigated.

4.3.1 Outage constraint

The SINR requirement corresponds to a constraint on the intensity of the scheduled

transmitters λs, so that the probability that the received SINR is below the appro-

priate threshold Γ is less than ε at any given receiver. For the above network model

in a DS-CDMA system with spreading gain M (for narrow-band systems M = 1),

the outage constraint at Rxi can be expressed as,

Po

(
ρ

Mη +
∑

j 6=i ρ(
dj

di,j
)α
≤ Γ

M

)
≤ ε, (4.3)

where j is the set of nodes transmitting simultaneously, dj is the distance between

Rxj and Txj and di,j is the distance between Rxi and Txj.

Assuming receiver Rxi is at the origin, the outage constraint analysis is similar

to the maximum allowable intensity result derived in Section 3.4.2, i.e.

λ1 =
b2

4a2D2

[√
1 +

4aMδDα

b2
− 1

]2

, (for α > 2), (4.4)

where a = 4πdα
max

α2−4
and b =

√
π

α2−1
dα

maxQ
−1(ε). Details and the relevant discussion

for the results in (4.4) can be found in Section 3.4.2.
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4.3.2 Spatial constraint

In order to incorporate the spatial constraint the effect of the guard zone size D on

the average number of pairs XN that can be admitted using the scheduling algorithm

explained above is analyzed. In a network where N Tx-Rx pairs are contending,

XN can be computed using the N -step transition probability PN
i (given in (4.2))

as,

XN =
N∑

i=1

i · PN
i . (4.5)

Although the above expression can be computed numerically, the structure of PN
i

(due to the non-uniform random walk) makes expressing XN in terms of D difficult.

In order to approximate (4.5) a random variables Ai is defined as the number of Tx-

Rx pairs that must be tested in order to admit the (i + 1)th Tx-Rx pair given that i

transmissions have already been admitted by the scheduling algorithm. Therefore,

XN can be expressed as,

XN = sup {j ≥ 1 :

j∑
i=0

Ai ≤ N}. (4.6)

This models the admitted pairs as a counting process, where XN is the total number

of arrivals in discrete time N , and Ai is a time between the (i − 1)th and the ith

arrival. The inter-arrival times Ai are non-identical but independent geometric

random variables with mean Ai = 1/pi. The arrival time for the (j + 1)th arrival is

denoted by τj =
∑j

i=0 Ai, and its expected value τ j is

τ j =

j∑
i=0

Ai, (4.7)

=
1− pj+1

pj (1− p)
. (4.8)

The expected value of Xτ j
, denoted by Xτ j

, (computed numerically using the

N -step transition probability) for p = (0, 1) shows that Xτj
≥ j ∀ j. Numerical

results (shown later) suggest that for p > .5 (in practice this would always be true2

2The probability p is e−2D2/R2
as explained in Section 4.2.1 and is > .9 for the network param-

eters in Table I.
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Figure 4.2: Numerical results for average number of Tx-Rx pairs admitted, XN

versus the number of pairs contending. The plot also shows µ̂XN
obtained using

(4.9) which approaches XN for moderate values of N for p = .9, .5, .1.

for a multihop network where R À dmax), Xτ j
approaches j even for small values

of j. Therefore, the largest j, denoted by µ̂XN
, such that τ j ≤ N is computed using

(4.8) as,

µ̂XN
=

R2

2D2
ln [N (1/p− 1) + 1]− 1. (4.9)

The plot in Fig. 4.2 compares µ̂XN
in (4.9) with numerically computed XN

(using the N -step probability in (4.2)) for different values of p. The numerical

results show that for p ≥ .5, the average number of Tx-Rx pairs admitted using

guard zone scheduling may be approximated by µ̂XN
as N becomes large. Finally,

the average number of Tx-Rx pairs admitted in the above expression corresponds

to the intensity λ2:

λ2 =
1

2πD2
ln [N (1/p− 1) + 1]. (4.10)

This expression captures the intensity of the Tx-Rx pairs that are admitted using

guard zone scheduling and is a decreasing function of the guard zone size D. This
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is also shown in Fig. 4.2 where smaller p (equivalent to a bigger guard zone) results

in fewer pairs being admitted.

4.3.3 Combining both spatial and outage constraints to max-

imize capacity

The optimal guard zone D∗ corresponds to the choice of D that maximizes the

minimum of both intensities, λ1 and λ2, so as to maximize spatial reuse. This is

expressed as

λ∗ = max
D

[min(λ1, λ2)] , (4.11)

where λ1 and λ2 again model the outage and spatial constraints respectively. Since

λ1 is an increasing function in D and λ2 is a decreasing function in D, solving for D

such that λ1 = λ2 (this intersection is guaranteed since λ1 → 0 for D = 0) results

in an optimal D. Therefore the second main result of this dissertation, the

optimal guard zone for a finite ad hoc network is:

D∗ =
2

π
dmax

(
Q−1(ε)

Mδ

)1/α

2α

√√√√ln

[
1 +

Nd2
max

R2

(
Q−1(ε)

Mδ

)2/α
]
. (4.12)

The intensity of the scheduled transmissions corresponding to the opti-

mal guard zone is obtained by substituting D∗ in (4.4) or (4.12):

λ∗ =
π

8d2
max

(
Mδ

Q−1(ε)

)2/α
[
ln

(
1 +

Nd2
max

R2

(
Q−1(ε)

Mδ

)2/α
)]α−1

α

. (4.13)

4.4 Optimal Guard Zone Analysis

In this section I highlight the impact of network parameters on both the optimal

guard zone size D∗ and the corresponding intensity λ∗. By appropriately choosing

some of the network parameters (shown in Table 4.1) I investigate how D∗ and λ∗
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scale under varying path loss exponents and also as the number of contending Tx-

Rx pairs increases under different spreading gains. In order to validate some of the

assumptions and simplifications made in deriving D∗ and λ∗, simulation results for

the proposed guard zone scheduling algorithm are also shown along with the results

of (4.12) and (4.13).

The plot in Fig. 4.3(a) shows that D∗ reduces with increasing path loss ex-

ponent for a narrow-band system (i.e. M = 1) and M = 4, while for M = 64 the

optimal guard zone increases with α. This can be explained by the contribution

of the term
(

Q−1(ε)
Mδ

)1/α

in (4.12) which increases with α for M > Q−1(ε)/δ. As

explained earlier spreading gain reduces the SINR requirement and therefore, se-

lecting M > Q−1(ε)/δ results in a network which is no longer interference limited.

Therefore, a higher path loss exponent mitigates aggregate interference at the cost

of the received power from the intended transmission. The guard zone size becomes

insensitive to the path loss exponent when M ≈ Q−1(ε)
δ

(as can be seen in (4.12) and

also in Fig. 4.3(a) for M = 16). Also, the guard zone D∗ < dmax with a moderate

spreading gain, implying that nodes that can potentially cause an outage are within

the decoding range of a receiver. Therefore, carrier sensing is no longer required

since nodes whose control packets cannot be decoded are unable to cause outage.

This observation is revisited in chapter 6 where D∗ < dmax helps in implementing a

distributed scheduling algorithm in a DS-CDMA ad hoc network.

The optimal normalized guard zone as a function of the total number of Tx-

Rx pairs contending (for α = 4 and for network parameters in Table 4.1) is shown in

Fig. 4.3(b). The result suggests that the optimal guard zone size D∗ does not vary

much for networks under different N . Therefore, it may be the case that for portions

of the network where nodes are clustered instead of being uniformly distributed, a

fixed guard zone size would still give reasonable performance.

The plot in Fig. 4.4(a) captures the impact of the path loss exponent on λ∗ for

the network parameters shown in Table 4.1. A higher path loss exponent improves

spatial reuse when M < Q−1(ε)/δ, e.g. for M = 1 and 4. When M = 64 for which
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M = 64 

M = 1 

M = 4 

M = 16 

M = 64 

M = 1 

M = 4 

M = 16 

Figure 4.3: (a) Optimal guard zone size (normalized by dmax) vs. path loss expo-
nent. The optimal guard zone size decreases and becomes smaller than the maximum
transmission range with a moderate spreading gain (M ≈ 10) for network param-
eters of Table 4.1)). With an increase in spreading gain the guard zone becomes
insensitive to α. (b) Optimal guard zone size (normalized by dmax) vs. total Tx-Rx
pairs contending.
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M = 64 

M = 1 

M = 4 

M = 16 

M = 1 

M = 4 

M = 64 

M = 16 

Figure 4.4: (a) Intensity of scheduled Tx-Rx pairs vs. path loss exponent. The
intensity λ∗ improves with the path loss for smaller spreading gains or when the
network is interference limited. When M is high e.g. M = 64, a higher α hurts
the performance. (b) Intensity of scheduled Tx-Rx pairs vs. total Tx-Rx pairs
contending. When N is small almost all the contending nodes are scheduled resulting
in a linear increase in intensity with N .
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M > Q−1(ε)/δ, a higher α results in lower λ∗. As the guard zone size becomes

insensitive to the path loss exponent for M ≈ Q−1(ε)
δ

, the intensity also is unaffected

by α. In Fig. 4.4(b) λ∗ increases linearly with N for N ≤ 30 under all spreading

gains. Since the distribution of the contending transmitters is Poisson, the distance

from a transmitter to the nearest transmitter is proportional to 1√
N

. Therefore,

when N is small almost all the contending nodes satisfy the guard zone criteria

with high probability thanks to the inherent spatial separation. This explains the

linear increase in λ∗ for N ≤ 30 in Fig. 4.4(b) for all four spreading gains. This

suggests that in networks where fewer nodes contend, a higher spreading gain does

not necessarily increase spatial reuse, although there is a trade-off between a higher

M and larger transmission ranges.

When N is high, λ∗ scales sub-linearly with the spreading gain. This is

evident from (4.13) where the intensity scales (when N is sufficiently high) with

(M2/α), this is similar to the result in [97]. Simulation results in both Fig. 4.3

and 4.4 follow the derived results closely and validate the assumptions made in the

analysis. The results in this section help illuminate how the guard zone size and

the corresponding area spectral efficiency are affected by the network parameters.

Some of the key insights for a DS-CDMA ad hoc network are:

1. The preferred guard zone size, compared to a narrow-band system, is reduced

considerably with a moderate spreading gain and even becomes smaller than

the transmission range.

2. Compared to a narrow-band system, the guard zone size is more robust (insen-

sitive) to path loss changes in DS-CDMA, which helps from an implementation

standpoint.

3. The increase in area spectral efficiency with spreading gain is sub-linear i.e.

M2/α.

In the next section the performance of guard zone-based scheduling in terms of
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area spectral efficiency is investigated and compared to a centralized near-optimal

scheduling scheme.

4.5 Performance Evaluation for Guard Zone-based

Scheduling

First the improvement in terms of spatial reuse is investigated that is attained

using guard zone-based scheduling relative to a pure ALOHA network. This is

followed by a simulation study where the goal is to compare the performance of

guard zone-based scheduling (considering spatial reuse) with a well-known near-

optimal scheduling and power control algorithm (explained below) and also with

the well-known CSMA scheduling.

4.5.1 Guard zone-based scheduling vs. no scheduling

In the absence of any scheduling, the maximum permissible density of simultaneous

transmissions that meets the outage constraint was derived in [97]. Their model

utilizes a homogenous Poisson point process to represent the locations of the trans-

mitting nodes and employs pairwise power control. An upper bound λu on the

intensity of the contending transmitters λc was derived where λc > λu results in

an unacceptable outage probability, i.e., Po > ε. The upper bound from [97] is

reproduced below,

λu =
4

π

(Mδ)2/α

d2
max

ε. (4.14)

Guard zone scheduling results in an improvement Θ in spatial reuse which is obtained

using the upper bound in (4.14) and λ∗ in (4.13) as,

Θ =
π2

32ε

(
Q−1(ε)

)2/α

[
ln

(
1 +

Ndmax
2

R2

(
Q−1(ε)

Mδ

)2/α
)]α−1

α

. (4.15)
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Figure 4.5: Gain in intensity of the scheduled transmissions Θ vs. total number
of Tx-Rx pairs contending, N . For stringent outage requirements, the gain from
guard zone scheduling is as much as 40x since lower ε tolerances increasingly reward
scheduling. When N is small the contending nodes are already spatially separated
and therefore, not much gain is realized. The results uses the network parameters
of Table 4.1.

The gain in the intensity of the scheduled transmissions Θ versus the total

number of Tx-Rx pairs contending is shown in Fig. 4.5 for the network parameters

of Table 4.1. The results show that a near-optimal guard zone results in a 2−40 fold

increase in capacity compared to a network where no scheduling is employed. The

capacity increase depends primarily on the required outage probability ε and the

intensity of the contending nodes. The plot shows that stricter outage requirements

increasingly reward scheduling and the resulting gain is quite drastic. This suggests

that guard zone-based scheduling is well-suited to delay sensitive networks and/or

networks where re-transmissions must be kept to a minimum. Also, the increase

in Θ is dependent on the intensity of the contending nodes, and the rewards for

scheduling is more when higher number of nodes contend. When N is small most

of the contending nodes are able to transmit simultaneously due to the inherent

spatial separation between them and not much performance is lost due to random

ALOHA.
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Scheduling with guard zones exploits space efficiently, therefore, when N is

large most of the space is consumed and a drastic improvement in spatial reuse is

achieved. However, this is certainly not an optimal packing for two reasons. First,

guard zone scheduling uses fixed sized guard zones for all nodes in the network.

Secondly, it schedules transmissions sequentially instead of in a globally optimum

fashion. Therefore, in the following section guard zone-based scheduling is compared

to a near-optimal centralized scheduling scheme.

4.5.2 Guard zone-based scheduling vs. near-optimal schedul-

ing

In order to evaluate the performance of guard zone scheduling with near-optimal

scheduling and power control, an ad hoc network is simulated with the parameters

shown in Table 4.1. The contending transmitters (with some initial intensity λc)

are distributed according to a homogeneous Poisson point process. Around each

transmitter Zi, a corresponding receiver is randomly placed in a disc b(Zi, dmax).

For a given realization of nodes, scheduling based on the guard zone criteria under

pairwise power control is performed first. Out of the initial set of contending trans-

mitters, the algorithm randomly chooses a Tx-Rx pair and sequentially pack the

transmissions as long as the guard zone criteria is not violated.

In order to maximize spatial reuse in ad hoc networks, a global search via a

central scheduler was proposed in [23] that determines the largest possible subset

of contending transmissions that can simultaneously meet the SINR requirement.

However, since the search space grows exponentially with N , producing optimal

schedules is an NP-complete problem [76]. Therefore, a joint scheduling and power

control algorithm for ad hoc networks was proposed in [23] to achieve near-optimal

spatial reuse. I call this the centralized scheme and compare its performance with the

proposed guard zone-based scheduling. The performance of the centralized scheme

is not optimal as it employs the scheduling technique proposed by Zander [108]
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which removes transmissions one at a time to determine the set of Tx-Rx that can

transmit simultaneously. Therefore, out of the N Tx-Rx pairs contending, if not all

pairs can be scheduled simultaneously the pair corresponding to the receiver with

the minimum SINR is deferred. This is repeated until all the Tx-Rx pairs can be

scheduled.

Similar to the notion of transport capacity in [35], spatial progress - defined

as the total distance covered by the scheduled transmissions - is used to compare the

performance of the two schemes. Spatial progress is a better performance metric

than the number of transmissions per unit area since the centralized algorithm

is biased towards links with smaller transmission ranges. This is similar to the

observation in [35] where smaller transmission range helps sustain higher network

capacity.

The results for the ratio φ defined as the spatial progress using guard zone-

based scheduling (normalized by the spatial progress achieved through the central-

ized algorithm) are shown in Fig. 4.6(a) and (b). The results clearly show that

scheduling based on the guard zone is sub-optimal and its performance deteriorates

with increasing load. However, guard zone-based scheduling achieves 75 − 85% of

what the centralized scheme does with a moderate spreading gain. The algorithm

performs extremely well under high spreading gains or when the network load is

light. This is quite intuitive, since under light loads the need for scheduling can

be relaxed since nodes are already spatially separated, so little performance is lost

through guard zone scheduling. For fixed N , increasing M relaxes the spatial sepa-

ration requirement and again guard zone-based scheduling performance improves.

Guard zone-based scheduling performs better under higher path loss expo-

nents when M < 8 while lower path loss helps when M > 8 as shown in Fig. 4.6(a).

When M < 8 the network is interference limited and a higher α helps since the

aggregate interference becomes limited due to high attenuation. Nearby nodes do

not cause interference since they are inhibited due to guard zones while nodes that

are far away constitute little to the aggregate interference because of higher α.
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Figure 4.6: Guard zone-based scheduling compared to a near-optimal scheduling.
(a) The performance of Guard zone-based scheduling improves with spreading gain
and is about 85% of the near-optimal scheme with a moderate spreading gain. (b)
The performance of guard zone scheduling deteriorates with increased load and also
with higher transmission ranges.
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Therefore, global knowledge of the nodes that are far away does not buy much per-

formance. However when α is small, nodes that are far away still contribute to

the aggregate interference and this knowledge can be exploited in the centralized

algorithm. When the network is no longer interference limited, as would be the case

when M > Q−1(ε)/δ, higher path loss hurts guard zone performance as shown in

Fig. 4.6(a) for M > 8. In this regime, pairwise power control is damaging, since it is

the received power that is critical, which is efficiently exploited by global knowledge

in the centralized algorithm.

This effect is again accentuated in Fig. 4.6(b) where the scheme performs

extremely well under smaller dmax. Nodes require less transmission power under

smaller dmax and therefore, cause less interference, again making global knowledge

about far away transmissions less important.

4.5.3 Guard zone-based scheduling vs. Carrier Sense Mul-

tiple Access

MAC protocols in IEEE 802.11 wireless networks [46] enable simultaneous transmis-

sions by employing the carrier sense multiple access (CSMA) mechanism. The basic

idea of carrier sense is that transmitters listen to the physical medium to detect

any ongoing transmissions. If no nearby node is transmitting, the sender begins

its transmission, else it defers transmission and contends for the channel again after

some time. Therefore, scheduling transmissions using the CSMA mechanism ensures

spatial separation among concurrent transmissions.

In contrast to the carrier sense mechanism, the proposed guard zone-based

scheduling allows two nearby transmitters to transmit simultaneously as long as they

do not violate the guard zone criteria. Since CSMA is the proposed access technique

used in wireless local area networks (WLANs) it would be good to compare it with

guard zone-based scheduling. Therefore, through simulation I evaluate the optimal

carrier sense threshold that maximizes spatial reuse for the network model explained
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Figure 4.7: (a) Increase in spatial progress using guard zone scheduling vs. spreading
gain for optimized CSMA. The performance of guard zone scheduling improves
with spreading gain and under moderate spreading gain, the improvement is about
30 − 40% better over CSMA strategy. (b) Increase in spatial progress using guard
zone scheduling vs. total number of Tx-Rx pairs contending for optimized CSMA.
The performance through guard zone scheduling compared to CSMA improves with
bigger transmission ranges.
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above in Section 4.5.2. The results for the ratio φ′ defined as the spatial progress

using guard zone-based scheduling (normalized by the spatial progress achieved

through the optimized CSMA) are shown in Fig. 4.7(a) and (b).

The results clearly show that scheduling through guard zones performs bet-

ter than CSMA especially when M is high (Fig. 4.7(a)), or under high contention

density (Fig. 4.7(b)). A higher spreading gain relaxes the spatial requirement and

therefore, two nearby transmitters may be able to transmit simultaneously. How-

ever, this cannot happen in CSMA where spatial separation is enforced through

exclusion zones around the transmitters. When M is small, a higher path loss re-

sults in more attenuated interference, thus requiring a smaller guard zone. On the

contrary, when α is small more spatial separation is required amongst concurrent

transmissions resulting in bigger guard zones so that two transmitters cannot be

co-located. Therefore, when α is small there is not much loss in performance of

CSMA compared to guard zones. When M is high, smaller guard zones are needed

since the interference is reduced by the spreading gain, while the path loss does

not affect the required guard zone size much (see Fig. 4.3(a)). The CSMA strategy

(when M is high) results in many unnecessarily suppressed transmitters, so the gain

from guard zone increases.

The guard zone approach performs much better (about 50 − 100%) than

CSMA when the network load is dense. This is quite intuitive, since under light loads

the need for scheduling can be relaxed since nodes are already spatially separated,

so not much performance is lost through CSMA. As shown in Fig. 4.3(b), CSMA

performs poorly under higher contention density since it results in inefficient spa-

tial packing. The required spatial separation amongst concurrent transmissions in-

creases with higher transmission range. Therefore, under higher transmission range,

the CSMA strategy performs poorly as compared to guard zone scheduling. Unlike

the random ALOHA case, the simulations show that the performance of guard zone

scheduling compared to CSMA strategy is less sensitive to the outage probability,

as both CSMA and guard zone scheduling have protected regions to reduce outage.
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4.6 Conclusion

In this chapter a simple distributed scheduling and power control mechanism for

wireless ad hoc networks that is suited to a DS-CDMA physical layer is presented.

The scheduling is based on the guard zone criteria where nodes inside the guard

zone of any active receiver are inhibited from transmitting. An optimal guard zone

expression that maximizes the density of successful transmissions under an outage

constraint is derived for a finite sized network. The proposed scheme implements

pairwise power control where nodes’ transmission powers are based solely on the

distance information from their intended receivers.

The guard zone-based scheduling, compared to networks where no scheduling

is employed, results in a significant improvement in capacity. The improvement is

drastic for dense networks especially under strict outage constraints. Therefore,

guard zone-based scheduling is well-suited to delay-limited applications like voice

and video, since retransmissions are not practical. The performance of guard zone-

based scheduling is close to a high-complexity, near-optimal centralized scheme and

allows new links to be admitted without affecting ongoing transmissions. Although

guard zone-based scheduling is sub-optimal in terms of spatial reuse, its simplicity

lends itself to distributed implementation. Compared to the ubiquitous carrier sense

multiple access – which essentially implements a guard zone around the transmitter

rather than the receiver – a capacity increase on the order of 30− 100% is observed.
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Chapter 5

Interference Cancellation vs.

Interference Suppression

5.1 Introduction

The results of the previous two chapters show that employing a DS-CDMA physi-

cal layer combined with guard zone scheduling is an effective technique to combat

interference in ad hoc networks. The reduction in the SINR requirement due to the

spreading gain provides attractive robustness against the aggregate interference of

more distant interferers. However, even with the reduced SINR requirement, the

nearby interferers can still cause an outage. Therefore, the guard zone is neces-

sary to inhibit the nearby interferers. An alternative to guard zone scheduling is to

employ interference-aware receivers that exploit the information in the interfering

signal with the goal of negating its effect on the desired transmission. With this

strategy strong interference may actually be preferable [16, 20, 81] if it helps im-

prove the communication quality of the desired signal. Earlier work for broadcast

channels [21] suggests that multiuser interference cancelling techniques [92] may

be employed to improve the capacity for ad hoc networks since they are primarily

interference limited.
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5.2 Successive Interference Cancellation

Although some work has been done to employ linear Multiuser Detection (MUD)

techniques in ad hoc networks [19, 80], most work has focused on Successive Inter-

ference Cancellation (SIC) [54,91,96,104]. SIC is a nonlinear type of MUD scheme

in which interfering users are decoded successively [5,70,93] [94]. The approach suc-

cessively cancels the strongest interferers by re-encoding the decoded bits, and after

making an estimate of the channel, the interfering signal is generated at the receiver.

This is then subtracted from the received waveform as shown in Fig. 5.1. In this

manner the multiple access interference (MAI) from the received signal is eliminated

before decoding the intended transmission. SIC is desirable mainly due to its low

complexity and has proven to achieve the Shannon capacity region boundaries for

both the broadcast [22] and multiple access multiuser scenarios [78].

SIC is attractive for DS-CDMA ad hoc networks as dominant interference

from nearby interferers can be canceled and is shown to be well-suited to asyn-

chronous signals of unequal power [5]. In ad hoc networks, interference from nearby

nodes constitutes most of the aggregate interference, therefore, it is possible to

achieve most of the gains from SIC by cancelling interference from just a few nearby

nodes. If this number is small, it makes SIC quite desirable in ad hoc networks as

compared to cellular networks where all users must be decoded causing a latency

problem. Recent results in [91] suggested that SIC with DS-CDMA is a powerful

technique for wireless ad hoc networks with significant increase in capacity without

power control.

So far in this dissertation, each receiver decodes only its intended transmit-

ter’s signal and treats all other interfering signals as noise. However when SIC is

employed, receivers may decode some signals intended for other nodes first, subtract

out this interference, and then decode the desired signal. At the receiver, interfer-

ence is subtracted in the order of decreasing interference power levels, therefore,

interference from the node with the largest interfering power is subtracted first.
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Figure 5.1: Successive Interference Cancellation.

Considering an ad hoc network that uses a pure random access ALOHA [96],

perfect SIC greatly improves transmission capacity compared to the conventional

matched-filter receivers. By perfect SIC (PSIC) it is assumed that the receiver can

accurately generate the interfering signal and, can therefore completely eliminate the

interference (in Fig. 5.1 this implies that zk(t) = yk(t)). In practice, zk(t) 6= yk(t)

since some residual interference exists at the receiver due to cancellation error; this is

denoted as imperfect SIC (ISIC). Cancellation error is defined as the residual signal

of user k in the remaining composite signal after the subtraction of the re-created

signal. Cancellation error is primarily due to the limitation that channel estimation

is never perfect, therefore the received signal cannot be perfectly re-created. The

other source of cancellation error is incorrect bit decisions for the previously decoded

users, but because the bit-error rate (BER) is assumed to be low, virtually all the

cancellation error comes from channel estimation [5].

In Chapter 3 guard zone-based scheduling achieved a 2− 100-fold increase in

transmission capacity relative to networks that use random ALOHA access. This

huge improvement comes from inhibiting nearby nodes that otherwise limit the

network capacity. Therefore, SIC has the potential to do even better as there is

no spatial reuse penalty compared to guard zone scheduling which inhibits trans-

70



missions inside the the guard zone. The goal of this chapter is to investigate the

performance, in terms of spatial reuse, of employing SIC in ad hoc networks and to

compare SIC with guard zone-based scheduling. In Section 5.3, PSIC under a pure

ALOHA ad hoc network is evaluated and compared with guard zone scheduling.

Through simulations the loss in performance (compared to PSIC) due to residual

interference under ISIC is investigated in Section 5.4 and again the performance of

ISIC is compared with guard zone-based scheduling.

5.3 Perfect SIC vs. Guard Zone Scheduling

PSIC in ad hoc networks, in which interference from nodes inside the disc b(O, DSIC)

is first subtracted out (completely) before decoding the intended transmitter, can

be modeled as inhibiting transmissions inside the guard zone b(O, DSIC) with no

penalty in spatial reuse. Therefore, by increasing the size of the cancellation disc,

more interference from nearby interferers would be canceled thus allowing per-

fect SIC under a pure ALOHA MAC to potentially out-perform guard zone-based

scheduling.

Incorporating a large DSIC increases the latency of SIC due to the prob-

abilistically higher number of nodes inside the disc b(0, DSIC) whose interference

needs to be subtracted. The good news is canceling just a few 1 or 2 nearby nodes’

interference achieves nearly all of the capacity gain from SIC [96]. However, even

if latency is not an issue, increasing DSIC arbitrarily is not possible as it is only

feasible to cancel the interference from nodes whose interference power exceeds the

desired signal power. Therefore, it is possible that interference from transmitters

outside DSIC that is not cancellable may still hurt the capacity and inhibiting such

transmissions through guard zones may be a better option.

Considering the typical receiver at the origin and the system model outlined

in Chapter 3 (Section 3.2), the above condition implies that SIC can eliminate in-

terference only from those transmitters {Zj} whose mark dj is greater than |Zj|.
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This set denoted by ISIC = {j ∈ Π : dj > |Zj|} is the transmitters whose inter-

ference power at the typical receiver exceeds ρ. Therefore, one limitation of SIC

is DSIC < dmax and receivers must then contend with the interference from nodes

outside b(0, DSIC). Assuming a fixed DSIC equal to the average distance covered by

each transmission davg, the appropriate requirement on λ due to outage constraint

ε for DS-CDMA with PSIC can be determined by substituting D = DSIC in (3.1):

DSPSIC Po

(
ρ

Mη +
∑

i∈Π∩b̄(O,davg) ρ( di

|Zi|)
α
≤ Γ

M

)
≤ ε. (5.1)

The fixed cancellation disc assumption allows the transmission capacity results to

be cleanly derived, however, the assumption is dropped in the following section.

Since nodes inside b(O, davg) are not inhibited, there is no need for introducing any

spatial constraint and the transmission capacity with PSIC is dictated simply by

the outage constraint in (5.1) and applying the guard zone result in (3.20):

λ(DSIC) =
9 (α2 − 4)

16πcd2
max

[√
1 +

(
2

3

)α

cMδ − 1

]2

, (5.2)

where c =
16(α2−1)

(α2−4)(Q−1(ε))2
. The distribution function of the receiver’s distance from

its intended transmitter is Fd(x) = (x/dmax)
2, therefore, davg is equal to 2

3
dmax.

Using the network parameters of Table 3.1, the plot in Fig. 5.2 compares

the normalized (by M) transmission capacity under PSIC with guard zone-based

scheduling. Also shown is the upper bound result for pure ALOHA access in DS-

CDMA ad hoc networks (3.23). Unlike guard zone scheduling and the random

ALOHA case, the normalized transmission capacity with PSIC improves with the

spreading gain. Therefore when M is high, PSIC performs much better than guard

zone scheduling and random ALOHA. Interestingly, under small spreading gains,

guard zone scheduling out-performs PSIC. When M is small the optimal guard

zone is bigger than the transmission range whereas, in the case of SIC the receiver

would have to contend with the interference from nodes outside b(O, davg). The

interference from nodes just outside b(O, davg) still causes outages and therefore,
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Figure 5.2: Transmission capacity vs. spreading gain. The normalized (by M)
transmission capacity with PSIC, unlike the pure ALOHA random access and guard
zone based scheduling, improves with M . However for small spreading gains, the
guard zone performs better than PSIC. The plot uses the network parameters of
Table 3.1.

limits the transmission capacity. In fact in Fig. 5.2 only a marginal improvement

is achieved through SIC compared to the pure ALOHA case when M = 1 (i.e.

a narrow-band network) since the network still suffers from the near-far problem.

However, when M increases, the nodes outside the cancellation disc are unable to

cause outages and the normalized capacity actually improves with the spreading

gain. These results confirm that in the absence of any scheduling the nearby nodes

limit the transmission capacity. The effect of spreading gain is that it changes

the definition of nearby nodes, since M reduces the interference range by M−1/α.

Therefore, as M increases all the nearby nodes that can limit the capacity are inside

the cancellation disc and eliminating their interference results in a much improved

transmission capacity.

Since guard zone scheduling performs better than PSIC for small spreading

gains (M < 8 in Fig. 5.2), it is possible that the residual interference in case of

73



imperfect interference cancellation may significantly hurt the transmission capacity.

This is similar to [96] where most of the improvement in transmission capacity

through PSIC is lost when interference cancellation is not perfect. With ISIC, the

residual interference from a nearby node is still significant relative to that of more

distant nodes. Without scheduling, ISIC may still suffer from the near-far problem

and ultimately hurt the capacity of a DS-CDMA network. A better alternative

to imperfect interference cancellation may be to avoid interference by inhibiting

the nearby nodes, i.e. by employing a guard zone. This is investigated through

simulations in the following section.

5.4 ISIC vs. Guard Zone Scheduling

To the extent that the channel estimates are inaccurate (see Fig. 5.1), residual

interference exists and is the principal capacity-limiting factor in SIC systems [4,

5, 70, 91]. In cellular systems, an intelligent power control algorithm [5, 15, 64] that

accounts for channel estimation error can be incorporated to significantly relaxe

the requirement for perfect channel estimation. The modified power control allows

SIC to tolerate a sizeable amount of estimation error, and still provide a significant

improvement in capacity compared to the conventional single-user matched filter [5].

However, the increase in capacity is shown to degrade if statistics of cancellation

error1 are not known or incorrectly implemented in the modified power control.

The key message in [5] is that if channel estimation is not perfect, the power

control needs to be modified appropriately in order for SIC to be useful. The problem

is, in ad hoc networks implementing system-wide power control is itself a difficult

problem, let alone incorporating power control that also considers imperfect SIC.

Therefore in ad hoc networks, assuming SIC is not perfect, interference suppression

techniques may be a better option than employing imperfect interference cancella-

1The distribution along with second order statistics for the cancellation error were derived
in [42].
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tion. Therefore through simulations, the loss in performance under ISIC compared

to PSIC is evaluated under pairwise power control using a pure ALOHA MAC and

later ISIC is compared with guard zone-based scheduling.

The simulation considers a finite sized ad hoc network similar to the system

model in Section 4.2.1. Relaxing the fixed DSIC = davg assumption of Section 5.3,

the simulation models SIC by cancelling interference from only those nodes whose

interference power exceeds the desired signal power. In DS-CDMA under ISIC, the

appropriate requirement on λ due to the outage constraint ε at Rxi is

Po


 ρ

Mη +
∑

j 6=i,j∈ISIC
ζjρ(

dj

di,j
)α +

∑
k∈INSIC

ρ( dk

di,k
)α
≤ Γ

M


 ≤ ε. (5.3)

The first term in the denominator represents noise while the second term represents

the aggregate residual interference from the set of nodes whose interference is being

subtracted (partially); this set is denoted as ISIC . The third term is the aggregate

interference from the set of nodes whose interference cannot be cancelled, since

interference power at Rxi is less than ρ; the set is denoted by INSIC . In (5.3),

ζj is the fractional interference left after performing interference cancellation for

node j. Compared to just the pure ALOHA scheme where ζj = 1, ISIC reduces

the aggregate interference from nearby nodes and would therefore result in better

spatial reuse. However, compared to PSIC where ζj = 0, the second term in (5.3)

may still constitute most of the aggregate interference and might limit the spatial

reuse. Under strict outage requirement, a better option to ISIC may be to inhibit

the nearby nodes with the guard zones.

By considering ζj > 0, ISIC’s performance loss compared to PSIC is shown

in Fig. 5.3 for the network parameters of Table 3.1 for two outage probabilities,

ε = .01 and .1. In Fig. 5.3(a), PSIC shows an approximately 100-fold increase in

intensity for ε = .01 compared to an approximately 10-fold increase when ε = .1,

see Fig. 5.3(b). For both outage constraints, PSIC results in normalized (by M)

spatial intensity λ′ that improves with the spreading gain. However, much of this
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Figure 5.3: Normalized spatial intensity vs. spreading gain. The plot compares
PSIC with ISIC for ζ = .01, .1, and 1 for two outage constraints (a) ε = .01 (b)
ε = .1. The plot uses the network parameters of Table 3.1.
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improvement is lost when interference cancellation is not perfect especially under

strict outage constraints.

Compared to the random ALOHA case, the improvement through ISIC for

ζj = .1 ∀j is only a factor of about 1 − 3, the gain being less for small M and

increasing to about 3 when M is high. Considering ε = .01, almost all the improve-

ment through PSIC is lost even when 90% of the interference from close-by nodes

is removed through ISIC. This again highlights the asymmetric nature of interfer-

ence from nearby nodes where residual interference still hurts the capacity especially

under strict outage requirements.

The results in Fig. 5.3 suggest that under strict outage constraint, guard zone-

scheduling may out-perform ISIC even when ζ is small. This is investigated using

the above simulation results and comparing them to the spatial reuse attained with

guard zone-based scheduling. The results for the ratio Θ′ defined as the spatial reuse

(normalized by the spatial reuse for pure ALOHA network without SIC) for both

ISIC and guard zone scheduling are shown in Fig. 5.4. In Fig. 5.4(a) where ε = .01,

guard zone scheduling performs much better than ISIC even when ζ = .01. This

suggests that when interference cancellation is not perfect it is better to schedule

transmissions, since the residual interference still results in the near-far problem.

Under a relaxed outage constraint (Fig. 5.4(b)), ISIC performance is comparable to

guard zone-based scheduling for ζ = .1.

5.5 Conclusion

Considering an ad hoc network under a pure ALOHA access, perfect SIC achieves

significant gain in transmission capacity compared to the conventional single-user

matched filter receivers. The normalized transmission capacity (by M) with PSIC

improves with the spreading gain. This is the only case where the gain in capacity

at the cost of increased bandwidth seems preferable. When channel estimation is

not perfect, residual interference from nearby nodes limit the effectiveness for SIC.
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Figure 5.4: Ratio of the spatial reuse vs. spreading gain. The plot compares guard
zone-based scheduling with both PSIC and ISIC. (a) Under strict outage constraint,
the guard zones perform much better than ISIC even when ζ = .01. Also under
small spreading gains, the guard zone performs better than PSIC. (b) Under relaxed
outage constraint, the guard zone performance is comparable to ISIC for ζ = .1.
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The results show that under strict outage constraint, inhibiting nearby nodes with

guard zone is a better option than to employ SIC with imperfect channel estimation.

The Chapter presents some initial results that provides insight in determining the

effectiveness of interference cancellation techniques in ad hoc networks. However,

a more in depth analysis (an ongoing work) is needed to better understand the

tradeoffs between interference cancellation and interference suppression techniques.
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Chapter 6

CDMA’s Impact on Network

Design and Performance

6.1 Introduction

Spread spectrum in the form of CDMA has proven to be a robust technology in

cellular networks [49]. Multiple access using CDMA has been adapted by the three

important third generation cellular standards: CDMA2000, WCDMA, and TD-

SCDMA. Similarly, for ad hoc networks, spread spectrum has often been considered

for relaxing interference requirements and improving spatial reuse [65,73,82,85,97].

However, if one does not consider multi-user receivers [92], there is no evidence

that CDMA actually increases the capacity of ad hoc networks. On the contrary,

from a capacity point of view, the increase in bandwidth in CDMA ad hoc net-

works as compared to a narrow-band system is not justified [97]. This is true even

when scheduling is incorporated as shown in Chapters 3 and 4 where capacity for

DS-CDMA scales as Θ(M
2
α ), therefore, the normalized (by M) capacity is inferior

to a narrow-band system for α > 2. Although network capacity is an important

consideration while designing an ad hoc network, in practice, performance metrics

like energy efficiency, quality of service, and system robustness must also be con-
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sidered [17]. To this effect, a cross-layer view highlighting the tradeoffs between

different performance metrics and why CDMA is advantageous in wireless ad hoc

networks was shown in [103], [104]. Although much work needs to be done before

the value of CDMA in interference limited ad hoc networks is realized, this Chapter

highlights some of these tradeoffs and advantages. In Section 6.2, the flexibility of

CDMA to offer higher transmission ranges as compared to a narrow-band system

is discussed while Section 6.3 investigates the impact of DS-CDMA on the optimal

transmission range that maximizes the mean spatial forward progress in a finite

sized ad hoc network. Later in Section 6.4 the advantages of a DS-CDMA physical

layer in ad hoc networks from a MAC design perspective are discussed and a design

strategy for implementing guard zone-based scheduling is presented in Section 6.5.

6.2 CDMA’s Impact on Transmission Range

Recent work [97] has provided closed-form results that show how transmission capac-

ity in ad hoc networks is effected by the spreading factor (M), outage constraints (ε),

SINR threshold (Γ), and a fixed transmission range d using a pure ALOHA MAC.

Ignoring noise, the results for the maximum contention density λε such that at lease

a fraction (1−ε) of the attempted transmissions are successful are summarized below

for three types of networks, i.e., narrow-band, FH-CDMA and DS-CDMA,

λε
NB = Θ

(
ε

d2

(
1

Γ

)2/α
)

, (Narrow-band) (6.1)

λε
FH = Θ

(
εM

d2

(
1

Γ

)2/α
)

, (FH-CDMA) (6.2)

λε
DS = Θ

(
ε

d2

(
M

Γ

)2/α
)

. (DS-CDMA) (6.3)
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In a network where scheduling is not an option and assuming an outage con-

straint requirement ε, a narrow-band network would have to limit its transmission

range if the contention density is greater than λε
NB. However, a minimum trans-

mission range needs to be maintained for the network to be connected [34]. Also,

limiting the transmission range worsens the end-to-end delay. Employing CDMA

(both FH-CDMA and DS-CDMA) allows a network to sustain a higher contention

density without limiting the transmission range. The results in (6.1) to (6.3) can

also be interpreted as the ability of CDMA to provide higher transmission ranges as

compared to a narrow-band network under similar contention density. The gain in

transmission range comes at the expense of higher bandwidth and assuming d = 1

for a narrow-band system, the transmission range for FH-CDMA increases as
√

M

and for DS-CDMA as M1/α. Therefore, both FH-CDMA and DS-CDMA offer more

flexibility due to the increased bandwidth which offers higher transmission range

and better contention density over a narrow-band system. A higher transmission

range is certainly appealing for reducing the end-to-end delay, end-to-end reliabil-

ity, delay-variance and route maintenance, these along with many other important

reasons are discussed in [38,40].

Unlike the pure ALOHA case, the transmission range need not be reduced

when the contention density is high if some sort of scheduling is implemented in

the network. This requires the scheduling mechanism to effectively thin out the

contending nodes allowing only that many transmissions such that at lease a frac-

tion (1 − ε) of the attempted transmissions are successful. This is exactly what
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guard zone-based scheduling achieves as proposed and highlighted in Chapter 4.

Therefore, one advantage of employing guard zone-based scheduling as compared

to network using pure ALOHA is to allow higher transmission ranges under any

contention density. Naturally, a longer transmission range results in fewer concur-

rent transmissions, where the reduction is by a factor d−2
max. However, the ability of

DS-CDMA to allow more transmissions – Θ
(
M2/α

)
– compared to a narrow-band

system could be used to partially compensate this reduction.

6.3 CDMA’s Impact on Optimum Transmission

Range

The prior work on ad hoc network capacity shows that in order to maximize the for-

ward progress, i.e. bits-meter/sec, ad hoc networks should employ nearest neighbor

routing [35]. This is also applicable in the transmission capacity framework both

without scheduling [97] and with scheduling [44] where forward progress is roughly

the product of the intensity of transmissions times the average distance per next

neighbor transmission. These results suggest that reducing the maximum transmis-

sion range dmax increases the forward progress irrespective of the spreading gain.

However, in a finite sized ad hoc network the transmission range corresponding to

maximum mean forward progress depends on the network parameters and is deter-

mined by considering the constants in the transmission intensity scaling results. In

this section, the effect of spreading gain on the optimum transmission range dopt is

investigated in a finite sized network of Chapter 4 that maximizes the mean spatial

forward progress.

Using the results of Chapter 4 (4.13), which account for all next neighbor

transmissions in a finite sized ad hoc network, a measure of mean forward progress

83



 

Figure 6.1: Mean forward progress vs. transmission range.

can be obtained by considering the following product,

λ∗davg =
3π

16dmax

(
Mδ

Q−1(ε)

)2/α
[
ln

(
1 +

Ndmax
2

R2

(
Q−1(ε)

Mδ

)2/α
)]α−1

α

, (6.4)

where davg is the average distance covered by each transmission and is equal to

2
3
dmax. For the system parameters of Table 4.1, Fig. 6.1 plots the mean spatial

forward progress denoted as Λ in (7.1) versus the transmission range for two spread-

ing gains M = 1, 16. There are two interesting observations, 1) unlike infinite

sized ad hoc networks, there exists an optimal transmission range dopt > 0 that

maximizes Λ that does not necessarily correspond to nearest-neighbor routing, and

ii) a bigger transmission range is needed for the optimal forward progress under

a higher spreading gain. Considering the appeal for long range relaying as high-

lighted in [40], employing DS-CDMA physical layer is useful as it supports longer

transmission ranges.
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6.4 CDMA’s Impact on the MAC Design

• DS-CDMA provides robustness against interference

In DS-CDMA, the spreading gain results in a reduced SINR requirement by

M for successful reception (explained in Chapter 3). Therefore, a DS-CDMA

physical layer allows receivers to tolerate a higher amount of interference. By

sufficiently increasing M , the ad hoc network may allow spatially overlapped

transmissions that is fundamentally different relative to a narrow band system.

For example, [44, 97] shows that transmission capacity for an ad hoc network

scales as Θ
((

M
Γ

)2/α
)
, considering just the spreading gain, SINR requirement,

and path loss exponent while ignoring noise. Assuming Γ > 1, which is usually

the case, the transmission capacity in a narrow-band system improves with

higher path loss exponent. The transmission capacity with regards to path

loss exponent exhibits a different behavior for M > Γ where unlike in the

narrow-band system, a higher α always hurts spatial reuse. Although, this is

just one simple example, but it highlights how a CDMA physical layer that

is robust against interference can alter the performance of ad hoc networks.

Therefore, one question to consider is: “are there any advantages both from

performance and design perspective for ad hoc networks to employ a physical

layer that is robust to interference?”

• DS-CDMA reduces need for scheduling

One major advantage of DS-CDMA over FH-CDMA and non-spread systems

is a smaller guard zone by a factor (1/M)1/α as shown in Chapter 3 and 4.

Implementing guard zones or any other type of scheduling strategy in a narrow-

band system requires coordination amongst nodes that are further than the

transmission range. This is due to the fact that interferers, farther than the

transmission range, can still cause an outage and therefore, must be inhibited.

The ability of DS-CDMA to reduce the interference range at the expense of

increased bandwidth is advantageous because it relaxes the scheduling require-
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ment and offers a good tradeoff whereby employing a moderate spreading gain

results in an interference range that is smaller than the transmission range.

The extreme case is when M → ∞ where the network is just noise limited,

implying that there is no requirement to schedule transmissions [68], since

even close-by interferers cause negligible interference. Again, this will not

be a good tradeoff from a capacity point of view but it would be desirable

in networks where scheduling cannot be implemented. Under such a physical

layer model, the traditional narrow-band MAC approach – sensing the channel

before making any transmission – does not make sense. Interestingly, even

with a much reduced scaling of M , [103, 105] shows that the MAC design in

DS-CDMA networks is fundamentally different due to the ability of CDMA

to handle concurrent transmissions that spatially overlap.

• DS-CDMA eliminates the need for carrier sensing

In IEEE 802.11 [46] interfering nodes outside the transmission range are in-

hibited through physical carrier sensing. An important problem with carrier

sensing is that it inhibits potential transmissions around an active transmit-

ter, whereas transmissions need to be inhibited only around the active receiver.

Two additional problems in carrier sense are, first, that potential interferers

do not know how long to back-off as control packets (RTS/CTS) cannot be

decoded for nodes that are both outside the transmission range of the receiver

and within the interference range, for example node C in Fig. 6.2. Second,

and more importantly, carrier sensing suppresses nodes that are closer to the

transmitter and not the potential interferers around the receiver. Therefore,

nodes within the interference range of a receiver would eventually transmit

if they are beyond the carrier sensing range of the transmitter. Some poten-

tial interferers around the Rx would eventually transmit without noticing an

ongoing reception and would cause a collision. It may be noted that node

C in Fig. 6.2 does not know the total duration of the packet being received
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Figure 6.2: Interference in a narrow-band system. (a) Nodes in the transmission
range can receive and decode a packet correctly, whereas nodes in the carrier sensing
zone/interference range can sense a transmission, but cannot decode it correctly. (b)
Tx1 can successfully send a packet to Rx1 provided all nodes other than Rx1 within
the interference range of Rx1 are inhibited.

Rx1 since it cannot decode the packet and therefore, cannot use the Network

Allocation Vector (NAV).1

When D < dmax, there is no need for carrier sensing as done in IEEE 802.11

since nodes outside the transmission range can transmit simultaneously and

not cause a collision at a receiver, hence, eliminating the hidden-node problem.

Also, when D < dmax nodes need not be inhibited unnecessarily, which is the

exposed-node problem as shown in Fig. 6.2 where node A is inhibited due

to carrier sensing. A smaller guard zone also helps in implementing channel

access as each receiver can now explicitly communicate with all nodes inside

its interference range. Eliminating exposed and hidden node problem with a

DS-CDMA physical layer without any requirement for carrier sensing requires

a change in the traditional MAC design of narrow-band approach. In the

1Nodes that receive either the RTS and/or CTS set their Virtual Carrier Sense indicator, called
NAV, for the given frame duration. NAV together with the physical carrier sensing is used for
channel access.
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following Section an outline for a MAC design for implementing guard zones

in DS-CDMA ad hoc network is proposed.

6.5 Enforcing spatial separation by incorporating

a guard zone

Physical carrier sensing suffers from the well-known hidden node problem due to

its inability to inhibit all potential interferers around a receiver [89]. Therefore,

virtual carrier sensing proposed in [89] is also employed in the IEEE 802.11 stan-

dard [46] that uses short control packets known as Request-to-Send/Clear-to-Send

(RTS/CTS) to ensure that the channel is reserved prior to transmitting any data.

In this section an algorithm that uses RTS/CTS packets to implement distributed

scheduling by enforcing an optimal guard zone around a receiver is proposed that

allows pairwise power control.

Given the distributed nature of an ad hoc network, nodes must interact before

communicating over the shared medium (the wireless channel). Handshaking and

synchronization protocols are thus needed to synchronize and exchange signature

codes between mobile nodes as well as to perform power control. Similar to [65], [43],

the proposed design features two disjoint frequency channels: a wide-band data

channel using CDMA and a narrow-band control channel that is broadcast in nature

as shown in Fig. 6.3. All nodes transmit and receive data on the CDMA channel

and the control channel is used to perform scheduling with pairwise power control,

network management, code assignment and routing needs. Considering the scope of

this dissertation the focus is only on the implementation of the proposed guard zone-

based scheduling and the power control problem. Access to the control channel can

effectively be controlled using the CSMA/CA type strategy used by the IEEE 802.11

protocol. However, since DS-CDMA can result in guard zones that are smaller than

the transmission range, the need for carrier sensing can be relaxed. Therefore,
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Figure 6.3: Two disjoint frequency channels: a wide-band data channel using CDMA
and a narrow-band control channel that employs a MAC based on CSMA/CA. Fol-
lowing the successful RTS/CTS exchange on the control channel, multiple trans-
missions on the CDMA channel can occur. The RTS/CTS exchange allows nodes
to identify the ongoing transmissions in the close-by vicinity and help implement
guard zone-based scheduling.

exclusion zones around active receivers are implemented by explicitly decoding the

RTS/CTS signals instead of employing a carrier sensing mechanism. The basic idea

is that control messages are brief and have very low data rate requirements, so are

well-suited to a CSMA strategy. To summarize, a CSMA/CA protocol allows users

to exchange messages that control communication on a CDMA traffic channel. The

following subsections explain the scheme in greater detail.

6.5.1 Pairwise Power Control

The handshaking sequence between the transmitter and its intended receiver is as

follows. The Tx sends an RTS signal to its intended Rx, if the Rx is ready to re-

ceive the message it responds with a CTS message. On receiving the CTS signal,

the Tx performs power calculations to determine whether or not it will disrupt some

other ongoing transmission (explained in the next subsection). If the transmission

is allowable, it sends the data on the data channel using transmit power computed
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during the RTS/CTS exchange. Nodes in the vicinity of the Tx and/or Rx will re-

ceive and decode the RTS-CTS dialogue. These nodes are thus aware of the ongoing

transmissions in their neighborhood. This awareness is an important element of the

power control strategy.

The RTS and CTS packets are transmitted at the maximum allowable trans-

mit power, ρmax. The exchange of RTS and CTS packets between a Tx-Rx pair

allows the Tx to determine the transmit power ρdα required for its data transmis-

sion by computing dα. By monitoring the received power ρ0 corresponding to the

CTS packet from its intended Rx, the transmit power under pairwise power con-

trol is simply ρ
(

ρmax

ρ0

)
. This assumes that the channel gain from the Tx to Rx

is symmetric and is also similar for both the control and the data channels. In a

practical setup where both short term and long term fading usually exists, the chan-

nel might not be symmetric. However, the symmetric assumption can be relaxed

by computing the transmit power at the Rx (by monitoring the received power of

the RTS packet) instead of at the Tx and encoding the computed transmit power

information inside the CTS packet.

6.5.2 Scheduling using Guard Zones

The Tx1 in Fig. 3.2 needs to ensure the availability of Rx1 prior to the actual

transmission of the data packet. In order for the actual data transmission from Tx1

to be successful, node A needs to be inhibited from a potential transmission as long

as Rx1 is busy communicating with Tx1. However, the scheduling algorithm should

be implemented in a manner that allows Tx-Rx pair 2 to communicate concurrently

with pair 1.

The successful exchange of RTS and CTS between Tx-Rx pair i ensures the

availability of Rxi and also facilitates pairwise power control (explained above).

The CTS packet originating from Rxi is also decoded by all nodes in b(Wi, dmax),

therefore, all potential transmitters inside b(Wi, dmax) are aware of Rxi. Assuming
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D∗ ≤ dmax, a node is inside the guard zone of an active Rx if the received power ρ0

from the CTS packet (of the active Rx) is ≥ ρmax

D∗α . In Fig. 3.2 node A is inhibited

since it decodes the CTS of Rx1 with ρ ≥ ρmax

D∗α while Tx2 is allowed to transmit as

ρ < ρmax

D∗α .

In a DS-CDMA ad hoc network where D∗ < dmax, the key differences in

the above proposed scheme as compared to the MAC implementation in the IEEE

802.11 standard are:

1. Carrier sensing is no longer required as any single node outside the decoding

range of the RTS/CTS signal are unable to disrupt any ongoing transmissions.

Therefore, only those nodes that can decode the RTS/CTS signal participate

in the scheduling process.

2. Nodes that are inside the guard zone of an active receiver are inhibited from

transmitting, however, they can still participate as a Rx. Similarly, all nodes

in b(0, D∗) around an active transmitter are inhibited from receiving any trans-

mission but are allowed to transmit. This allows two or more transmitters or

receivers to co-exist in close vicinity.

3. By decoding the RTS/CTS packets, nodes can exactly identify the duration

of ongoing transmissions. Therefore, inhibited nodes without any back-off

mechanism can contend on the control channel.

6.6 Conclusion

One major advantage of DS-CDMA is its ability to tolerate a higher amount of

interference thus reducing the interference range compared to a narrow-band system.

In DS-CDMA, both hidden node and exposed node problem can be eliminated by

reducing the interference range to be smaller than the transmission range. An

interference range smaller than transmission range is useful as it eliminates the need
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for carrier sensing. The proposed scheme implements pairwise power control where

nodes’ transmission powers are based solely on the distance information from their

intended receivers using two-disjoint frequency channels – a wide-band data channel

using CDMA and a narrow-band control channel. The effect of DS-CDMA on the

optimal transmission range that maximizes forward progress is also investigated.

The ability of DS-CDMA to support long range communication in a pure ALOHA

network as well as with guard zone-based scheduling is useful considering the appeal

for long distance relaying [40].
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Chapter 7

Conclusion

Due to the broadcast nature of the wireless channel, nodes in an ad hoc network need

to share the wireless medium for transmissions. In a random access protocol such as

ALOHA nodes transmit without contending with each other. Naturally when the

contention density is high, the transmissions under random ALOHA might result

in severe outage due to excessive interference that may not be acceptable. An

alternative strategy to random ALOHA is to employ scheduling where only a subset

of contending transmitters are allowed to transmit simultaneously with the goal to

improve the conditions for concurrent transmissions. In ad hoc networks, where

pre-established infrastructure is not available, scheduling needs to be efficient and

also be easily implementable.

Transmissions in the close vicinity of the receiver constitute the vast majority

of the total interference in ad hoc network. One way to suppress interference is

by ensuring spatial separation among concurrent transmissions by incorporating a

guard zone around active receivers where transmitters (other than the intended

transmitter) are inhibited. This is in contrast to the IEEE 802.11 model, where

the exclusion zone is implemented around the transmitters by employing carrier

sensing mechanism. Previously, the size of the exclusion zone, how it should adapt

under different network parameters, and its effect on capacity have not been well
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understood. Based on the key system parameters, a close-to-optimal guard zone

that maximizes spatial reuse is derived for both finite and infinite sized networks. It

is then shown that this guard zone is reasonably simple to implement distributively

and is well suited to a DS-CDMA physical layer.

The analysis presented in the dissertation can easily be applied to estimate

the gain in transmission capacity via interference cancelation techniques such as

SIC. Since interference cancelation can never be perfect in any realistic system, the

usefulness of SIC as compared to interference suppression is also investigated. The

results show that imperfect interference cancellation performs poorly as compared to

interference suppression through guard zones, especially under strict outage regimes.

In the case of DS-CDMA, the optimal guard zone can be made smaller than

the transmission range by appropriately choosing the spreading gain. This miti-

gates the hidden node problem in ad hoc networks, since the receiver can explicitly

communicate with and thus inhibit potential interferers, which relaxes the need for

carrier sensing. At the cost of increased bandwidth, a DS-CDMA physical layer

offers flexibility with higher transmission ranges and/or better spatial reuse com-

pared to a narrow-band system. The understanding of the guard zone and how it is

affected by the network parameters should help researchers and designers improve

the efficiency of multiple access and scheduling protocols for ad hoc networks.

7.1 Future Research

In this section, I propose some future research topics for interference suppression in

wireless ad hoc networks, potentially for other researchers interested in this area.

• Optimal Guard Zone under Fixed Transmit Power Control

The results for the optimal guard zone in this dissertation assume pairwise

power control that employs transmission power based on the Tx-Rx pair sep-

aration. If the distance information is not available or is inaccurate, pairwise

94



power control might be difficult to implement. In such cases transmissions

with fixed power assignment may have to be employed. Also, fixed trans-

mission power is widely used/modeled for ad hoc networks as implementing

any other form of power control in usually difficult. It is therefore, interest-

ing to consider the performance of guard zone-based scheduling under fixed

transmission power.

Intuitively, under fixed transmission power each receiver needs to adapt the

guard zone size based on the received signal strength from the intended Tx’s

transmission. Since, the received power is higher for receivers with less Tx-Rx

separation, therefore, a much smaller guard zone might be needed compared

to receivers with larger Tx-Rx separation. However, this would again require

a receiver to know the Tx-Rx separation or be able to measure the received

signal strength. Adapting the guard zone size at each receiver under fixed

transmission power assignment is left as part of the future work. However, I

consider two cases where a fixed system-wide guard zone is implemented under

fixed transmission power. The first case denoted by FP 1 implements guard

zone based on the worst case scenario that assumes Tx-Rx separation to be

dmax. The worst case assumes minimum received power at the receivers. For

the second case, denoted by FP2, a fixed system-wide guard zone is determined

that assumes Tx-Rx separation to be davg.

For the system model explained in Chapter 4, the outage constraint in (4.3)

at Rxi under fixed transmission power, assuming each Tx employs maximum

power ρdα
max is

Po

(
ρ

Mη +
∑

j 6=i ρ(dmax

di,j
)α
≤ Γ

M

)
≤ ε, (7.1)

where j is the set of nodes transmitting simultaneously and di,j is the distance

between Rxi and Txj.

Under fixed transmission power the mean µy and variance σ2
y (for α > 2) for
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the normalized (by ρ) aggregate interference Y =
∑

j 6=i ρ(dmax

di,j
)αare,

µy =
2πD2−α

(α− 2)
λ, (7.2)

σ2
y =

πD2(1−α)

(α− 1)
λ. (7.3)

These were derived in [97] using Campbell’s Theorem [88]. Using these results

and assuming receiver Rxi is at the origin, the outage constraint analysis is

similar to the maximum allowable intensity result derived in Section 3.4.2, i.e.

λ1 =
b2

4a2D2

[√
1 +

4aMδDα

b2dmax

− 1

]2

, (for α > 2), (7.4)

where a = 2π
α−2

and b =
√

π
α−1

Q−1(ε). Details and the relevant discussion for

the results in (7.4) can be found in Section 3.4.2. Under fixed system-wide

guard zone, the spatial constraint λ2 is similar to (4.10) derived in Section

4.3.2 and is reproduced below

λ2 =
1

2πD2
ln [N (1/p− 1) + 1]. (7.5)

This expression captures the intensity of the Tx-Rx pairs that are admitted

using guard zone scheduling and is a decreasing function of the guard zone

size D.

The optimal guard zone D∗
FP1

under fixed transmission power corresponds to

the choice of D that maximizes the minimum of both intensities, λ1 and λ2.

Using similar analysis of Section 4.3.3 and solving for D such that λ1 = λ2,

the optimal guard zone, after some simplification is

D∗
FP1

= dmax

(
Q−1(ε)

Mδ

)1/α
2α

√√√√ln

[
1 +

Nd2
max

R2

(
Q−1(ε)

Mδ

)2/α
]
. (7.6)

The intensity of the scheduled transmissions corresponding to the optimal

guard zone is obtained by substituting D∗
FP1

in (7.4) or (7.7):

λ∗FP1
=

1

2πd2
max

(
Mδ

Q−1(ε)

)2/α
[
ln

(
1 +

Nd2
max

R2

(
Q−1(ε)

Mδ

)2/α
)]α−1

α

. (7.7)
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Using similar analysis for the second case FP2, assuming Tx-Rx separation

to be davg, the corresponding optimal guard zone and the intensity of the

scheduled transmissions are

D∗
FP2

=
2

3
dmax

(
Q−1(ε)

Mδ

)1/α
2α

√√√√ln

[
1 +

Nd2
max

R2

(
Q−1(ε)

Mδ

)2/α
]
, (7.8)

λ∗FP2
=

9

8πd2
max

(
Mδ

Q−1(ε)

)2/α
[
ln

(
1 +

Nd2
max

R2

(
Q−1(ε)

Mδ

)2/α
)]α−1

α

.(7.9)

The above results suggest that under the worst case (FP1) that assumes Tx-

Rx separation to be dmax, there is approximately 60% loss in the intensity of

the scheduled transmissions compared to pairwise power control and about

10% loss for the second case (i.e. assuming Tx-Rx separation to be davg).

Therefore, it can be safely argued that even under fixed transmission power

the gain from guard-zone based scheduling is significant compared to the pure

random access case. As highlighted earlier, if receivers adapt the guard zones

based on the Tx-Rx separation instead of a fixed system-wide guard zone, the

performance might be better as compared to pairwise power control with fixed

guard zone size. This is left as part of the future work.

• Optimal Guard Zone with Channel Variations

The propagation model used in the dissertation is based on a simple path loss

model that ignores both shadowing and fading environment. Although path

loss is the dominant factor in ad hoc networks, channel variations especially

in the near vicinity around the receiver must be accounted in determining the

optimal guard zone size. Considering channel variations the guard zone might

not be circular and instead some power threshold would have to be deter-

mined for inhibiting transmissions around the desired receivers. Therefore, a

key question to consider is: “How the power threshold for inhibiting close-by

transmissions scales under channel variations?”
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• Modeling Aggregate Interference in Ad Hoc Networks

For a random ad hoc network where the positions of the nodes is modeled

with a Poisson point process, the distribution function for the aggregate inter-

ference both with and without fading is known for fixed transmission ranges.

However, in the presence of guard zones this distribution is not known and

was approximated with the Gaussian distribution in the dissertation. The

Gaussian approximation is quite pessimistic and predicts poor transmission

capacity results when the guard zone size is small. In fact with D = 0, the

Gaussian approximation breaks down as it results in a λ = 0. This contradicts

the results in [97] and therefore, determining a better model for the aggregate

interference with arbitrarily sized guard zone and preferably under different

network topologies would be useful.

It was shown in Chapter 3 that when D = 0 the transmission capacity can

be approximated by considering interference from only the closest interferer.

This suggests that in the absence of scheduling, aggregate interference can

be suitably modeled with the distribution of the interference from the closest

interferer. Therefore with guard zones, a suitable model for aggregate inter-

ference might consider interference from the n (n ≥ 1) closest interferers. If

power control is incorporated and channel variations like fading and shadowing

are considered, determining a simple yet accurate model would be desirable

for transmission capacity analysis.

• Tradeoffs in DS-CDMA Ad Hoc Networks

Spread spectrum communication is attractive for wireless ad hoc networks for

a number of reasons, including its inherent security features and robustness to

interference. The dissertation shows that CDMA does not improve the inher-

ent spectral efficiency of ad hoc networks, even when scheduling is incorpo-

rated, however, it provides design freedom and flexibility over a narrow-band

physical layer. Although this has been partially addressed in the previous
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chapter, a more in depth analysis of the design tradeoff in DS-CDMA ad hoc

networks needs to be done. Under certain applications these tradeoffs could

be critical, for example the ability of DS-CDMA to offer bigger transmission

ranges, thus reducing end-to-end delay. A framework needs to be developed

where the key tradeoffs could be quantified and accounted in the performance

analysis.

• In Depth Analysis of Interference Cancellation vs. Interference Suppression

In Chapter 5, some initial results highlighting the effectiveness of interference

cancellation techniques in ad hoc networks are presented. For imperfect inter-

ference cancellation, which is invariably the case in practice, the results were

obtained through simulations. Although these results provide useful insight,

they lack the needed mathematical framework to provide a through compari-

son between interference cancellation and interference suppression techniques

in ad hoc networks. For example, perfect SIC promises huge gains over schedul-

ing, especially under higher spreading gains, however this comes at the cost

of latency. The analysis does not quantify the average number of nodes that

would have to be decoded in order to realize the gains from SIC. Also, it would

be helpful to quantify ζ∗ (in terms of the network parameters) that ensures

equivalent performance for SIC compared to guard zone based scheduling.

Initial simulation results show that imperfect cancellation might not be useful

as compared to scheduling, however, ISIC with scheduling is advantageous

compared to just scheduling. Therefore, another area to consider is to combine

SIC with guard zone scheduling where a smaller guard zone inhibits nearby

interferers while SIC may be employed to combat channel variations.
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