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Abstract 

Multihop Cellular Networks (MCNs) form combined wireless paradigm that 

carries the advantages of both traditional cellular networks and wireless multihop relay. 

Cellular networks depend on a fixed infrastructure to provide wide area coverage for 

users with high mobility profile. Multihop relay networks depend on wireless devices 

inside the network to relay signals through multiple hops from source to destination. 

MCNs were proposed to overcome inherent drawbacks in cellular networks like 

congestion and dead spots. These gains build on the characteristics of multihop relay that 

result in increased capacity, decrease energy depletion and virtually extended coverage. 

But while these gains have been widely accepted and advocated, they have not been 

verified in rigor. A realistic need therefore exists to quantify these gains in order to 

realize more capable network management functionalities for this new paradigm. 

In this thesis, we present an analytical framework for MCNs. We quantify the 

capacity and energy consumption in MCNs, while considering various call distributions, 

network loads and transmission power. We apply our framework to Code Division 

Multiple Access (CDMA) cellular networks, which are very dependent on interference 

levels in their performance. Our results show that capacity can be increased in CDMA 

cellular networks using multihop relay by increasing either the number of simultaneous 

calls or data rates. We also demonstrate that consumed energy is decreased in MCNs, 

especially in environments with high path loss. We validate that multihop relay is most 

rewarding when calls tend to originate near cell borders. Beyond verifying basic claims, 

we explore other potential gains of MCNs. We investigate the viability of congestion 
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relief and load balancing and substantiate the benefits for congested cells neighbored by 

lightly loaded cells. Load balancing has also been shown to increase data rates and 

fairness in user allocations. Lastly, we explore enabling multimedia applications in 

MCNs and study the application of data rate adaptations given multiple classes of service. 

A key advantage of our work is that, while applied to CDMA in this thesis, the 

presented analytical framework can be extended to other technologies. The framework 

also accommodates both mobile and fixed network relay elements, expanding its 

applicability to next generation cellular networks. 
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Chapter 1 

Introduction 

Multihop Cellular Networks (MCNs) is a mixed wireless paradigm. MCNs 

combine cellular networks, composed of base stations (BSs) hardwired to a network 

management core, and multihop wireless network, in which network elements utilize the 

wireless medium to relay data. The MCN concept was introduced to overcome the 

drawbacks of traditional cellular networks that limit their capabilities in instances of BS 

failure, congestion or coverage blanks. But while various studies have indicated great 

potential to the application of multihop relay in cellular networks, a rigorous analytical 

basis remains to be established. The objective of this thesis is to provide such basis that 

will enable the design of refined network management functionalities.  

In this chapter, we lay down the main arguments for this work, describing the 

background and motivations, reviewing the exercised approached and highlighting its 

main contributions. 

1.1 The Future of Wireless Networks 

Wireless mobile networks have become very popular. Mobile users expect to be 

connected some way or the other and at all times, regardless of where they are or what 

device they use. The popularity of the Internet is growing to the extent that it became part 

of many people’s daily routine. The interest in real time and multimedia applications is 

also growing. This adds strains to the requirements of wireless networks to support these 
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many applications and services, including email, telephony, video streaming and 

conferencing.  

Different paradigms of wireless network currently exist, with each targeting a 

different mode of connectivity and usage. For example, cellular networks target users 

with high mobility and are naturally intended for large area coverage but have relatively 

low data rates. On the other hand, Wireless Local Area Networks (WLANs) target users 

with low mobility profile in small area coverage while providing high data rates. Despite 

the differences, all wireless networks share some common properties and challenges. All 

wireless networks suffer from dealing with limited resources. Capable resource 

management functionalities to over see how user allocations are managed are hence 

necessary. Minimizing energy consumption at the terminals’ side is another major 

requirement.  

Cellular networks constitute an important wireless paradigm as it enables wireless 

operators to cover wide geographic area while providing accountable connectivity. The 

most recent deployed generation in cellular networks, labeled Third Generation (3G) 

cellular, enables the support of multimedia applications in addition to default data 

services (texting, email, etc.). And while 3G cellular is still undergoing major deployment 

around the world, Fourth Generation (4G) with promises of higher data rates with better 

quality is currently attracting major attention in both the research and standardization 

venues. A further major difference in 4G networks is the possibility of employing  

a mixture of wireless access technologies. Mobile users will be able to access any 
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available wireless network with one mobile device. This will increase the availability of 

wireless access to the same device, while combining the advantages of different 

paradigms in one network.  

1.2 Multihop Cellular Networks 

Cellular networks are well developed and widely used worldwide. They were 

originally designed to provide voice services to mobile users. Nowadays, they are 

required to offer a variety of applications which require higher bandwidth. With the usage 

of Wideband Code Division Multiple Access (WCDMA) in 3G cellular networks, an 

increase in the achieved data rates is expected.  

Despite this capacity increase and efficiency of 3G cellular networks, these 

networks will continue to suffer some inherent drawbacks from the cellular concept. 

Even with 3G, load imbalance will still exist as a burden in cellular networks. Load 

imbalance has undesirable consequences. Congestion can still occur in one cell, even if 

adjacent cells are not congested. Unfair allocation of data rates become an issue too, since 

users in heavily loaded cells achieve lower data rates compared to users in nearby lightly 

loaded cells. This can result in underutilization of network resources, since users in 

heavily loaded or congested cells cannot take advantage of free available resources in 

other lightly loaded cells in the same network. In addition, dead spots (area of no 

coverage) will continue to exist, unless network operators decide to deploy a BS to cover 

every single dead spot. This solution is not financially feasible due to the high cost of 

BSs. Finally, near-far problem is always a challenge especially in CDMA based 
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networks. Near-far problem results from mobile terminals (MTs) near cell borders. These 

MTs have to use high transmission power for signals to reach BS with an acceptable 

power level. This has two drawbacks. First, high energy consumed by these MTs, 

depleting their batteries fast. This is a minor issue compared to the effect on network 

capacity. Second, the high transmission power used by MTs at cell borders results in high 

interference. MTs at cell borders are almost midway between its serving BS and an 

adjacent BS. Their signal reaches adjacent BSs with almost the same power as it reaches 

its serving BS, producing high interference at adjacent BSs and severely harming its 

capacity. 

These drawbacks motivated researchers to look into properties of other wireless 

networks. Multihop relay networks depend on the communication capabilities of MTs to 

relay messages from source to destination through multiple small hops. MTs use low 

transmission power for the short distances signals have to travel, decreasing resulting 

interference and energy consumption. These attractive properties, in addition to the low 

cost and ease of deployment, motivated researchers to propose adding multihop relay on 

top of the cellular infrastructure. The new paradigm has come to be labeled as Multihop 

Cellular Networks (MCNs).  

1.3 Motivations and Objectives 

The main intent behind MCNs is to utilize the advantages of wireless multihop 

relay to overcome inherent drawbacks in cellular networks. MCNs are advocated to solve 

issues like congestion, dead spots and near-far problem. MCNs are also advocated to 
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increase the effective capacity of cellular networks. But while such claims have been 

widely accepted, they have never been put to analytical scrutiny.  

Capacity is a major concern for any network operator as it translates into direct 

revenue. For operators to consider a solution for any drawback, its gains have to 

overweight its drawbacks. As a solution, the notion of MCNs cannot be considered if it 

decreases the capacity of the cellular networks. At the same time, users utilize MTs that 

depend on batteries for energy supply. For users to appreciate the application of multihop 

relay, they have to experience either the same or longer battery lifetimes. It is simply 

unwarrantable to increase the energy consumption of users’ MTs in order to relay data for 

other users.  

It is hence unavoidable to quantify these two basic claims of capacity increase and 

energy savings. Beyond quantifying these claims, achieving further gains in MCNs can 

be explored. Multihop relay can be used in cellular networks to relieve congestion and 

balance the load across network. Quantifying the magnitude of gains from using multihop 

relay in cellular networks is essential for devising management functionalities, such as 

call admission control (CAC). 

CDMA is the underlying technology for 3G networks, of which various 

deployments have already been made in a number of countries around the world. Large 

investments were devoted toward 3G, as it will continue to exist for many years to come. 

This is why we consider CDMA in this thesis. 
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1.4 Thesis Contributions 

Capacity increase and reduction in energy consumption are among the claimed 

gains of multihop cellular concept. These claims have yet to be quantified. The main 

objective of this thesis is to quantify these claims to verify the pursuit of further research 

in this direction. Once this is verified, other gains can be quantified as well. The 

contributions of this thesis include quantification of other gains from the application of 

multihop relay in CDMA cellular networks. 

The contributions of this thesis are: 

1. Quantifying the Capacity Gains of Multihop Cellular: We perform a 

pioneering quantitative capacity analysis of multihop CDMA cellular 

networks. This analysis is generic, and covers different scenarios, call 

distributions, and network loads in addition to transmission power 

assumptions. We show that capacity can be increased using multihop relay by 

increasing either the number of simultaneous supported calls or achieved data 

rates. We emphasize that multihop relay is most needed when calls are closer 

to cell borders. We also illustrate that power control increases capacity even 

more and is more essential when number of hops is small. 

2. Quantifying Energy Reductions: We quantify energy consumption in 

multihop CDMA cellular networks. We demonstrate the reduction in energy 

consumption on average when using multihop relaying. We study the effect 

of different networking environments and hardware specifications. 
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3. Exploring Applications of Inter-Cell Relay: Beyond the basic claims, we also 

analyze instances where calls can be diverted from one cell to another. These 

include congestion relief and load balancing. 

a. Congestion Relief: We study how multihop relay can solve the problem 

of congestion in cellular networks. Using multihop relay, calls in 

congested cells can be connected to BSs of lightly loaded neighboring 

cells. We also use optimization to verify the magnitude of the capacity 

gains in case of congestion. 

b. Load Balancing: We examine the possibility of balancing load across 

cells by using multihop relay. We measure the gains from load balancing 

including higher level of fairness and higher total allocated data rates.  

4. Enabling Multimedia in Multihop Cellular Networks: We analyze rate 

adaptation in multihop CDMA cellular networks with multiple service 

classes. We also illustrate how to balance the allocations of different classes 

given network and load conditions. Toward this end, we propose a generic 

rate adaptation and power adjustment scheme for multiple classes of service.  

1.5 Thesis Outline 

The organization of this thesis is as follows. 

In the following chapter, we discuss the concept of cellular networks, examine 

their evolution, and identify their inherent drawbacks. We also discuss at length the 

notion of MCNs, its origins, and the gains they provide.  In addition, we review the state-
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of-the-art in MCNs to substantiate the motivation for our work. Towards the end, we 

offer an outline of our proposed analytical framework.  

Chapter 3 describes the models used in the analysis of this thesis. We present the 

network model, followed by the propagation model. The two transmission power options 

used in this thesis are illustrated. We address the measures for quality of calls used in the 

capacity analysis. In addition, we detail the basics of the analysis in this thesis. 

In chapters 4 and 5, we test the basic claims advocated for MCNs. In chapter 4, 

we analyze the capacity gains. We derive formulas to quantify interference under 

different call distributions to verify that on average the capacity is increased in cellular 

networks by adding multihop relay. We also highlight the scenarios where multihop relay 

is most rewarding. In chapter 5, we study the effect of multihop communication on 

energy consumption. We analyze energy consumption with and without power control 

and show the reduction in energy consumption when calls are near cell borders, 

overcoming a main challenge in CDMA cellular networks.  

Having addressed the basic claims advocated for MCNs, we shift our focus in the 

remainder chapters to explore further potential gains derived from applying wireless 

multihop relay in cellular networks. 

In chapter 6, we examine the use of inter-cell relay in CDMA cellular networks 

whereby calls can be diverted from one cell to another. Direct applications of inter-cell 

relay are congestion relief and load balancing. We derive modified interference formulas 

in chapter 6 to represent the case when calls are relayed from one cell to another adjacent 
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one. We also evaluate the upper bounds on the number of calls that can be supported 

inside loaded cell and the number of calls that can be inter-cell relayed to lightly loaded 

adjacent cells. 

In chapter 7, we expand on the derivations made in the previous chapter to 

establish the two main advantages gained from multihop relay in cellular networks. We 

evaluate the capacity gains achieved from utilizing inter-cell relay to relieve congestion, 

and show how the capacity gains can be maximized in such instances. We also show how 

load balancing can be optimized to increase and enhance the fairness of user allocations.  

In chapter 8, we study rate adaptation in multihop CDMA cellular networks. We 

show that rate adaptation can be applied in multihop CDMA cellular networks with 

multiple classes of service, and illustrate how allocations between the different classes 

can be balanced given network load and conditions. We also show the level of 

degradation needed by one class to achieve the required quality of a higher class. We also 

propose a scheme for rate adaptation and power adjustment based on these findings.  

Finally, in Chapter 9 we conclude this thesis and hint at possible future directions. 
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Chapter 2 

Background and Literature Review 

In this chapter, we establish the motivations for our work. We first describe 

cellular networks and their evolution, and outline their inherent drawbacks that have led 

to the proposals for the use of multihop wireless relay. The analysis in this thesis focuses 

on CDMA based networks. Consequently, CDMA characteristics are presented. The 

capacity of CDMA networks and its dependence on signal interference are discussed. We 

then review the domain of multihop wireless networks, and identify the specific features 

of utility for cellular networks. This is followed by a discussion of the state-of-the-art in 

MCNs. Finally, we offer a high level description to our approach in establishing an 

analytical framework for MCNs. 

2.1 Cellular Networks 

2.1.1 Cellular Concept 

Cellular networks facilitate the convenience of communication regardless of 

location or speed. Users of cellular networks vary from slow moving pedestrians to users 

moving with very high speeds like travelers on trains or vehicles. Accordingly, cellular 

networks need to extensively cover large geographic areas. These goals form the basis for 

the cellular concept, which relies on dividing the large coverage area into smaller areas 

called cells (hence the terms “cellular networks” and “cellular phones”). Each cell has  
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a BS responsible for all MTs and their communications inside its cell. All BSs are 

hardwired to a Mobile Switching Center (MSC) in the core network through a BS 

Controller (BSC). In 3G systems, a BS is called node B and is connected through a Radio 

Network Controller (RNC). All MTs have to connect through wireless communication to 

a BS. The BS then acts as a gateway to connect to the other party of the call through the 

wired backbone of the system. A typical architecture of a cellular system is shown in 

Figure 2.1. 

 

 

Figure 2.1. Cellular Architecture 

 

Communication from BS to MT takes place on the downlink (forward) channel 

and from MT to BS on the uplink (reverse) channel. MTs can connect to any BS that 

covers their location. This gives them the privilege of larger coverage area, higher 
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capacity and mobility. The latter is achieved through the notion of handoff, where an 

MT’s connectivity is handed off from one BS to the next. Efficient handoff schemes 

enable a virtually continuous connection as the MT moves from the coverage of one BS 

to another. 

The cellular concept owes its success to the idea of dividing the coverage area 

into small cells. This helps increase the capacity compared to one large transmitter that 

was used in previous attempts of mobile networks. Also smaller cells mean that less 

power is needed, which leads to smaller and cheaper transmitters and handsets. This 

makes cellular networks more financially attractive [1], [2].  

2.1.2 Evolution of Cellular Networks 

Cellular networks have passed through different generations, starting from the 

first generation deployed in the 1970’s to the fourth generation, which is still at its earlier 

stages of contemplation. 

First Generation (1G) cellular networks were analog systems that relied on raw 

frequency modulation [2]. The first operating cellular network was launched in Japan in 

1979 by Nippon Telephone and Telegraph (NTT). Other 1G systems are the Nordic 

Mobile Telephone (NMT) system in Scandinavia in 1981 and the Advanced Mobile 

Phone Service (AMPS) by AT&T in North America in the beginning of the 1980’s [1] - 

[3]. These networks provided good voice quality but were not efficient in their spectral 

utilization. They also did not have dedicated channels for control messages. Instead, 

control messages were carried over data channels, causing audible clicks and affecting 
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content fidelity. Despite these limitations, 1G cellular systems were successful with the 

public and the number of subscribers kept increasing [2].  

In the late 1980’s, digital communications became more practical and proved 

more economical too. Digital communication enabled advanced coding techniques, 

which resulted in better compression techniques reducing the required bandwidth for 

multimedia applications, especially audio. Also, error correction coding increased the 

resistance of signals to different forms of interference. This led to the emergence of the 

Second Generation (2G) cellular networks, of which many implementations exist today 

[2], [3].  

2G systems aimed mainly at increasing the capacity of cellular networks. The 

main characteristic of 2G systems, that differentiates them from 1G systems, is digital 

communication. Digital communication allows the usage of low-bit-rate codecs which 

decreases the bandwidth required for audio and video transmission [2], [3]. While 1G 

networks were dedicated only for voice, 2G networks integrated data with voice. 2G 

systems can be categorized by their different multiple access techniques like Frequency 

Division Multiple Access (FDMA), Time Division Multiple Access (TDMA) and Code 

Division Multiple Access (CDMA), which are explained later in the chapter. 

Like in 1G systems, there was no global standardization during the 

implementation of 2G systems. Different systems were installed in different areas of the 

world. 
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GSM was the 2G cellular network launched in Europe in 1990. GSM first stood 

for ‘Groupe Special Mobile’, but then changed to ‘Global System for Mobile 

Communications’ [2]. It is a TDMA based system. GSM aimed at upgrading transmission 

technology and to have a single standard all over Europe. GSM was the only 2G system 

launched in Europe and hence now any European cellular phone can roam anywhere 

across Europe [3]. GSM is the most used system over the whole world. 

In North America, two 2G systems were implemented IS-54 and IS-95. First, IS-

54 was introduced in 1992. IS-54 is also known as D-AMPS, which stands for Digital 

AMPS which is a successor of the analog 1G AMPS. IS-54 uses TDMA and works at the 

same frequencies as AMPS. They both co-existed, where one channel can be analog 

using AMPS and the adjacent one can be digital using D-AMPS [3].  

Later on, IS-95 was introduced in 1993. This system was the first operational 

CDMA system, and is also known as cdmaOne [3]. When the CDMA concept was first 

introduced, it was not well accepted. One company, Qualcomm, fought for CDMA. 

CDMA was not only accepted after Qualcomm persistence, it is also considered as the 

basic technique for 3G mobile systems [4].  

Even before implementing 2G systems, researchers were already contemplating a 

more advanced mobile communication system that would provide higher bit rates in a 

universal manner, enabling worldwide roaming. Later on, this system would become the 

Third Generation (3G) cellular system. A major change in 3G networks was the reliance 

on a data-centric network core instead of a connection-oriented one. This facilitated a 
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proliferation of various data and multimedia services such as Internet connectivity, push-

to-talk, and video calling and streaming. Note that packet switching was first supported in 

an advanced GSM system through the General Packet Radio Service (GPRS), which is 

why the combination of GSM and GPRS is sometimes called generation 2.5 [2]. 

 3G utilizes an evolution of CDMA called Wideband CDMA (WCDMA), which 

delivers high data rates and better performance in urban areas [5]. Enhancements to the 

basic 3G standard have been made since its ratification that comprised changes in both 

network management and air interface. These enhancements are collectively referred to 

as yielding both the 3.5G and 3.75G systems [6], [7]. The Third Generation Partnership 

Project (3GPP), which is the standardization body overseeing the development of 3G and 

its evolution, is currently ratifying a new development towards a Fourth Generation (4G) 

wireless. The promise of 4G is to deliver truly wireless broadband data rates, even at high 

user mobility and regardless of urban density. It will also embrace the utilization of more 

than one access technology under a single network management structure. Labeled the 

Long Term Evolution (LTE) of 3G, 3GPP’s 4G realization is expected to dominate 

international deployment. 

2.1.3 Characteristics 

The wireless medium is a limited and highly variable communication resource. 

This is why efficiently using the spectrum allocated to any network is a main concern. 

Cellular networks overcome this resource scarcity through frequency reuse. In essence, 

the frequencies used in one cell are not allowed to be used in adjacent cells. The 
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minimum distance between two cells using the same frequency is called reuse distance. 

This distance depends on the required quality of communication and the propagation 

conditions of signals. Usually cells are divided into groups called clusters. The same 

frequency band cannot be used by more than one cell in the same cluster.  

Each BS is allocated a certain quota of available resources based on the reuse 

distance and the size of cell clusters. Resources have to be allocated to different users 

located in each cell according to their demands. This is referred to as channel allocation. 

Channel is defined as the unit of resources allocated to users. This channel can be a 

frequency band, a time slot, or a code based on the used multiple access technique. The 

channel can also be a combination of any of these resources. Three basic multiple access 

schemes are used in cellular networks. These are Frequency Division Multiple Access 

(FDMA), Time Division Multiple Access (TDMA) and Code Division Multiple Access 

(CDMA).  

FDMA: The available frequency band is divided into smaller sub-bands. Each 

sub-band is considered a channel. This technique is illustrated in Figure 2.2a. When a 

user requests a channel, a certain sub-band is allocated to this user, and the user can then 

transmit on this sub-band all the time. FDMA was the technique used in all 1G networks 

[1], [2]. 

TDMA: Time is divided into slots. Each slot is considered a channel. Each user is 

assigned a certain slot. During his slot, the user can send as much data as desired using 

the whole frequency band. TDMA is shown in Figure 2.2b. Users are served in a round 
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robin fashion. TDMA is used in most 2G cellular networks, e.g., GSM [1]. 

CDMA: In this scheme, all users share the whole band for the whole time. Each 

user is assigned a certain code as shown in Figure 2.2c. Different codes are orthogonal to 

each other. These codes have higher frequency than the information bits and are known 

as spreading codes. The ratio of the frequency of the spreading code to that of the 

information bits is called the spreading factor. The information bits are multiplied by the 

spreading codes hence the term spreading at the sender, and are used at the receiver to 

reconstruct the original information. CDMA is used in some of the 2G systems like 

cdmaOne [2]. 

 

Figure 2.2. Multiple access schemes (a) FDMA (b) TDMA and (c) CDMA 

 

It is very common to combine more than one scheme to obtain better 

performance. In practice, TDMA and CDMA schemes are usually combined with 

FDMA. First the frequency is divided into smaller frequency bands, then users are 

allocated time slots per frequency band or multiple users share the frequency band using 
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different codes [3]. 

To sustain bidirectional communication, resources need to be provided both in the 

uplink and downlink directions. This is achieved using either Frequency Division Duplex 

(FDD) or Time Division Duplex (TDD). In FDD, uplink and downlink channels use 

separate frequency bands. In TDD, both uplink and downlink transmissions use same 

frequency band but alternate in time. Systems use FDD or TDD based on the nature of 

communication. FDD is preferred with symmetric communication like voice, while TDD 

is better suited for asymmetric communication like web browsing [5]. This isolation 

prevents both directions from interfering with each other.  

Interference between communications in different cells is avoided by the reuse 

distance. In FDMA and TDMA, the reuse distance is always more than one. In CDMA, 

the situation differs. All users use the same frequency band at the same time using 

different codes. In fact, the same frequency is often reused in every cell, making the reuse 

distance one [1]. The reuse of resources in CDMA is applied on codes. The same code 

cannot be used in two adjacent cells. These codes ideally should be orthogonal. This 

cannot be guaranteed in practice as signals have to be synchronized in time. In CDMA 

cellular networks, spreading codes are used, and may not always provide orthogonal 

separation. Transmissions from users in adjacent cells as well as inside the same cell are 

considered interference. Despite that, CDMA users are still able to receive and decode 

signals correctly as long as the ratio of the power of the desired signal to the interference 

power is above a certain level. This ratio is referred to as the Signal to Interference Ratio 
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(SIR). Interference from other users combined with additional noise has to be controlled 

for proper operation of the system. Additional noise refers to thermal noise and other 

noises generated by sources outside of the considered CDMA system. This is why 

CDMA networks are called interference limited [1], [5]. 

One way of controlling interference in CDMA networks is through power control 

to decide the transmission power so that signals reach intended receivers with predefined 

power. The importance of power control algorithms can be deduced from the situation 

when two MTs are transmitting to the same BS at the same time. If one MT is very close 

to the BS while the other is at the cell border, the signal of the MT close to the BS can 

overshadow the other MT’s signal. Power control is essential in this situation so that the 

two signals reach the BS with comparable power (preferably equal). In this case, the two 

signals have the same interference effect on each other [5], [8]. 

Power control usually has two models: Open-loop power control and closed-loop 

power control. Open-loop is responsible to overcome slowly varying channel effects 

while closed-loop tries to overcome the fast varying fading effects. In the open-loop 

power control, the transmitter determines its transmission power based on the power of 

the received signal. This mechanism depends on the fact that channels for uplink and 

downlink directions are reciprocal. This is not practical for FDD networks, where uplink 

and downlink use different frequency bands. The open-loop method is usually used to 

determine the initial transmission power when a call starts. In closed-loop power control, 

the transmitter modifies its transmission power based on feedback from receiver. In this 
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scheme, the receiver measures the SIR of the signal and compares it to two 

predetermined thresholds. If the received SIR is higher than the high threshold value, the 

receiver sends a command informing the transmitter to decrease its transmission power. 

If the received SIR is lower than the low threshold value, the transmitter is instructed to 

increase its transmission power [9], [10]. 

The interference from users inside the system can be controlled using power 

control. All signals in CDMA systems are transmitted using power control. The 

interference resulting from a call can be estimated. Based on the SIR and the estimated 

extra interference resulting from a new call, it can be decided if more calls can be 

accepted in the network. The algorithm responsible for accepting or rejecting call 

requests is called the call admission control (CAC) algorithm. A CAC algorithm 

regulates network operation to ensure uninterrupted service of calls with predetermined 

quality, while optimally accommodating new call requests. An ideal CAC scheme 

accepts a call if and only if a predetermined minimum quality of this call and all ongoing 

calls in the network can be maintained [11].  This is done by managing available 

resources like frequency bands, time slots and codes. CAC is more involved in CDMA 

networks. In CDMA networks, the number of simultaneous active calls can be limited by 

the number of available codes if the spreading factor is small. In W-CDMA networks, the 

number of available codes can be very large [12].  

Several CAC algorithms for CDMA networks exist in the literature [13], [14], 

[15], [16] and [17]. In these algorithms, the acceptance of a new call is based on the 
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quality of active calls. The algorithms predict the quality of active calls in case the new 

call is permitted. If the predicted quality of all calls is within its predetermined limits, the 

new call is accepted. Although this is the general idea, CAC algorithms still differ in the 

way they perform it. 

Early CDMA CAC algorithms determined a predefined maximum number of calls 

based on the available resources. The new call is accepted only if the number of active 

calls is less than the predefined maximum number. This is known as hard capacity [12]. 

Hard capacity is not efficient since, for example, the position of a MT has an effect on the 

interference caused at surrounding BSs. For this reason, soft capacity CAC algorithms, 

using actual interference measurements, are preferred. Such algorithms determine the 

interference level based on SIR, total received power, or system load.  

From the discussion of CAC algorithms in CDMA networks, it can be noted that 

capacity analysis in these networks depends basically on the actual interference 

experienced inside the network. It is thus imperative that interference in CDMA based 

networks be carefully modeled in order to derive capable resource management 

functionalities.  

The advancement achieved in cellular networks allows the support of many 

applications other than voice which was the main concern in the beginning of the cellular 

concept. Multimedia applications are among the new supported types of applications. 

Although this type of application requires high data rates, these applications are adaptive 

and can usually function over a wide range of data rates [18]. Taking advantage of such 
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adaptability, rate adaptation has been proposed to deal with the limited resources of 

wireless networks [19]. When networks are lightly loaded, applications are granted high 

data rates. When networks become saturated, rate adaptation decreases assigned data 

rates.  

Rate adaptation algorithms can be invoked by CAC when requests for new calls 

arrive while the system is saturated. Sometimes, rate adaptation is invoked without the 

presence of requests for new calls. This can happen if the interference level in the 

network increases, which can occur due to extra noise from outside the system or change 

in the level of interference inside the system due to movement of MTs. Rate adaptation 

algorithms have been extensively studied in CDMA networks [19], [20] and [21]. 

2.1.4 Drawbacks 

Although mature, cellular networks still have some drawbacks. A major problem 

is congestion, which means that all resources available for a BS are in use. No more calls 

can be accepted in this cell [22]. The problem with current cellular networks is that 

congestion cannot be resolved, even if neighbor cells are not congested. MTs are not 

allowed to connect to other BSs, in case the one serving their cell is congested.  

The transmission power is another issue in cellular networks. MTs need to keep 

their transmission power as low as possible to save their limited energy supply. Network 

operators want to keep it low as well to decrease the interference between signals from 

different users at BSs, especially in CDMA networks where the signal from one user acts 

as interference to another user [23]. In contrast, MTs need to increase their transmission 
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power to achieve a higher data rate over the same distance. Also, MTs far from BSs need 

higher transmission power than those closer to BSs, which results in the near-far problem 

in CDMA networks.  

These problems can be reduced by decreasing cell size. This results in fewer MTs 

per cell, which can reduce the congestion problem. It also decreases the maximum 

distance signals have to travel. This can result in offering higher data rates for MTs and 

decreasing the effect of the near-far problem. Although this sounds like a good solution, 

it is not financially attractive. BSs and their wiring are very expensive [24]. Also, this 

solution needs re-planning of already deployed networks. This will adversely affect the 

economic feasibility of cellular networks. 

Nevertheless, even if reducing cell size is affordable, some problems will 

continue to exist. These are dead spots, unbalanced load, and BS failures. Dead spots, 

such as subways and basements, are places, although within the coverage area, cannot be 

reached by the BS.  

The problem with unbalanced load is that some cells get congested while other 

cells may be still lightly loaded. This means that calls are blocked, although the 

maximum capacity of the whole network is not reached [22]. This results in 

underutilization of cellular networks. When a BS fails, MTs inside this cell cannot be 

serviced. These two problems exist because of the nature of cellular networks. If MTs 

cannot use a BS covering their position, they are not allowed to use other BSs.  
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The discussion above shows that cellular networks need some modifications. The 

maximum distance signals travel needs to be decreased to achieve higher data rates, 

conserve limited energy of MTs and decrease interference, without using extra BSs. MTs 

need to be allowed to use BSs other than the ones covering their cell to solve problems 

like unbalanced load and BS failure. These needs have motivated practitioners to look 

into the specifications of other networks.  

2.2 Multihop Wireless Networks 

A multihop wireless network is made of a group of nodes that inter-communicate 

with each other either directly or through multiple nodes. In contrast with the cellular 

concept, which relies on single-hop access, a multihop ad hoc network assumes no 

infrastructure. Nodes are free to move independently of each other resulting in a dynamic 

topology. This type of network depends on the communication capabilities of their 

wireless devices to relay messages from source to destination. All the nodes participate 

together to deliver a packet from a source node to destination. A message in an ad hoc 

network may be relayed through a number of intermediary nodes until it reaches its 

destination. Each time a message is sent from one node to another is known as a hop, 

hence the name multihop ad hoc networks (MANETs). 

The concept of multihop ad hoc networking is not new. It was first introduced by 

the Department of Defense (DoD)-sponsored Packet Radio Network (PRNET) in 1972 

[25]. At the time, the purpose of such networks was only military. It was intended to 

provide networking in battlefields where no infrastructure can be implemented. By 
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forming an ad hoc network in the battlefield, soldiers can communicate with each other 

without the risk of utilizing a strategic target. In the early 90’s, the popularity of laptops 

and communication devices increased. This resulted in resurgence of the interest in ad 

hoc networks. The application of ad hoc networks became more general and no longer 

restricted to military purposes. Commercial applications for ad hoc networks started to 

evolve [1]. 

2.2.1 Characteristics 

MANETs are inexpensive and easy to implement as they do not rely on a 

sophisticated infrastructure. One of the attractive characteristics of such networks is the 

short transmission range of nodes. This helps in energy conservation, which is an 

important issue for MTs as they depend on batteries for their energy supply. This 

characteristic also helps in solving problems like interference, ultimately increasing 

capacity. Higher bit rates can be achieved because of the short distances traveled by 

signals. 

Although MANETs are attractive, they still have their problems. Nodes are free to 

move independently, resulting in continuous, random and rapid change in network 

topology. These networks waste a large portion of the available resources in routing. If 

nodes are highly mobile, route maintenance becomes very hard. Another problem is 

network splitting. This occurs when there is no node in a good position to act as an 

intermediate node. In this situation, a node or a group of nodes can be isolated from the 

rest of the network.  
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But while MANETs have many attractive characteristics, they cannot be deployed 

to provide wide area coverage because of their above mentioned drawbacks. For these 

reasons, MANETs are restricted to small-size networks [26].  

For their attractive characteristics combined with ease of deployment and low 

cost, many researchers are supporting adding multihop communication on top of cellular 

infrastructure to overcome the inherent drawbacks of cellular networks. At the same time, 

having an infrastructure avoids MANETs restrictions. 

2.3 Multihop Cellular Networks 

The Multihop Cellular concept is based on adding multihop communication on 

top of the cellular infrastructure. It makes use of the advantages of MANETs to solve the 

inherent problems in cellular networks. With the presence of the cellular infrastructure 

with multihop communication, the drawbacks of MANETs can be overcome. Adding 

multihop communication on top of a cellular infrastructure is an attractive solution due to 

its cheap deployment in addition to other advantages. 

In cellular networks, MTs have to connect directly to a BS to perform any kind of 

communication with another party. In MCNs, this condition is loosened a little. Now, 

MTs can use multiple hops to connect to a BS. These multiple hops can be through other 

MTs or fixed relaying stations. Using multiple hops to reach BSs is the key factor for the 

advantages gained from the multihop cellular concept.  

Multihop relay can also be used to divert calls from one cell to the cell’s direct 

neighbors. This becomes valuable in instances of congestion where a congested cell can 
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be aided by relaying calls to neighboring cells if they are lightly loaded (1 in Figure 2.3). 

The same notion can be utilized to balance the load across the network to achieve better 

fairness among users or higher average data rate per user (2 in Figure 2.3). This cell-to-

cell relay can be exercised when a BS’s operation fails and terminals within the BS’s 

coverage can be served by another BS. MCNs can also address issues of dead spots and 

BS failures. In such situations, MTs have a better chance to find a relaying entity within 

their transmission range and may use multihopping to reach a functioning BS to establish 

network connectivity (3 and 4 in Figure 2.3). 

Interference is a major issue in cellular networks, especially in 3G networks, due 

to the usage of CDMA. In CDMA networks, all users use the same frequency band at the 

same time. The signal from any user is considered interference to all other users. The 

problem is escalated by the long distances signals have to travel. Longer distances mean 

higher transmission power needed by MTs causing more interference to other MTs. The 

scenario is worst for MTs near cell borders. These MTs are the farthest from their serving 

BSs. For the signals from these MTs to reach their serving BSs with a comparable power, 

they need to use very high transmission power. At the same time, these MTs are the 

closest to adjacent BSs and have the highest interference effect on these BSs. Calls from 

MTs near cell borders, therefore, have a great degradation effect on the total capacity of  

a CDMA cellular network. This issue is referred to as the near-far problem and can be 

overcome by multihop relay, which reduces the transmission power needed per hop and, 

in turn, decreases the resulting total interference. The high transmission power needed 
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also depletes the batteries of MTs at a higher rate. Conserving energy in any wireless 

network is important because MTs depend on batteries for their energy supply. Multihop 

relaying should help increase the battery lifetime of MTs. Shorter distances makes 

achieving higher data rates more affordable without using very high transmission power.  

The advantages gained from adding multihop communication on top of the 

cellular infrastructure is illustrated in Figure 2.3. A new call in a congested cell is usually 

rejected in traditional cellular networks. Using multihop relay, a new call in a congested 

cell is shown to be relayed to an adjacent BS with available resources in Figure 2.3 

example (1). In example (2) in Figure 2.3, calls are relayed from a heavily loaded cell to 

an adjacent less loaded one to achieve load balance amongst different cells. In addition,  

a MT in a dead spot uses multiple hops to reach a BS (3 in Figure 2.3), while a MT, 

whose serving BS is down, relays its signals through MTs to an adjacent BS to acquire 

service (4 in Figure 2.3). Finally, the near-far problem is overcome by multihop relaying. 

As shown in (5) in Figure 2.3, a long distance between a MT at a cell border and the BS 

is cut into shorter multiple hops to achieve higher data rate and reduce interference at 

other cells.  
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Figure 2.3. Multihop relay to solve cellular networks drawbacks 
(1) Congestion, (2) Load imbalance, (3) Dead spot, 

(4) BS failure and (5) Near-far problem 
 

2.4 Related Work 

In this section, we present the various efforts invested in MCNs. Different 

proposals have been presented in the literature. Proposals are divided into three 

categories based on the type of relaying entity: Dedicated repeaters, MTs, or both. 

Proposals are further divided into two categories according to the number of interfaces 

used in MTs. MTs can have one interface or two interfaces. When one interface is used, 

MTs use the same frequency band for both cellular and relaying. Using two interfaces 
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means that MTs use one frequency band for cellular communication with BSs and a 

different band for relaying. The categorization of multihop cellular proposals is shown in  

Figure 2.4. 

 

 

Figure 2.4. MCNs proposal classification 
 

Integrated Cellular and Ad-hoc Relay (iCAR) [22], [27] is one of the first 

proposals for MCNs. The proposal involves using dedicated repeaters with two 

interfaces. The repeaters are made to be movable and assume less functionality and 

transmission capability than the BS, making them cheaper. 

Unlike iCAR, other proposals suggest the use of MTs to relay data. Proposals 

suggesting the use of one interface include Opportunity Driven Multiple Access (ODMA) 

[28], [29], [30], [31], Ad hoc-cellular (A-Cell) [32], Synchronous Location Dependent 

Packet Relay (Synchronous LDPR) [23], “Multihop Cellular Network” (MCN) [33], and 

the Hybrid Wireless Network (HWN) [34], [35]. These proposals vary in the technology 
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they were proposed for and the assumptions they rely on. For example, A-Cell depends 

on Global Positioning System (GPS) and suggests the use of directive antennas. Some 

proposals consider further architectural aspects as well. The proposal MCN, for instance, 

is aimed at reducing the deployment costs through either reducing the number of BSs or 

decreasing the BS range, with multihop relay used in either case. HWN, on the other 

hand, allows cells to switch between single-hop and multihop modes depending on 

network conditions.  

Other proposals have suggested a different interface for multihop relaying 

including Pervasive Ad-hoc Relaying for Cellular Systems (PARCelS) [26], Mobile-

Assisted Data Forwarding (MADF) [36], Ad-hoc GSM (A-GSM) [37], Cellular Based 

Multihop (CBM) [38], and Integrated Cellular and Ad hoc Multicast (ICAM) [39]. Load 

balancing between the two interfaces is a common theme in these proposals. A-GSM also 

includes considerations for the different possible types of handoff across the two 

technologies. In reference [40], a proposal is made for a cross-network operation between 

3G system and IEEE 802.11 WLAN operating in the ad hoc mode.  

Finally, there are proposals advocating the use of both dedicated relay stations 

and MTs in the multihop relaying element. These proposals include Multihop Radio 

Access Cellular (MRAC) [24], and Hierarchical Multihop Cellular Network (HMCN) 

[41]. 

MCN requires new resource management functionalities specifically designed for 

this new type of networks. These include schemes for channel assignment [42], [43], 
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[44], routing [38], [45], [46], [47], [48] and Call Admission Control (CAC) [49], [50], 

[51]. Other efforts also exist. In [52], the authors offer a brief survey of MCNs and 

propose a resource allocation scheme with power and rate control components for out-of-

band MT relay. Showing a further advantage of MCNs, enhancements in handoff 

management with the assistance of relay stations are displayed [53]. As user 

compensation is an essential element for MCNs, proposals have been sought to ensure 

simultaneously provider’s profitability and user satisfaction [54]. Additionally, and 

towards the vision of All-IP wireless, the general issues relevant to implementing IP-

based MCNs are discussed in [55]. Finally, it has been shown that relay systems should 

be more economically feasible over the long term since it could adapt dynamically to 

network growth and dynamics [56].  

The above works, representing the bulk of efforts made in the literature, have 

addressed many aspects of MCNs that range from design to operational decisions made at 

the various management levels. Little work has been offered to provide a rigorous 

analysis of this new paradigm.  For example, capacity and energy consumption in 

traditional CDMA cellular networks have been thoroughly studied [57], [58]. But these 

analyses need to be extended to CDMA based MCNs. The core contribution of this thesis 

is the analysis of capacity and energy consumption in multihop CDMA cellular networks. 

And while attempts have been in the literature to analyze MCNs, they remain lacking in 

essential aspects, and a comprehensive analysis is yet to be made.  

Some effort has been made toward studying the capacity of MCNs [59], [60], 
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[61], [62], [63]. The results in all these efforts support the claim of the potential capacity 

increase in MCNs. Despite the findings, the work in most of these publications lacks the 

analytical analysis and depends basically on computer simulations in their results. 

Moreover, in our work we consider multihop relay in CDMA networks using a 

single interface. Other analytical attempts, on the other hand, followed different 

approaches. For example, the work in [64] and [65] considered TDMA-based networks, 

while CDMA networks with two interfaces was studied in [66], and [67]. 

2.4.1 Design Issues and Open Problems 

It has been shown that the multihop cellular concept can be used to reduce some 

drawbacks of cellular networks. Multihop cellular concept is still an open field for 

research. Proposals for MCNs differ in a number of design decisions. In order for the 

multihop cellular concept to achieve its goals and be standardized, these design decisions 

have to be settled.  

The main design decision is to choose the type of relaying entity, i.e. whether to 

use dedicated repeaters, MTs, or both for relaying. In this design, network setup cost 

plays a major role. In case of using dedicated repeaters, the cost of relaying is paid by the 

network provider. Planning the position of repeaters and placing them is an expensive 

procedure. Also, it is impractical to place a repeater at each hotspot, especially with the 

dynamic nature of these spots. Despite being expensive, using dedicated repeaters 

facilitates algorithms like route finding and route maintenance. It also saves the limited 

energy of MTs. On the other hand, using MTs for relaying makes MTs more complicated 
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and, consequently, more costly for users. However, MT relays save the network provider 

the expensive cost of extensive network planning. The main problem in this case is 

routing, which becomes difficult given the dynamic nature of MTs. And while 

functionalities required in maintaining the multihop wireless connectivity can be 

performed by BSs, engaging MTs in relaying does burden terminals’ resources. 

Using one interface or two is another design issue that needs to be determined. 

Using one interface causes interference between cellular and relaying, making channel 

assignment more complicated. Using two interfaces avoids this problem, but raises other 

issues that depend on the band used for relaying. If this band is part of the cellular 

network band, some resources may be wasted being saved for relaying. On the other 

hand, using free shared band with contention based medium access protocols introduces 

co-channel interference and contention with other types of networks. 

In addition to these design decisions, there are a number of other open problems 

relating to MCNs. Adding multihopping on top of cellular networks complicates these 

networks. Channel assignment in a cellular environment is a challenging problem, even 

without the added complications of multihop relay. In cellular networks, interference 

usually occurs at the BS in case of uplink slot. In multihop cellular, interference can 

occur at both MTs and BS concurrently due to relaying. More sophisticated channel 

assignment techniques that are especially designed for MCNs are needed to overcome 

these challenges.  
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When using multihopping on top of cellular infrastructure, routing with special 

consideration rises as a new challenge. Routing in ad hoc networks has been extensively 

studied [1]. Various algorithms have been proposed. Although routing in MCNs 

resembles that in ad hoc networks, especially when relaying uses MTs, it is possibly 

enhanced due to the presence of BSs. Routing in MCNs has to take advantage of the 

presence of capable BSs with their unlimited power supply, high computation ability and 

global awareness of the system. BSs can continuously gather information from MTs and 

update network topology.  

Finally, it is clear that MCNs can be very useful to enhance cellular networks 

performance. However, research in MCNs remains an open field. The design issues 

mentioned have to be settled and open problems have to be further explored for this 

approach to gain all its benefits. 

2.5 Toward an Analytical Framework 

Several efforts have been made in the area of MCNs that include both studying 

various aspects of the basic concept and proposals for algorithms and functionalities that 

enhance the general performance of MCNs. Despite these efforts, however, the basic 

claims for MCNs have been widely accepted without rigorous quantification. These 

claims state that adding multihop communication on top of cellular infrastructure will be 

accompanied by increase in capacity and reduction in energy consumption [68]. These 

claims are essential for the pursuit of research in this direction. The multihop cellular 

concept is basically proposed to enhance the performance of cellular networks by 
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overcoming some of their shortcomings. More importantly, this concept cannot be 

considered as a practical solution if the achieved gains are attained at the expense of 

either cellular capacity or battery lifetime of MTs. 

It is hard to overstate the importance of a comprehensive analysis of the multihop 

cellular concept. This analysis has to be generic and should cover various scenarios and 

cases. Driven by these requirements, we present a quantitative analysis of multihop 

CDMA cellular networks. We start by a detailed capacity analysis. Capacity is the main 

concern of network operators. In this analysis, we study the capacity under different call 

distributions and loads. We also consider two power transmission cases. MTs can use 

fixed transmission power to transmit signals among themselves or they can use power 

control. In the procedure of capacity analysis, interference has to be quantified in CDMA 

networks, whose capacity is based on experienced interference. We derive formulas to 

quantify interference in MCNs. The capacity of multihop CDMA cellular networks is 

compared to that of single-hop CDMA cellular networks to show the worth of adding 

multihop relay to cellular networks. 

Capacity analysis in single-hop CDMA cellular systems is only concerned with 

interference levels at the BSs and active MTs with calls. Considerations differ in the 

capacity analysis for multihop CDMA cellular networks. Signals are relayed through 

multiple hops to reach their destinations. It is necessary to monitor the interference levels 

at intermediate nodes to guarantee proper relay of signals all the way between end points. 

Taking this into consideration, we quantify interference at relaying MTs. The interference 
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levels at relaying MTs determine if multihop relay in cellular networks is feasible. 

MTs always depend on batteries for their energy supply. Proper management of 

energy consumption is an essential requirement in any wireless network. The application 

of multihop relay in cellular networks will not be publicly accepted if it is verified to 

increase the average consumed energy by MTs. Users of cellular networks will not accept 

a decrease in the lifetime of MT batteries, especially when associated with relaying other 

users’ data. We analyze the energy consumed in CDMA networks when multihop relay is 

used. We quantify the consumed energy under uniform distribution of calls and users. 

This analysis is important to compare the average consumed energy in multihop and 

single-hop networks. The same two transmission power cases are considered. The 

analysis also includes non-uniform distribution and considers extreme cases to highlight 

scenarios where multihop relay is favored to be used. We study the effect of the 

surrounding environment as well as different hardware specifications. This detailed study 

of energy consumption can be used to determine the worth of applying multihop relay in 

a network based on the specific conditions of this network.  

Having quantified these claims, further analysis of the benefits gained of the 

multihop cellular concept can be studied and quantified. We start by studying congestion 

relief. Congestion in cellular networks can be avoided or at least decreased by relaying 

calls from congested cells to nearby cells that have available resources. The possibility of 

relaying calls from one cell to another depends on the resulting interference. Interference 

levels have to be kept within acceptable limits. Interference then has to be quantified 
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again under these new conditions. Calls originating in one cell can now be connected 

through multiple hops to BSs of neighboring cells. We derive new formulas for 

interference to accommodate this modification. The capacity of the congested cell is then 

calculated based on these interference formulas. Comparing the capacity that can be 

reached inside the area of the congested cell in single-hop and multihop cases, gains 

achieved in congestion relief using multihop relay are quantified. We use optimization to 

determine the maximum possible capacity gains.  

We also study load balancing using multihop relay. Calls can be relayed from 

heavily loaded cells to lightly loaded ones. Load balance can achieve higher fairness 

among users of cellular networks and can sometimes result in higher overall total data 

rates. We compare fairness in single-hop and multihop cases. Moreover, we compare the 

fairness achieved when load balancing is performed. 

There is currently high demand for wireless multimedia applications. Such 

services usually require high data rates. There are numerous adaptive applications that 

can operate at a wide range of data rates. Rate adaptation algorithms take advantage of 

this property by allocating high data rates to multimedia applications when networks are 

lightly loaded. They downgrade the quality of these applications when networks become 

saturated. This way more call requests can be accommodated inside the network while all 

calls are still operating within acceptable qualities. We study the possibility of applying 

rate adaptation in multihop CDMA cellular networks. We consider the accommodation of 

more than one class of service. We quantify the degradation required by some calls to 
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accommodate the quality of other calls. Interference resulting from each class is 

quantified separately. Based on interference resulting from each class and their 

requirements, the required degradation of calls is determined. Finally, we propose an 

exemplary rate adaptation algorithm for multihop CDMA cellular networks. To achieve a 

certain quality of service, transmission power has to be managed. This is why the 

algorithm includes a power adjustment scheme too. 

The findings in this thesis are essential to verify further research in multihop 

CDMA cellular networks. The analysis in this thesis is generic and can be applied to 

different scenarios based on network conditions. The basis of the analysis can be used to 

analyze other networks that apply multihop relaying on top of a fixed network 

infrastructure.  
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Chapter 3 

System Models 

In this thesis, we quantify gains acquired from applying multihop communication 

in infrastructure-based CDMA networks. We note, however, that while our focus herein 

is on multihop CDMA cellular networks, the analysis performed in this thesis is generic 

and can be extended to suit other types of networks, which apply multihop wireless 

relaying. To emphasize more on the system used in the analysis and make the rest of the 

thesis easily readable, we explain the models used in the analysis in this chapter. We start 

by describing the network used in the analysis. This is followed by the propagation 

model. We study two cases for transmission power used by MTs, which are identified 

later on. The measure used to determine the quality of calls in the network is 

demonstrated. At the end of the chapter, the environment and the parameters used in the 

analysis are defined. 

3.1 Network Model 

We adopt a model CDMA cellular network with hexagonal cells. Each cell has six 

neighboring cells. Multihop relaying is used to connect MTs to BSs in the uplink and 

downlink directions. Each cell is divided into k-concentric discs centered at the cell’s BS. 

The discs have equal width and are numbered 0 through k-1, with disc 0 being the 

innermost disc while disc k-1 is the outermost one. At any given time, an MT is 

associated with only one disc based on the distance from the MT to its serving BS – the 
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BS with the strongest pilot signal received by the MT. The distance between the MT and 

its serving BS can then be estimated from the power of the received pilot signal. Only 

MTs residing inside the innermost disc, i.e. disc 0, are allowed to communicate directly 

with the BS in one hop. All other MTs inside the cell but residing outside the innermost 

disc must use multihop relaying to communicate with the BS. MTs residing in disc n 

(n>0) communicate with the BS by relaying their data through MTs in disc n-1. This 

limits the number of hops to a maximum of k hops. An example of a cell with 4 discs is 

shown in Figure 3.1, where two MTs are communicating with the BS through multihop 

relaying. The special case when a cell has only 1 disc represents the single-hop case. 

 

 

 

Figure 3.1. A cell with 4 discs 
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There are two main techniques for multihop wireless relay. In the first technique, 

known as amplify and forward, the relaying entity simply amplifies and forwards the 

signal it receives. The second technique is called decode and forward, in which the 

relaying entity decodes, re-encodes and then retransmits the received signal [69]. In our 

analysis, we assume that relaying MTs use the decode and forward method.  

To simplify the discussion, and without loss of generality, we adopt the following 

tagging convention. We define a target cell. This is the main cell in the analysis. Cells 

that are adjacent to the target cell are called 1st tier neighboring cells (B1 cells). Cells that 

are adjacent to 1st tier cells but not the target cell are called 2nd tier cells  

(B2 cells). A target cell and its 1st tier (B1) cells and 2nd tier (B2) cells are shown in 

Figure 3.2. 

 

 

Figure 3.2. Layout of cells used in analysis 
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3.2 Propagation Model 

In general, the capacity of CDMA networks depends on the actual interference 

experienced during network operation. In order to analyze interference in CDMA 

networks, a reasonable model for signal propagation needs to be selected. In this analysis, 

we use the lognormal attenuation model, widely accepted for use in the analysis of 

CDMA networks [58]. In this model, the power of a signal attenuates proportionally to 

the product of the mth power of the distance travelled and a lognormal component 

representing shadowing effects. According to this model, the power of a received signal, 

Sr, is calculated by 

 

10/10ξm
txr dSS −=   (3.1)

 

where Stx is the transmission power of the signal, d is the distance travelled by the signal 

and ξ is the shadowing effect in dB. The path loss exponent, denoted by m, usually varies 

between 2.7 and 5.0.  The variable ξ is normally distributed with zero mean and a 

standard deviation of σ that varies between 5 and 12. The shadowing effect does not 

depend on the distance signals travel and is usually estimated probabilistically [70]. 

Accordingly, shadowing effects will be ignored in our analysis. 

3.3 Transmission Power 

A scheme for power control means adjusting the transmission power of 

transmitting MTs based on how far they are from their receiving element, whether it is 
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the BS or another MT. Power is adjusted to preserve the battery life of the transmitting 

MT and decrease interference to other MTs, while maintaining the power at the receiving 

end at a predefined value [8]. This value, denoted SR, dictates the minimum power 

required for correct reception. Two cases for MTs’ transmission power are considered in 

this thesis:  

i. Fixed Transmission Power: In this case, only MTs inside the innermost disc 

use power control to communicate with the BS. All other MTs use fixed 

transmission power.   

ii. Complete Power Control: In this case, power control is applied at all hops. As 

in case (i), the BS oversees power control in the innermost disc. However, for 

all other discs, MTs exercise power control in their transmission independently 

from the BS. 

Case (ii) is more involved, demanding further analysis. In terms of 

implementation, more capable MTs are needed to perform complete power control 

amongst themselves without the involvement of the BS.  

In this thesis, all MTs and BSs are assumed to use omni-directional antennas. It is 

also assumed that MTs are dense enough that an MT in an arbitrary disc n can always 

find within its transmission range another MT in disc n-1 to relay its data. Transmission 

range of an MT is defined to be the area surrounding this MT where its transmitted signal 

can be received with the minimum threshold power for correct operation (SR). The 

transmission range depends on the maximum allowed transmission power of MTs, 
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denoted (SMAX). SMAX is determined in this thesis such that a signal sent from an MT at the 

outer edge of one disc can reach the next disc closer to the BS with power SR. In the fixed 

transmission power case, all MTs outside the innermost disc use this maximum 

transmission power to transmit signals. This implies that the transmission range of any 

MT, in both cases, is a circle centered at the MT with radius equal to the width of discs.  

3.4 Quality of Calls 

Studying the capacity of CDMA networks is more involved than in TDMA or 

FDMA networks. In TDMA or FDMA, it is straightforward to determine the number of 

calls that can be supported. In CDMA, however, capacity largely depends on the actual 

interference experienced during the network operation. The capacity of a CDMA network 

is not constant but varies based on the actual interference experienced at any point in 

time. This is why CDMA networks are known to have soft capacity compared to hard 

capacity in TDMA or FDMA networks.  

An integral factor in determining the capacity of a CDMA network is the ratio of 

the power of the desired signal to the power of interference at the receiver, which is 

known as the signal to interference ratio (SIR). SIR must always be maintained above a 

certain threshold. A decrease in the SIR, which invariably means an increase in 

interference levels, results in a decrease in a CDMA network’s capacity. CDMA 

networks are hence described as being “interference limited”. 

The number of calls that can be supported at any time inside a CDMA network 

depends on whether the quality of these calls can be maintained or not. The quality of 



 

46 

 

calls in this work is defined to be a minimum data rate with a guaranteed maximum bit 

error rate (BER). A call is accepted if it can be allocated its requested minimum data rate 

while keeping the BER below the requested maximum threshold. The BER depends on 

the SIR experienced at receivers. SIR is defined to be the ratio of the power of the desired 

signal to the power of all other signals received at the receiver. All other received signals 

are considered interference to the desired signal. SIR can then be expressed as 

 

DTot

D

SS
SSIR
−

=   (3.2)

 

where SD is the power of the received desired signal and STot is the total received power of 

all signals at the receiver. 

A value of more importance in our considerations, however, is the bit energy to 

interference density ratio (Eb/I0). The achieved maximum BER can be directly deduced 

from the value of Eb/I0. Eb/I0 can be calculated from the SIR by dividing the value of the 

desired signal power by the data rate R and the value of the interference power by the 

bandwidth W. Therefore, to keep the BER below a certain value, Eb/I0 has to be 

maintained above a certain threshold (τ). These considerations lead to the following 

condition  
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Most of the variables in equation (3.3) are either network or application 

dependent and can hence be determined apriori. The only variable that needs calculation 

based on the network operation is the total received power (STot). Rearranging  

equation (3.3), an upper bound on the total received power, and consequently 

interference, at any receiver can be calculated. The condition in equation (3.3) is used 

throughout the thesis to find the maximum capacity, i.e., the maximum number of calls or 

data rate, that the system can attain based on network conditions assumed.  

3.5 Analysis Environment 

In this subsection, we describe the environment of the network and the basic 

variables used in the analysis throughout the thesis. In CDMA networks, the main 

concern is always the interference experienced in the network based on the specific 

conditions of the network operation.  In all the analysis in this thesis, we always sum the 

total effects of all transmitting MTs on network performance. There are two main 

directions in the analysis. For interference calculation, summation of interference 

resulting from all transmitting MTs is performed. For energy consumption, summation of 

the total energy consumed by all MTs is the concern. For both calculations, it is 

important to determine the position of all transmitting MTs and their intended receivers 

and the value of their transmission power.  

Two main scenarios are considered throughout the thesis: 

i. Uniform Distribution: Calls are assumed to be uniformly distributed over 

the coverage area. This means that calls are uniformly distributed inside 
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one cell. It also means that all cells have the same average load, i.e. the 

same average number of call requests. This scenario is considered to 

demonstrate the average performance gains of multihop communication. 

ii. Non-uniform Distribution: Calls are not uniformly distributed over the 

coverage area. Non-uniform distribution can occur inside one cell or 

amongst different cells. This is a more generalized and more realistic 

scenario since, practically, it often occurs that some cells are more loaded 

than others. Also, calls inside a given cell can be more concentrated at one 

location than others. 

The uniform distribution scenario is considered by defining a constant density of 

calls over the whole cell area. In this case, all cells are similar and hence performing 

analysis in any one cell is the same. The expected number of calls originating in disc i of 

any cell hence becomes 

 

( )iA
A
NN

T

T
Oi =   (3.4)

 

where NT is the total number of calls originating in each cell, AT is the cell area and A(i) is 

the area of disc i. 

Expressions for the non-uniform distribution are naturally more involved and 

need additional definitions. Here, we differentiate between two situations: Non-uniform 

distribution inside a given cell and non-uniform distribution amongst different cells. In 
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the first case, the call distribution inside a cell is varied by changing the number of calls 

originating from each disc. This is done by defining a weight vector Wn = (wn0, wn1,…, 

wn(k-1)), where wni represents the weight for each disc i and 1
1

0
=∑

−

=

k

i
niw . The number of calls 

originating in disc i hence becomes  

 

TniOi NwN *=   (3.5)
 

In the non-uniform distribution amongst different cells the cell layout defined in 

Figure 3.2 is used. Different cells have different total number of calls originating inside 

its area. In this configuration, the number of calls in the target cell, B1 cells and B2 cells 

are denoted NTg, NB1 and NB2, respectively. For the more general form, each B1 cell and 

B2 cell can have its own total number of calls by adding a suffix to NB1 and NB2 to 

become NB1_c and NB2_c, respectively. Suffix c denotes cell c of B1 or B2 cells, where c 

varies from 0 to 5 for B1 cells and 0 to 11 for B2 cells. In this network setup, analysis 

differs from one cell to another. Therefore, we always specify in which cell analysis is 

performed.  

In the analysis, a cell is always in one of three states: lightly loaded, heavily 

loaded or congested. This is determined based on the maximum capacity of the cell. The 

maximum capacity of a cell is determined by calculating the maximum number of calls 

that can be supported in any one cell under uniform distribution of calls over the network. 

The state of a cell is then determined based on the number of calls originating inside its 
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area compared to that maximum capacity. Without loss of generality, a cell is considered 

lightly loaded if the number of calls inside its area is below a predefined threshold. 

Likewise, a cell is considered heavily loaded if this number of calls is above this 

predefined threshold but not more than the maximum capacity. A cell is congested if the 

total number of calls requested inside its area is larger than the number of calls it can 

support when it reaches maximum capacity.  

In the analysis, the total interference or total energy consumed is calculated by 

summing over all transmitting MTs based on the conditions assumed in each section. To 

obtain the value of these summations, integration is performed over each disc and then 

summed over all discs. Although hexagonal cells are assumed in the network model, all 

integrations in the analysis are performed over circular cells using polar coordinates. This 

has been shown to be a reasonable approximation [71]. 

We adopt a generic model that can be applied in either TDD or FDD CDMA 

networks. The results obtained in this thesis are considered to be per time slot per 

frequency band. The analysis considers an uplink slot in which data flow from MTs to 

BSs.  

Throughout the analysis, there is a repeated use of some parameters. The values 

of these parameters are listed in Table 3.1. These values, dictated by the IS-95 

specifications [72], are used throughout the thesis unless otherwise mentioned. We 

remark though that the IS-95 specifications are just exemplary values. The results would 

be applicable to other CDMA-based network specifications, viz. WCDMA. 



 

51 

 

Table 3.1. Parameters used in calculations 

Path Loss m 4 

Frequency Band W 1.22 MHz 

Data Rate R 9.6 Kbps 

Max. Bit Error Rate BER 10-3 

Eb/I0 Threshold τ 5 (7 dB) 

 

Finally, it is worth noting that the usage of omni-directional antennas in multihop 

communication makes the uplink case and downlink case very similar. Expanding this 

analysis to represent the downlink case requires straightforward modifications to consider 

the BS transmission, and is the subject of future work. 
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Chapter 4 

Capacity Gains of Multihop Cellular Networks 

A first step in testing the accepted claims for multihopping is to quantify the 

resulting capacity increase in CDMA cellular networks. Such quantification is 

unavoidable if serious frameworks for resource management functionalities in MCNs are 

to be realized. This is especially the case in CDMA systems where interference affects 

the capabilities of the network in a dominant manner, hence the term “interference 

limited”. 

In this chapter, we analyze the interference to estimate the system capacity. 

Toward this end, we derive formulas to calculate interference experienced in multihop 

CDMA cellular networks by both BSs and MTs. In this chapter, the capacity of multihop 

CDMA cellular networks is compared to that of single-hop CDMA cellular networks 

under uniform distribution to verify the claimed capacity gains. In extending the work to 

accommodate the effect of call distribution within a cell, we illustrate the effect of call 

distribution on the cell’s capacity and its neighbors – both in the single and multiple hop 

cases. To the best of our knowledge, this effort is the first of its kind in this area. 

4.1 Interference Analysis 

In this section, we consider an uplink slot. In single-hop networks, the BS is the 

only entity receiving signals inside the cell during an uplink slot. However, in multihop 

networks relaying MTs as well as the BS are receiving data. Therefore, interference must 
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be considered at both the BS and the relaying MTs. It is assumed that MTs and calls are 

uniformly distributed over the area of the network. This implies that all cells have the 

same load, and hence the same number of calls. General formulas are derived in the 

beginning, which are applicable whether or not power control is exercised between MTs. 

Later in the chapter, the two cases studied in this thesis, which are the fixed transmission 

power case and the complete power control case, are differentiated by deriving the 

transmission power of MTs in each case independently.  

Interference in cellular networks is composed of intra-cell interference and inter-

cell interference. Intra-cell interference results from signals transmitted from inside the 

same cell, while inter-cell interference results from signals originating in neighboring 

cells. Formulas for intra-cell interference and inter-cell interference are derived 

separately. The total interference experienced at the receiver is then the sum of both types 

of interference. 

4.1.1 Fundamental Interference Formulas 

We begin by deriving formulas for interference at the BS. Intra-cell interference 

at the BS is the total power of all signals received at the BS originating inside the cell and 

excluding the desired signal. Consider MTx, an arbitrary MT whose interference at the 

BS, denoted by Ix, at the BS is expressed as 

 

m
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where Sx is the transmission power, and dx is the distance between MTx and the BS in 

consideration. From equation (4.1), it can be seen that the resulting interference decreases 

as the distance between the source and the receiver increases. The total intra-cell 

interference, denoted IIntraBS, is the sum over all MTs transmitting inside the same cell. 

Summing over all MTs inside the same cell results in 
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This summation can be further divided into summations over each disc separately, 

yielding 
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where Ni is the number of all MTs transmitting inside disc i. Each inner summation 

represents the total interference from a certain disc. To calculate this summation, the 

average interference from one MT inside this disc is calculated by integrating over the 

disc’s area and then multiplied by the number of transmitting MTs inside the disc. 

Applying this yields 
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where A(i) is the area of disc i, fxy(x,y) is the distribution function of transmitting MTs 

inside disc and d(x,y) is the distance between MTx and the BS. Transforming to polar 

coordinates results in the following form 
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where ri is the outer radius of disc i and r-1 is zero and f(r,θ) is the polar distribution 

function of transmitting MTs inside disc. The innermost disc is different from other discs. 

In the two cases considered in this thesis, power control is always assumed to be 

exercised inside the innermost disc. This means that signals from MTs inside the 

innermost disc are always received at the BS with a predefined power SR. Therefore, we 

split the summation into two parts. The first part is the first term only and represents the 

innermost disc and the second part is the remainder of terms and represents discs 1 

through (k-1). This splitting results in the following form 
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Next, we calculate inter-cell interference at the BS. Only first tier neighboring 

cells are taken into account in this calculation. In the multihop case, MTs use multiple 

hops to reach BSs, i.e. MTs utilize limited transmission power, and their effect on farther 
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cells is negligible. However, considering only the first tier is uncommon in the single-hop 

case, where usually the second tier is also involved in the computation [70]. Despite this 

consideration, which certainly favors the single-hop case, it will be shown below that the 

advantages of MCNs will remain evident. Each cell has six neighbors. The interference 

from each of the cells in the first tier at the BS is the same, since they are equidistant. It 

hence suffices to calculate the interference from one cell and multiply it by six. 

The interference from one neighboring cell, denoted IInterBS_1, is the summation of 

interference from all its active MTs. The same steps used in computing the intra-cell 

interference are applied here, with two differences. The first term of equation (4.6) is 

completely different since the signals from MTs inside the innermost disc of neighboring 

cells are received with power SR at the neighboring BS. These signals are received at the 

BS under consideration with power SBS, which is calculated by 
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where di is the distance from the MT to its serving BS and dj is the distance to the BS 

under consideration. To obtain the interference from the innermost disc of the 

neighboring cell, equation (4.7) is integrated over the area of the disc and multiplied by 

the number of transmitting MTs inside the disc.  

For the remaining discs, the difference lies in the distance between the MTs and 

the BS under consideration. In deriving the formula for intra-cell interference, the BS was 
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assumed to be at the origin with the concentric discs centered at the BS. This makes the 

distance between any interfering MT and the BS simply the radius (r) of the polar 

coordinates of the MT. Here, the neighboring BS becomes the new origin of computation, 

making the BS under consideration at point (L,0), where L is the distance between two 

neighboring BSs. Hence, the distance between the interfering MT and its serving BS is r 

and the distance between the interfering MT and the BS under consideration is  

(r2 + L2 – 2 L r cos(θ ))1/2. Applying these differences, yields 
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The total interference at the BS, denoted by IT_BS, is the sum of intra-cell 

interference and inter-cell interference and can be expressed as 

 

1__ 6 InterBSIntraBSBST III += (4.9)
 

We derive interference at relaying MTs in a similar way to calculating 

interference at the BSs. A fundamental difference is that interference at a relaying MT 

depends on the position of the relaying MT, which determines the distance to the serving 

and neighboring BSs. Interference at relaying MTs is calculated based on their distance to 
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their serving BS.  

Both intra-cell interference and inter-cell interference at a relaying MT can be 

represented by the equation (4.8) for inter-cell interference at the BS with slight 

adjustments. In intra-cell interference calculation, the serving BS is at the origin. The 

relaying MT is at a distance b from the BS, hence at point (b,0). In the analysis, no 

channel assignment or scheduling is considered. A transmitting MT can be very close to a 

receiving relaying MT. Hence, the level of interference at the relaying MT can be too 

high for the relaying MT to correctly receive its intended signal. To avoid this situation, a 

safety distance ds is assumed around each relaying MT. In a circle of radius ds around the 

relaying MT, no transmitting MT can exist. This safety distance ds is taken to be half the 

transmission range of MTs as an exemplary value in the calculations. In MCNs, 

scheduling and channel assignment algorithms should guarantee such distance. Using 

these arguments, the intra-cell interference at a relaying MT a distance b from its serving 

BS, denoted by IIntraMT, can be calculated by 
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The inter-cell interference at a relaying MT differs from that at the BS because the 

first tier neighboring BSs are not equidistant from the relaying MT under consideration. 

This obligates the calculation of inter-cell interference from each neighboring cell 

separately. For calculating inter-cell interference at a relaying MT, the neighboring BS is 

assumed at the origin. The relaying MT in consideration is at a distance b from its serving 

BS, and a distance bc from the neighboring BS. This distance bc is calculated for each 

neighboring BS c. No safety distance is needed in calculating inter-cell interference at 

relaying MT, since no relaying MT exists in the outermost disc of the cell. The distance 

between any MT inside adjacent cells and a relaying MT is always larger than the 

transmission range of MTs. Applying these arguments, the inter-cell interference from 

one neighboring BS c at a relaying MT a distance b from its serving BS is given by 
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The total interference at a relaying MT, denoted IT_MT, is then the sum of intra-cell 

interference and inter-cell interference from all neighboring cells and can be expressed by 
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4.1.2 Transmission Power 

Having derived the basic interference formulas at the BS and the relaying MTs, a 

further investigation of certain variables is required. In the beginning, the value of the 

transmission power for MTs has to be determined. Two cases are considered for MTs 

transmission power: Fixed transmission power and power control. The calculation will be 

affected by the values of the transmission powers of MTs, residing outside the innermost 

disc, since the BS oversees power control of MTs inside the innermost disc. 

Consequently, the terms for the innermost disc will remain unchanged. 

The fixed transmission power case is less involved. All MTs outside the 

innermost disc use a predetermined fixed transmission power, which is the maximum 

allowed transmission power of MTs, denoted SMAX. This value is constant and can be 

used to replace Sx in all the interference formulas derived above. However, determining 

the value SMAX is based on the width of the discs. The value must guarantee that signals 

transmitted by MTs at the outer edge of a disc can reach the next disc with a power of at 

least SR. The value of the constant transmission power can then be determined by 

 

m
RMAX rSS 0= (4.13)

 

where r0 is the radius of the innermost disc, and also the width of all discs. 

The power control case, where power control is applied at all hops, is more 

involved. MTs outside the innermost disc do not use fixed transmission power. Instead, 

their signals are received with a constant power, SR, at their intended receivers. This 



 

61 

 

means that MTs use variable transmission power based on the distance to their receivers. 

The controllable transmission power would be continuously determined for each MT. 

Using the assumed propagation model, the transmission power of a transmitting MTx, can 

be calculated by 

 

m
rxRx dSS = (4.14)

 

where drx is the distance between an MT and its intended receiver. In order to calculate 

the average transmission power of an MT, equation (4.14) has to be averaged over all 

possible positions of receiver.  

For MTs outside the innermost disc, receivers can be anywhere in the intersection 

area between their transmission range and the next disc closer to the BS. This area is 

shown for MTx with the shaded area in Figure 4.1. The transmission range is the area 

around the transmitting MT where the power of its transmitted signal is at least SR. The 

transmission range depends on the maximum transmission power of an MT, SMAX, which 

is set such that a signal sent from an MT at the outer edge of a disc can reach the next 

disc with power SR. This means that the transmission range of any MT is a circle centered 

at this MT with radius r0.  
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Figure 4.1. Transmission range of MTs  
and location of their potential receivers 

 

Therefore, the average transmission power of a certain MT depends on the width 

of discs and the position of the MT with respect to disc edges. Here, we calculate the 

average transmission power as a function of the distance from the BS. If MTx is in disc n 

and is a distance dx from the BS, its average transmission power, denoted Sav, can be 

calculated by  
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where Aint is the intersection area between transmission range of MTx and disc (n-1). The 

condition in equation (4.15) guarantees that the receiver resides inside the transmission 

range of the transmitting MTx.  Aint can be calculated by integrating over the area of the 

next disc closer to BS, with the same condition. 

Figure 4.2 shows the average transmission power of MTs, normalized by SR, as a 

function of distance from the BS. The figure shows different plots for different number of 

discs. To simplify exposition, we will consider the cell radius is unity. 

 

 

Figure 4.2. Average transmission power of MTs 
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disc. At that point, the average transmission power drops drastically then starts increasing 

again. MTs inside the innermost disc only have one possible receiver, the BS. The 

required transmission power increases as the MT becomes farther from the BS, so that 

the signal reaches the BS with power SR. For other discs, as the MT moves away from the 

outer edge of the closer disc, the MT’s average transmission power increases as the 

distance to possible receivers increases. We remark that as the number of discs gets 

larger, the average transmission power becomes more uniform. In contrast, for a small 

number of discs the variation in the average transmission power significantly increases. 

More generally, this finding deems it necessary to exercise global power control when 

using a small number of discs.  

Using curve fitting, a function Si(r) for average transmission power as a function 

of distance from the BS can be obtained for each disc. These functions are used to replace 

Sx in the interference calculation.  

4.1.3 Call and MTs Distribution 

All interference formulas derived above have a distribution function f(r,θ) and a 

number of MTs in disc i, Ni. Both terms need to be determined to perform the 

computation. First we study the case with uniform call distribution. The more involved 

case with non-uniform call distribution will be studied further below. In both cases, the 

transmitting MTs are assumed to be uniformly distributed over the area of the disc they 

reside in. Based on this assumption, the intra-cell interference formula and the inter-cell 

interference formula at the BS can be respectively modified as follows 
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It can be noticed that transmission power (Sx) has been replaced by Si(r), which 

represents the transmission power function for disc i derived in the previous subsection. 

Si(r) is constant in the fixed transmission case and equals SMAX. 

Equation (4.17) can be used to represent intra-cell interference and inter-cell 

interference at a relaying MT, by respectively replacing L by b and bc. 

It is noteworthy that there is a variable Ni in every term in all interference 

formulas. As mentioned earlier, Ni is defined as the total number of transmitting MTs 

inside disc i. This total number includes MTs transmitting their own data, MTs relaying 

others’ data and MTs doing both. This number is the factor that differentiates the uniform 

call distribution case from the non-uniform one. In both cases, this number can be divided 

into MTs transmitting their own data, denoted NOi, and additional relaying MTs, denoted 

NRi. 

In the uniform call distribution case, the number of MTs transmitting their own 

data in each disc can be determined by the ratio of the disc area to the area of the whole 

cell. Hence, the number of MTs sending their own data in disc i is 
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where NT is the total number of calls originate in each cell and AT is the cell area. The 

number of additional relaying MTs is dependent on the ability of MTs sending their own 

data to relay others’ data as well. Consequently, the number of additional relaying MTs in 

disc i (NRi) is the proportion μ (0 ≤ μ ≤ 1) of signals transmitted by MTs in disc (i+1) that 

cannot be relayed by MTs sending their own data in disc i. By recursion, the number of 

additional relaying MTs in disc i can be given by 
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The total number of transmitting MTs in disc i in the uniform distribution case 

then becomes 
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In the case of non-uniform call distribution, the call distribution inside a cell is 

varied by changing the number of calls originating from each disc. This is done by 

defining the weight vector Wn = (wn0, wn1,…, wn(k-1)) defined in Section 3.5, where wni 

represents the weight for each disc i and 1
1

0
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niw . The number of MTs transmitting their 
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own data in disc i hence becomes  

 

TniOi NwN *=   (4.21)
 

and the number of additional relaying MTs is just the proportion μ (0 ≤ μ ≤ 1) of signals 

transmitted by MTs in disc (i+1), which cannot be relayed by MTs sending their own 

data in disc i. The weight vector  is varied from (1,0,0,…,0), which means that all calls 

originate inside the innermost disc to (0,0,…,0,1) where all calls are inside the outermost 

disc. In between, the concentration of calls gradually shifts from around the BS toward 

the cell borders. The special case of uniform distribution can be represented by the 

weight vector calculated by dividing the area of each disc by the total cell area. 

4.2 Capacity under Uniform Distribution 

First, the capacity of a multihop CDMA cellular network is compared to that of a 

single-hop network under uniform call distribution. In this scenario, it is assumed that all 

MTs are transmitting with the same data rate and have a continuous bit stream. This 

means that MTs sending their own data cannot relay data for other MTs. This results in 

the percentage of additional relaying MTs (μ) to be 1. Substituting with μ equals 1 in 

equation (4.20), the total number of transmitting MTs when call distribution is uniform 

becomes 
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where D is the radius of the cell, and is taken to be unity here. Using the formulas for 

interference derived in the previous subsection and Ni as defined in equation (4.22), the 

total interference at the BS or MT, denoted IT, can be expressed as a function of NT and 

SR in the form of 

 

RTkT SNCI =   (4.23)
 

where Ck can be defined as the average interference caused per original call and is 

dependent on the number of discs. According to the IS-95 standard [72], the bit energy to 

interference density ratio (Eb/I0) stands as a significant parameter in operational 

considerations. The ratio Eb/I0 must be maintained above a certain threshold τ to 

guarantee a given BER, e.g. for IS-95 τ = 5 (7 dB) for a maximum BER of 10-3. 

Substituting equation (4.23) in equation (3.3) and keeping Eb/I0 above threshold τ, an 

upper bound on NT is obtained as 

 

k
T C

R
W

N
1+

≤ τ   (4.24)

 

If the interference at the BS is used, this upper bound can be defined as the 

maximum number of simultaneous calls that the BS can support. 

It should be clear that the maximum number of supported simultaneous calls 

originated in each cell is dependent on Ck. Decreasing Ck increases the maximum number 
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of simultaneous calls and hence increases the capacity. In Figure 4.3, Ck is plotted against 

the number of discs. The values obtained in the case of power control are compared to the 

case with no power control. The special case with one disc represents the case of  

single-hop CDMA cellular network. 

 

 

Figure 4.3. Average interference per call (Ck) 
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relaying MTs are used. The large number of additional relaying MTs results in an 

increase in the interference with the increase in number of discs. Despite the excessive 

number of additional relaying MTs, a decrease in the total interference is still achieved. 

This results in an increase in the total number of original calls in each cell. The 

percentage increase in the number of calls can be obtained from equation (4.24) and is 

plotted in Figure 4.4. Again, the same two cases are plotted. As expected, power control 

results in higher increase in the total number of calls. From the results, it can be seen that 

a 23% increase in number of calls over single-hop networks can be achieved using power 

control, even with no increase in data rate and with 100% additional relaying MTs. 

 

 

Figure 4.4. Percentage increase in number of simultaneous calls 
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The above results show that multihop CDMA cellular networks can achieve 

higher capacity than single-hop ones. To achieve this increase, proper operation of the 

relaying procedure has to be guaranteed. For relaying MTs to correctly forward others’ 

data, they first have to correctly receive the data. The same idea applies here. The ratio 

Eb/I0, at relaying MTs has to be kept above the threshold τ. To ensure this, the maximum 

number of calls allowed per cell is calculated using equation (4.24). The values used for 

W and R are 1.22 MHz and 9.6 Kbps respectively. These are the values used in IS-95 

standards [72]. Using these values, the ratio Eb/I0 at relaying MTs is calculated and 

plotted against their distance from the BS in Figure 4.5. We only show the results from 

the case with complete power control to save space. 

 

 

Figure 4.5. Bit energy to interference density ratio (Eb/I0) 
at relaying MTs with complete power control 
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Recall that there are no relaying MTs in the outermost disc. The graphs do not 

show Eb/I0 inside these discs. Figure 4.5 shows that Eb/I0 at relaying MTs is kept above 

threshold (τ = 7 dB), guaranteeing proper relaying of data. 

In the above results, we demonstrated that multihop relay decreases the average 

interference in CDMA cellular networks. It is worth investigating the effect of varying 

the path loss model on the interference when using multihop relay. In Figure 4.6, the 

average interference per call (Ck) is plotted versus the number of discs for different 

channel models. The path loss power is varied from 2 to 4, which is a good exemplary 

range to cover different environments, varying from free space to shadowed urban 

cellular [8].  

 

 

Figure 4.6. Average interference per call (Ck) for different path loss 
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Figure 4.6 shows that the interference levels experienced follow the same trend 

independent of the path loss model. Using multihop relay always results in less 

interference, increasing the capacity of these networks. It is worth noting that the 

resulting interference is higher with smaller path loss. In the single-hop case, intra-cell 

interference is the same for different path loss models due to the use of power control. 

Power control results in all signals sent from MTs inside a cell to reach the serving BS 

with the same power, independent of path loss. Inter-cell interference, on the other hand, 

differs based on the path loss. As the path loss value decreases, MTs need less 

transmission power for their signals to reach their serving BS. The problem is that the 

attenuation is not too high that signals reach neighboring BSs with more relative 

interference. The resulting inter-cell interference hence increases, increasing the total 

interference experienced at BSs. 

In the multihop case, better capacity is achieved mainly because of the decrease in 

inter-cell interference it yields. It can be seen in Figure 4.6 that interference is always 

decreased using multihop relay independent of path loss model or number of discs used. 

It has to be noted that, when the path loss value is 2, the interference keeps decreasing as 

the number of discs increases. In other words, path loss becomes too low and signal 

attenuation weakens. And although the inter-cell interference is decreased by 

multihopping, its impact is still significant due to weak attenuation of signals. As the 

value of path loss increases, the significance of inter-cell interference decreases. It can 

also be noticed that as the path loss value increases, average interference decreases. Also, 
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as the number of discs increases, the average interference stabilizes. The decrease in 

inter-cell interference at this point is almost nullified by the increase in intra-cell 

interference resulting from too many active MTs. It is worth mentioning here that the 

average interference follows the same pattern for all path models but stabilizes at 

different number of discs.  

We remark here that independent of the assumed path loss model, multihop relay 

decreases interference and, in turn, increases capacity. Accordingly, we use a same path 

loss model for the remainder of this thesis. Similarly, only the results with power control 

will be shown for the most part. 

To investigate the possibility of increasing data rates, the maximum number of 

calls that can be handled in the case of single-hop is used in the multihop case. Using this 

number, Eb/I0 is calculated at the BS. The values of Eb/I0 are plotted in Figure 4.7. It can 

be noted that using multihopping decreases total interference, resulting in higher Eb/I0 

values. This increase in Eb/I0 can be used to achieve higher data rates. Higher data rates 

allow MTs sending their own data to relay others’ data as well. This decreases the total 

number of transmitting MTs, decreasing the average interference per original call and, 

hence, further increasing capacity. We remark here that there is a big difference in the 

value of Eb/I0 between the single-hop case and the multihop one. The difference is not as 

significant between multihop cases with different number of discs. This is due to the 

increase in number of relaying MTs. The decrease in interference gained by short 

transmission distances is reduced by the added interference from the extra relaying MTs. 



 

75 

 

The effect of active MTs relaying other MTs’ signals can be examined by 

decreasing the value of the proportion of additional relaying MTs. The value Ck is plotted 

against number of discs in Figure 4.8 for different values of μ. As expected, decreasing 

the proportion of additional relaying MTs decreases the average interference per original 

call. This results in an increase in the total capacity of the network. It is worth noting here 

that μ and the data rate are mutually dependent. Decreasing μ decreases interference and 

hence increases the achievable data rate. Meanwhile, increasing the data rate allows more 

active MTs sending their own data to relay others’ data, decreasing the proportion of 

additional relaying MTs even more.  

 

 

Figure 4.7. Bit energy to interference density ratio (Eb/I0) with power control 
using the same number of calls as single-hop case 
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Figure 4.8. Average interference per call (Ck) 
with different proportion of additional relaying MTs (μ) 

 

4.3 Capacity under Non-Uniform Call Distribution 

Here, we investigate the effect of call distribution inside the cell on the capacity 

of the network. The call distribution inside a cell can have an effect on the capacity of the 

cell itself or the capacity of its neighboring cells. In the results, the cell layout defined in 

Figure 3.2 is used to ease understanding the results and the discussion. 

The call distribution inside a cell is varied by changing the number of calls 

originating in each disc. This is done by changing the weight vector previously defined. 

In the results calculated here, the cells are divided into 4 discs; accordingly, the weight 

vector has 4 elements. The weight vectors used in the calculation below are shown in 

Table 4.1, and they are varied from W1 = (1,0,0,0), which means that all calls originate 
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disc. In between, the concentration of calls is gradually shifted from around the BS 

towards the cell borders. Weight vector W8 (shaded row in Table 4.1) is the special case 

representing uniform distribution, i.e. the weight vector is calculated by dividing the area 

of each disc by the total cell area. 

 

Table 4.1. Weight vectors for non-uniform call distribution 

Weight 
vector Disc 0 Disc 1 Disc 2 Disc 3 

W1 1 0 0 0 

W2 0.8 0.2 0 0 

W3 0.7 0.2 0.1 0 

W4 0.5 0.5 0 0 

W5 0.5 0.3 0.15 0.05 

W6 0.25 0.25 0.25 0.25 

W7 0.1 0.2 0.3 0.4 

W8 0.0625 0.1875 0.3125 0.4375 

W9 0.05 0.15 0.3 0.5 

W10 0 0 0 1 

 

We begin by investigating the effect of call distribution inside a cell on the 

capacity of the cell itself. The call distribution inside the target cell is assumed to be non-

uniform, while the call distribution is uniform in the other cells. The maximum number of 

calls that can be supported in the target cell is calculated for the different distributions 

represented by the weight vectors in Table 4.1.  

The number of transmitting MTs in each disc of the target cell has to be derived to 

accommodate the non-uniform call distribution. In each disc, there are wni * NTg MTs 

transmitting their own data (original calls) in addition to additional MTs relaying data 

from outer discs. NTg is the total number of calls that can be supported inside the target 
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cell. Assuming all MTs transmit at the same rate, relaying MTs are considered different 

than MTs transmitting their own data. Applying these assumptions, the number of 

transmitting MTs in disc i becomes 
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Interference is then calculated at the BS of the target cell. Intra-cell interference is 

calculated using equation (4.16), with Ni defined as in equation (4.25). B1 cells have NB1 

calls uniformly distributed over their areas. Hence, inter-cell interference is calculated 

using equation (4.17), with Ni defined as in equation (4.22) but with NT replaced by NB1. 

Using the threshold for Eb/I0, the upper bound on the number of simultaneous calls 

supported in the target cell is 

 

nIntraBS

UInterBSB
Tg I

INR
W

N
_

_161 −+
≤ τ   (4.26)

 

where IInterBS_U is the average inter-cell interference per call under uniform distribution 

and IIntraBS_n is the average intra-cell interference per call under the non-uniform 

distribution defined by weight vector Wn. The maximum number of calls that can be 

supported in the target cell is plotted in Figure 4.9 when B1 cells are heavily loaded and 

in Figure 4.10  when B1 cells are lightly loaded. The number of calls supported in the 

single-hop case is also shown. Graphs show two different data rates (4 Kbps and 8 Kbps) 

and the two cases of fixed transmission power and complete power control.  
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Figure 4.9. Upper bound on number of calls in target cell 
with heavily loaded neighboring cells 

 

 

Figure 4.10. Upper bound on number of calls in target cell 
with light loaded neighboring cells 

20

30

40

50

60

70

1 2 3 4 5 6 7 8 9 10
Weight vector

4 Kbps Power Control 8 Kbps Power Control
4 Kbps Fixed Transmission 8 Kbps Fixed Transmission
4 Kbps Single hop 8 Kbps Single hop

M
ax

im
um

N
um

be
r o

f c
al

ls

20

30

40

50

60

70

1 2 3 4 5 6 7 8 9 10
Weight vector

4 Kbps Power Control 8 Kbps Power Control
4 Kbps Fixed Transmission 8 Kbps Fixed Transmission
4 Kbps Single hop 8 Kbps Single hop

M
ax

im
um

 N
um

be
r o

f c
al

ls



 

80 

 

The load of B1 cells is determined based on the previous uniform calculations. An 

upper bound on the number of supported calls was calculated for the single-hop case. 

Cells are heavily loaded when the number of calls equals the upper bound (22 and 44 

calls for data rates of 8 Kbps and 4 Kbps, respectively). The same value is used in single-

hop and multihop for comparison. Cells are lightly loaded when the number of calls is 10. 

Note that this is just a sampler value that is much lower than the upper bound in all cases. 

To compare the multihop case to the single-hop case conditions have to be 

similar. When assuming non-uniform distribution in the latter case, the cell area is still 

divided into discs. In each disc a certain number of calls originate based on the weight in 

each disc, although they all communicate directly with the BS through one hop.  

It can be seen that the distribution of calls affects cell capacity when using 

multihop communication. The location of the call determines the number of hops needed 

to reach the BS. As the MT gets closer to the BS, fewer hops are needed, which results in 

lower interference. This effect is obvious when all calls reside inside the innermost disc. 

At this point, all calls reach the BS in one hop, thus reaching the maximum capacity of 

the cell as shown in the case with weight vector W1. Although this scenario resembles 

the single-hop case inside the target cell, the capacity is still higher in the multihop case. 

This is due to the effect of the inter-cell interference. Inter-cell interference is much 

higher in the single-hop case than in multihop, which results in total higher interference 

and lower capacity in single-hop mode. When calls originate near the border of the cell, 

they require the maximum number of hops to reach the BS resulting in high interference. 
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This can be seen in the case with weight vector W10, where all calls originate in the 

outermost disc. In this situation, the capacity of the cell is at its minimum. Comparing 

Figure 4.9 and Figure 4.10, we can see that the load in neighboring cells has negligible 

effect on cell capacity in the multihop case due to the short distances signals travel.  

The situation is different for the single-hop case. It is observed that the capacity of 

the cell is constant despite the change in call distribution. Power control at the BS means 

all calls are received at the BS with the same power SR. This eliminates the effect of call 

location on intra-cell interference. From Figure 4.9 and Figure 4.10, it is observed that the 

load in neighboring cells greatly affects the cell capacity in the single-hop case.  

Comparing the two cases, it is observed that the target cell in the multihop case 

always has higher capacity when neighboring cells are heavily loaded (Figure 4.9). When 

the load in neighboring cells is light (Figure 4.10), the capacity of multihop is still higher 

than that of the single-hop case when calls are close to the BS due to the high inter-cell 

interference. When the concentration of calls moves toward the cell border, intra-cell 

interference dominates in the multihop case and becomes higher than the inter-cell 

interference in the single-hop case. This results in higher capacity in single-hop case. 

Such a finding seems to contradict the widely accepted claim favoring multihop 

communication in cases where calls are near cell borders. We remark, however, that this 

observation is only true when neighboring cells are lightly loaded. It also has to be noted 

that only the effect of this non-uniform call distribution on the capacity of the cell itself 

has been considered. Its effect on the capacity of neighboring cells has to be taken into 
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consideration when comparing the two cases. Moreover, a 100% additional relaying MTs 

is assumed in these results. 

To further investigate such effect, we now consider scenarios where all calls 

originate from one disc. Such scenarios may result from events with a large number of 

people at one place, e.g. concert, game, etc. To emulate such case, we set the weight 

vector of one disc to 1 and all other values to 0. The maximum number of calls that can 

be supported in each disc for different data rates is shown in Figure 4.11. As mentioned 

earlier, the maximum number of calls in the single-hop case does not change with call 

distribution. A high load was assumed for neighboring cells. The multihop case is plotted 

for the same two rates (8Kbps and 4Kbps). The horizontal lines represent the maximum 

number of calls supported in the single-hop case (dotted for 4 Kbps and solid for 8 Kbps). 

 

 

Figure 4.11. Maximum number of calls that can be supported in each disc 
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From the results in Figure 4.11 it can be seen that the capacity of the multihop 

case is always higher than that of single-hop when neighboring cells are heavily loaded, 

regardless of call distribution. It should be noted that whether or not power control is 

exercised between MTs does not affect the outcome when all calls reside inside the 

innermost disc, as power control is always applied on the last hop to the BS. We can then 

conclude that call distribution affects the capacity of the cell in multihop networks but not 

in single-hop ones.  

The situation is reversed, however, when we study the effect of call distribution in 

one cell on the capacity of adjacent cells. We assume that the target cell has uniform call 

distribution and B1 cells have non-uniform call distribution. The call distribution in the 

six B1 cells is the same. The capacity of the target cell is then calculated.  

In the calculations below, only the 4 scenarios where all calls are concentrated in 

one disc are considered. This means that one value in the weight vector is 1, while all 

other values are 0. The intra-cell interference is calculated using equation (4.16) with Ni 

represented by equation (4.22) with NT replaced by NTg. The equation for inter-cell 

interference has to accommodate the non-uniform distribution assumed here. This is done 

by using equation (4.17) with Ni defined by equation (4.25) and replacing NT by NB1. 

Using a minimum threshold τ for Eb/I0, the upper bound on the number of supported calls 

in the target cell is 
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where IInterBS_n is the average inter-cell interference per call under the non-uniform 

distribution defined by the weight vector Wn and IIntraBS_U is the average intra-cell 

interference per call under uniform distribution. The upper bounds on the number of 

supported calls in the target cell are calculated and are shown in Table 4.2 for 8Kbps data 

rate under heavily and lightly loaded neighboring cells. The first column in Table 4.2 

shows in which disc all calls in neighboring cells reside. 

 

Table 4.2 Maximum number of calls 
that can be supported inside target cell 

 Power Control Fixed Trans. Single hop 

Disc Light Heavy Light Heavy Light Heavy 

0 28 28 25 25 31 31 

1 28 28 25 24 31 31 

2 28 28 24 24 30 28 

3 28 28 24 24 23 14 

 

The results in Table 4.2 show that call distribution in neighboring cells hardly 

affects cell capacity in the multihop case, especially when per hop power control is 

exercised. This is explained by the short distances signals have to travel in the multihop 

case, decreasing the required transmission power and making the inter-cell interference 

insignificant compared to the intra-cell interference. From the last two columns in  

Table 4.2, it is clear that cell capacity in single-hop CDMA cellular networks is highly 

affected by call distribution in neighboring cells. The cell capacity can be significantly 

reduced if all calls are at the cell border. In this situation, calls are almost midway 

between their serving BS and the adjacent BS. An MT needs to use the maximum 
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transmission power to reach its serving BS, and will also reach the adjacent BS with 

almost the same power, severely decreasing the capacity of the adjacent cell. The 

maximum number of supported calls can be decreased by 17 calls resulting in 136 Kbps 

(17calls * 8Kbps) decrease in cell throughput per time slot when calls in neighboring 

cells move from near the BS to cell borders. The capacity of this cell is effectively 

reduced by half. In fact, when calls are concentrated in outermost discs, the multihop 

cellular case with power control achieves twice the capacity of the single-hop case. This 

also supports the argument made earlier about multihop networks being more appropriate 

for calls near cell borders.  

Finally, we study the effect of call distribution in the target cell on its neighboring 

cells. We assume that the target cell has non-uniform call distribution, while the rest of 

the cells have uniform distribution. In order to find the effect of non-uniform call 

distribution in the target cell on the capacity of neighboring B1 cells, the upper bound on 

the number of calls in B1 cells is calculated. Since B1 cells are similar, it suffices to 

evaluate capacity in any of them. Each B1 cell is adjacent to the target cell, 2 B1 cells and 

3 B2 cells. The total interference at the BS of any of these 6 cells in this scenario can then 

be written as 

 

nInterBSTgUInterBSBUInterBSBUIntraBSBBT ININININI __1_2_11_ 23 +++=   (4.28)
 

where the first term represents intra-cell interference, the second term represents inter-

cell interference from the 3 B2 cells, the third term represents inter-cell interference from 
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the 2 B1 cells and the fourth term represents the inter-cell interference from the target 

cell. Applying the threshold on Eb/I0 at the BS of the B1 cell, the upper bound on the 

number of supported calls in each B1 cell becomes 
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Using equation (4.29), the maximum number of calls with rate 8Kbps supported 

in each of the neighboring cells (B1 cells) is recorded in Table 4.3. In these calculations, 

all cells other than B1 cells are assumed to be heavily loaded. The upper bound on the 

number of calls per cell in the single-hop case is 22 calls at rate 8Kbps. This is taken as 

the number of calls in the target cell and B2 cells (i.e. NTg and NB2 in equation (4.29)). 

The first column in Table 4.3 shows in which disc calls in the target cell reside. 

 

Table 4.3 Maximum number of calls 
that can be supported in each B1 cell 

Disc Power Control Fixed Trans. Single hop 

0 28 24 24 

1 28 24 24 

2 28 24 23 

3 28 24 21 

 

From Table 4.3, it can be seen that changing the call distribution in one cell does 

not affect the capacity of surrounding cells in the multihop case, while in the single-hop 

case the capacities of all adjacent cells are affected. It can also be seen that the number of 
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calls is dropped by three in each of the six adjacent cells (B1 cells) resulting in a decrease 

of 144 Kbps (6 cells * 3 calls * 8 Kbps) in the network throughput per time slot. 

Furthermore, comparing the same situation in the multihop with power control and 

single-hop cases, a degradation of 336 Kbps (6 cells * 7 calls * 8 Kbps = 336 Kbps) can 

be observed.  

We can then conclude that call distribution in a cell hardly affects the capacity of 

its neighboring cells in multihop CDMA cellular networks, while it can seriously degrade 

the capacity of neighboring cells in the single-hop case, especially if calls tend to 

originate near the cell borders. This is one of the most rewarding advantages of multihop 

CDMA cellular networks, as they almost eliminate the effect of border calls, maintaining 

constant capacity in surrounding cells even if all calls are at cell borders. 

4.4 Summary 

The claimed advantages of MCNs have been widely accepted despite lack of 

rigorous scrutiny. In this chapter, the claims of capacity increase in CDMA networks 

using multihopping relaying have been closely examined. We quantified the increase in 

capacity caused by utilizing multihop relay in a CDMA cellular network. Due to the 

interference-limited nature of CDMA networks, this quantification required calculating 

the interference at both the BS and the relaying MTs. Formulas were derived for two 

cases covering whether or not power control is exercised between the relaying terminals. 

It is shown that using multihop relay (even in a non-optimized setting) can achieve a 23% 

increase in the number of simultaneous calls while using power control, and a possible 
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10% increase when using fixed transmission power. These increases in the number of 

simultaneous calls are achieved even with all relaying MTs different than active MTs 

transmitting their own data. If active MTs are allocated higher data rates, they can relay 

other MTs’ data simultaneously while transmitting their own data. In this scenario, an 

increase in data rate is also demonstrated to be possible due to the decrease in the average 

resulting interference per call.  

The analysis is also extended to accommodate generalized user distribution, 

which facilitated examining the effect of call distribution on the capacity of a cell and its 

neighbors. It is demonstrated that, unlike in the single-hop case, call distribution affects 

the cell capacity in multihop CDMA networks due to variation in number of hops. In the 

single-hop case, all signals are received with equal power at the BS during an uplink slot 

due to power control. This removes the effect of call position on the interference it 

produces at the BS. The situation is reversed when studying the effect of call distribution 

in one cell on the capacity of its neighboring cells. In a single-hop CDMA network, the 

distribution of calls inside a cell can greatly degrade the capacity inside a neighboring 

cell if calls tend to originate near cell borders. We demonstrate how MCNs can overcome 

the disadvantage in single-hop networks when network capacity degrades as the user 

density increases toward cell borders.  

In the analysis, the maximum number of hops is varied over a wide range of 

values for generalized analytical results. We remark that a limit on the allowed number of 

hops may be enforced based on the type of application. For instance, delay is a primary 
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concern for voice calls. Voice calls may have to be limited to a maximum of 2 or 3 hops, 

based on the average delay added per relaying hop.  
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Chapter 5 

Energy Consumption Analysis 

In the previous chapter, we quantified the possible capacity increase in CDMA 

cellular networks through multihop communication. The nature of current applications 

used in MTs demands high data rates, thus these capacity gains are very advantageous. 

MTs, however, rely on batteries for their energy supplies. For users to gain the benefit of 

these higher rates, these capacity gains need to be accompanied by proper management of 

the energy supply of MTs. In other words, energy consumption needs to be either reduced 

or at least preserved at the same level. 

Towards this objective, energy consumption in multihop CDMA cellular 

networks is investigated in this chapter. Energy consumption in the multihop case is 

compared to the consumption in the single-hop case. Both the fixed transmission power 

and power control cases are studied in the multihop mode. We investigate the average 

consumed energy per call under a uniform distribution and compare it in all three cases. 

The effect of power control is then illustrated. The effect of variation of hardware 

specifications is also studied, followed by studying the effect of the network 

environment. Finally, extreme scenarios are presented to highlight the maximum gains in 

energy consumption reduction from using multihop relaying in CDMA cellular networks.  

5.1 Energy Consumption 

In this section, the total energy needed for all calls to reach the BS during an 
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uplink slot is calculated. We assume that there are NT calls in each cell uniformly 

distributed over the area of the cell. From the total energy needed for all calls, the average 

energy per call can be estimated. 

First, the general expression used to calculate the total energy consumed is 

derived here. This expression is then modified to express both cases in the next two 

subsections. In both cases, the single-hop case is the special case presented when the 

number of discs is one. 

In general, we need to sum the energy consumed in all hops, whether MTs are 

sending their own data or relaying others’ data or doing both. The energy consumed in 

each hop consists of two components and can be expressed as follows 

 

m
rxx dE βα +=   (5.1)

 

where the first term is hardware dependent and is the energy consumed for the operation 

of electronics in the transmitter and receiver for transmitting one bit. The second term is 

the energy consumed in communications and is distance dependent. drx is the distance 

between MTx and its receiver and β is the energy consumed to transmit one bit for one 

meter [68], [73]. 

For calculating the total energy consumed, equation (5.1) is summed over all hops 

resulting in  
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where Ex is the consumed energy per hop x. This summation is divided into summation 

over each disc alone, which gives 
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where Ni is still the number of transmitting MTs in disc i, whether it is sending its own 

data, relaying others’ data or doing both. In both cases considered, the outer summation 

in the second term is further divided into two parts. The first part is the first term of the 

summation which represents the innermost disc. The second part is the rest of the terms, 

which represent all the other discs, 1 through (k-1). This division results in 
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where dx is the distance between MTx and the BS. This change in the summation for the 

innermost disc is done because all MTs in the innermost disc transmit signals to BS 

directly. 

In both cases, the term for the innermost disc is the same since power control is 

assumed to be used in the innermost disc. To evaluate this term, the average energy 

consumed by MTs inside the innermost disc is calculated by integrating over the area of 

the disc. Integrating over the area of the innermost disc and multiplying by N0,  

equation (5.4) becomes 
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where ri is the outer radius of disc i, r-1 is zero and A(i) is the area of disc i.  

The number of MTs transmitting inside disc i (Ni) consists of MTs transmitting 

their own data (NOi) in addition to extra relaying MTs (NRi). Using the uniform 

distribution assumption, the number of MTs transmitting their own data inside disc i can 

be expressed by equation (4.18). The number of additional relaying MTs depends on 

whether active MTs sending their own data are allowed to relay others’ data 

simultaneously or not. This depends on the data rate that can be achieved. Using the same 

concept used in Chapter 4, an extra proportion of relaying MTs μ (0 ≤ μ ≤ 1) is defined. 

Using the definition of μ and recursion, the number of extra relaying MTs is again 

represented by equation (4.19). The total number of MTs transmitting in disc i is then the 

sum of both quantities, and is represented by equation (4.20). 

Having derived the general formula, the two cases differ in the energy consumed 

for transmitting signals by MTs in discs 1 through (k-1) and are represented in the next 

two subsections.  

5.1.1 Fixed Transmission Power 

In this case, MTs transmit with constant power SMAX in all discs 1 through (k-1). 

SMAX has to be chosen such that transmitting MTs can always reach a relaying MT inside 

the next disc closer to BS. SMAX is determined such that signals from MTs at the outer 
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edge of one disc can reach the inner disc with power SR. This means that MTs inside 

outer discs (n > 0), always transmit for distance r0, which is the width of the discs. 

Substituting in equation (5.5), the total energy consumed in the case of fixed transmission 

power is then expressed as 
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5.1.2 Power Control 

In this case, transmission power is not constant for MTs inside discs other than the 

innermost disc. Power control is assumed, which means that signals are received with 

constant power (SR) instead at their designated receivers. This implies that transmission 

power of MTs depends on the distance to their receivers. The receiver of a transmitting 

MT can be anywhere in the intersection area of its transmission range and the next disc 

closer to its serving BS. This intersection area is illustrated in Figure 4.1. Thus, the 

energy consumed by transmitting MTs in outer discs (i > 0) is not constant and depends 

on the distance between the sender and the receiver.  

Thus, the average energy consumed by MTx depends on the width of discs and the 

position of MTx. The average energy consumed in communication only is calculated by 

integrating over the intersection area, where receiving MT can be located as done in 

Subsection 4.1.2. This average is a function in the distance of the MT from BS. 
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The average energy is calculated at different positions for different number of 

discs. The average energy (normalized by β) is plotted against the distance from BS in 

Figure 5.1. Different graphs represent different number of discs. The cell radius is taken 

to be 500m (as an exemplary value). The radii of the cells cannot be taken to be unity. In 

contrast to all other chapters, we are examining the effect of multihop communication on 

energy consumption and not capacity. In energy consumption, the absolute energy 

consumed is calculated. The value of the radius has an effect on the calculations. In 

reality, any cell has a radius larger than 1 m. When the energy consumed is calculated, 

the distance is raised to a power larger than 1, increasing the value of the consumed 

energy. For this reason, the radius of the cell is taken to be 500 as an illustrative example. 

From the figure, it can be noticed that the average energy consumed increases 

when moving from the inner edge of each disc towards the outer edge. The average 

energy drops drastically when crossing from one disc to the next. This happens as the 

average distance between transmitting MT and its receiver increases as the MT moves 

from inner to outer edge of disc. We remark here that the average consumed energy 

becomes more uniform when increasing the number of discs. Hence power control is 

more essential when using small number of discs. It is not as important when the number 

of discs increases, and multihopping can be employed without it. For this reason, both 

cases - power control and no power control - are considered and compared here.  
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Figure 5.1. Average energy consumed for transmission 
 

Using the results in Figure 5.1, curve fitting is used to obtain a function for 

average consumed energy for each disc. Substituting these functions in equation (5.5) to 

calculate the total energy needed to relay NT calls to BS during an uplink slot and 

integrating over the area of each disc result in 
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where Ei(r) is the function of consumed energy for communication in disc i, normalized 

by β.  
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5.2 Numerical Results and Discussion 

In the previous section, formulas for calculating the total consumed energy for NT 

calls during an uplink slot are derived. In this section, numerical results are calculated 

and discussed. If MTs sending their own data are allowed to relay others’ data, they have 

to increase their data rate, increasing required energy. The increase in data rates and the 

decrease in the energy consumption are mutually dependent and need further 

investigation. For this reason, 100% extra relaying MTs are assumed (μ = 1) in the 

following calculations.  Using μ = 1, the number of transmitting MTs in disc i can then be 

represented by equation (4.22). 

Using equation (4.22) in equations (5.6) and (5.7), the total consumed energy for 

the case with fixed transmission power and for the case with power control, respectively, 

become  
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Normalizing NT, the average energy consumed per call is compared in both cases 

in Figure 5.2 for different number of discs (i.e. maximum number of hops). The  

single-hop case is represented when k = 1. The values of the hardware dependent 

constants (α and β) are used as in [73]. They can be changed based on the hardware of the 

particular network being studied.  It is clear from the figure that consumed energy is 

reduced when using multihopping in both cases. Consumed energy decreases with the 

increase in number of hops until a certain point and then increases again. This happens 

when the energy saved in transmission is suppressed by the increase in energy due to 

electronic operation. This is the optimum number of hops for energy consumption. As 

expected, using power control reduces energy consumption more than fixed transmission 

power. It can also be noted that when the number of discs increases, the effect of power 

control decreases. This shows that power control is more important when using small 

number of discs, as mentioned earlier. This is due to the larger variance in the possible 

distance traveled by transmitted signals. As the number of hops gets very large, the 

maximum distance signals can travel gets smaller due to smaller disc width. The 

maximum transmission power gets too small; making the effect of power control 

negligible. Also, the energy consumed for transmission becomes negligible compared to 

that consumed for electronics operation and in both cases, fixed transmission power and 

power control, the same amount of energy is consumed. 
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Figure 5.2. Consumed energy per call  

α = 100nJ/bit and β = 0.0013pJ/bit/m4 [73] 

 

In addition to decreasing the average consumed energy per call, multihop relay 

has an effect on the average consumed energy by a MT. In the single hop-case, average 

energy consumed by a MT increases as the distance to the BS increases due to the higher 

transmission power needed to reach BS. Using multihop relay, the situation is reversed. 

As MTs move closer to BSs, they have higher probability of relaying signals for other 

MTs. Average consumed energy by a MT increases in MCNs as the MT moves closer to 

the BS. 

Having shown that reducing energy consumption is possible using multihop relay, 

the effect of varying the hardware nature is studied. We vary the value of the hardware 

dependent constant α compared to β. In Figure 5.3, the consumed energy is plotted for the 
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case with power control using different values of α for the same value of β. As α 

increases compared to β, the preservation in energy consumption due to multihopping 

decreases. Also, the optimum number of hops for energy consumption becomes smaller. 

This happens because as α increases, the energy consumption for electronics operation 

dominates the total energy consumption even with small number of hops.  

 

 

Figure 5.3. Consumed energy per call with varying α 

 β = 0.0013pJ/bit/m4 

 

Next, the effect of varying the path loss model on energy consumption is studied. 

In Figure 5.4, the energy consumed per call is plotted against the number of discs for two 

channel models. The values of the mth power used are 2 and 4 representing the free space 

and multipath fading channel models, respectively. The value of β (energy consumed for 
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transmitting one bit for one meter) differs according to the channel model. This value is 

larger in free space than in multipath fading model [73]. In both cases, the amount of 

energy consumed for electronics operation is the same. In Figure 5.4, when the number of 

hops is small (less than 5 here), the average distances traveled by signals are large; hence 

path loss dominates, resulting in less energy consumed for smaller path loss. When the 

number of hops is 5, the difference in the path loss is nullified by the difference in the 

value of β, and the energies consumed in both cases have the same order of magnitude. 

As the number of hops exceeds 5, the average distances become smaller, and the energy 

consumed for transmission becomes larger in free space model due to larger β, resulting 

in more total energy consumed per call. As the number of hops gets too large, the energy 

consumption for transmission becomes too small and almost negligible. At this point the 

energy consumption for electronics operation dominates and the two cases almost 

consume the same amount of energy. Comparing both graphs, it can be seen that the 

effect of multihopping on energy consumption is less when the path loss is small. The 

optimum number of hops is smaller too. This shows that multihopping is more valuable 

with high path loss. 
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Figure 5.4. Consumed energy per call with different path loss 

β = 10pJ/bit/m2 for m = 2 and β = 0.0013pJ/bit/m4 for m = 4 [73] 

 

Finally, two extreme situations are discussed to emphasize the effect of 

multihopping on power reduction. In the first situation, all calls originate from MTs very 

close to BS. In multihop case, these MTs are inside innermost disc, and are hence 

connected directly to BS using one hop. Accordingly, the three cases – single-hop, 

multihop with fixed transmission power and multihop with power control – consume the 

same amount of energy. 

In the second situation, all calls originate at the cell border. MTs are on the border 

of the cell, hence on the outer edge of the outermost disc. They need to transmit using 

maximum power (SMAX) to reach next disc. The relaying MTs are on the outer edge of the 

next disc and also need to use SMAX. This can be done recursively until signals reach the 
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BS. Therefore, active MTs and relaying MTs use SMAX all the way to BS. Thus, the two 

multihop cases become the same. It should be noted that all discs, except the outermost 

one, contains relaying MTs only and hence the number of transmitting MTs in each disc 

is NT. Consequently, the total consumed energy for NT calls to reach BS can be given as  

 

)( 0
m

Ttot rkNE βα +=   (5.10)
 

The total energy consumed in this case is plotted in Figure 5.5. Obviously energy 

consumption is reduced. It is shown that almost 20 dB reduction in energy consumption 

per call can be achieved. Also, this decreases the maximum transmission power needed 

from MT (SMAX), hence it is better for health issue. 

 

 

Figure 5.5. Consumed energy per call when calls are at cell border 

α = 100nJ/bit and β = 0.0013pJ/bit/m4 
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5.3 Summary 

One of the claimed advantages of using multihop relaying in cellular networks is 

reducing energy consumption. As in the general domain of wireless networks, reducing 

energy consumption is vital in cellular networks because MTs depend on batteries for 

their energy supply. In this chapter, energy consumption in multihop CDMA cellular 

networks is investigated. Energy consumption in multihop CDMA cellular networks is 

compared to that in single-hop ones. Two multihop cases are considered here – fixed 

transmission power and power control. When using power control, average consumed 

energy for MTs based on their distance from BS is calculated. This is used in calculating 

the average required energy per call. It is shown that using multihop relaying in CDMA 

cellular networks can reduce the average energy consumed per call under uniform 

distribution. Although using power control decreases energy consumption even further, it 

is more effective and essential when using smaller number of hops. The preservation in 

energy consumption depends on the network environment (i.e. path loss) and the 

hardware used. It is more worthy to use multihop communication in networks with high 

path loss. Finally, an extreme case is highlighted to emphasize the advantages gained in 

reducing power consumption through multihop communication. In this case, it is shown 

that almost 20 dB reduction can be achieved when the MT is at the cell border. 

This chapter shows that reducing power consumption is possible in MCNs. These 

results can be used in an optimization algorithm to determine the optimum number of 

hops to maximize capacity and minimize energy consumption.   
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Chapter 6 

Analyzing Inter-cell Relay 

In previous chapters, we investigated the basic claims supporting the application 

of multihop relay in CDMA cellular networks. The positive quantification of these claims 

was essential to justify further studies in the area. Our aim in this and the following 

chapters is to further explore the true potential of multihop CDMA cellular networks.  

In this chapter, we analyze the use of inter-cell relay, which describes when calls 

made within one cell are relayed to BSs in other cells. The core motivation for inter-cell 

relay is that the load in neighboring cells is more likely to be uneven. Hence inter-cell 

relay may be a viable option to reduce the congestion in a heavily loaded cell or balance 

the load across the different cells. In both applications, inter-cell relay increases network 

resource utilization, while raising data rates and fairness in user allocations.  

We first start by studying the effect of load in neighboring cells on the capacity of 

a target cell to emphasize the need of inter-cell relay. This is followed by deriving the 

formulas for interference when inter-cell relay is applied. Two bounds are derived on the 

number of calls that can be supported inside the area of a loaded cell based on 

interference experienced at both the BS of the loaded cell and supporting BSs. The 

interference formulas are derived in this chapter. The gains achieved by congestion relief 

and load balance are quantified in the following chapter. 
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6.1 Motivations for Inter-cell Relay 

In Chapter 4, we derived formulas to quantify resulting interference in single-hop 

and multihop CDMA cellular networks in order to compare the achievable capacity in 

both modes. We assumed uniform distribution of calls among cells, meaning that all cells 

have the same load. Here, we are going to study the effect of uneven load in neighboring 

cells. We consider the tagging convention defined for non-uniform distribution. The cell 

layout used in the analysis is shown in Figure 6.1 with B1 and B2 cells numbered for ease 

of illustration. 

 

 

Figure 6.1. Layout of cells in analysis 
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If we consider that the load in the target cell is different from that of its 

neighboring ones, then the upper bound for the number of calls in the target cell would 

become  
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where NTg and NB1_c are the number of calls inside the target cell and inside one B1 cell, 

respectively. IInterBS_U is the average inter-cell interference per call in neighboring B1 cells 

under uniform distribution and IIntraBS_U is the average intra-cell interference per call 

inside the target cell. IInterBS_U and IIntraBS_U are IInterBS_1 and IIntraBS respectively normalized 

by the total number of calls in the cell.  

If the load in all the neighboring cells is assumed equal but still different from that 

of the target cell, then the upper bound becomes  
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In Figure 6.2 and Table 6.1, the number of calls inside the target cell and its 

neighboring cells are shown.  
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Figure 6.2. Number of calls that can be supported in target cell 
with different loads in neighboring cells 

 

All cells other than the target cell are assumed to have the same number of calls 

(NB). Each curve in Figure 6.2 represents a different value of NB. From the figure, it can 

be seen that the load of neighboring cells affect the capacity of the target cell in  

single-hop case. There is almost a 25% increase in the capacity of the target cell when the 

load drops in its neighboring cells. In the multihop case, the change in the load in 

neighboring cells hardly affects the capacity of the target cell. This can be explained by 

the short distances signals travel when using multihop communication compared to 

distances in single-hop case. The short distances result in lower interference in the 

multihop case. Inter-cell interference is less significant and almost negligible compared to 

intra-cell interference. In the single-hop case on the other hand, long distances signals 
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have to travel especially for calls near cell borders result in high inter-cell interference. 

Consequently, when load decreases in neighboring cells, inter-cell interference decreases, 

which contributes to a large reduction in the total interference. This, in turn, results in an 

increase in cell capacity. It can also be seen that when using only two discs, there is a 

slight increase in the number of calls in the target cell due to the relatively long distances 

signals travel in the case with two discs.  

The variation in the load of neighboring cells has a minor effect on the capacity of 

the target cell. The capacity of the target cell does not change at all when using more than 

two discs for multihop case. Even in the single-hop case, the change in the capacity of the 

target cell is not significant. This is an issue because the target cell cannot make use of 

the decrease in the load of its neighboring cells. 

 

Table 6.1 Total number of calls in the 19-cell cluster  
shown in Figure 6.1 

 Heavily Loaded B1 cells 
(NB = NTg) 

Half loaded B1 cells 
(NB = 10) 

Lightly loaded B1 cells 
(NB = 5) 

Number  
of discs 

Total calls 
in cluster NTg 

Total calls
in cluster NTg 

Total calls 
in cluster NTg 

1 361 19 202 22 114 24 

2 437 23 204 24 114 24 

3 437 23 203 23 113 23 

4 437 23 203 23 113 23 

5 437 23 203 23 113 23 

6 437 23 203 23 113 23 
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To further illustrate this point, the total number of calls in the cluster of cells, 

shown in Figure 6.1, has to be considered. In Table 6.1, it can be seen that the number of 

calls inside the target cell increases in the single-hop case when the load inside its 

neighboring cells decreases. At the same time, the total number of calls in the whole 

cluster drops to less than half of their maximum capacity. This is an expected observation 

since the load in the neighboring cells drops to less than half the maximum capacity. The 

problem is that the target cell has high demand and it has already reached congestion.  

We note that calls are rejected in the target cell although neighboring cells are 

lightly loaded and the whole cluster did not reach even half its maximum potential 

capacity. Such results motivate us to study inter-cell relaying and its effect on system 

capacity. 

6.2 Support of Neighboring BSs 

In this section, we analyze inter-cell relay, by which calls in one cell are relayed 

using multihop communication to BSs of adjacent cells. In order to quantify the gains of 

relaying calls to adjacent BSs, the capacity increase that can be achieved has to be 

evaluated. We derive equations to calculate the resulting interference when inter-cell 

relay is applied. The layout of cells in Figure 6.1 is considered. We assume that the target 

cell is a congested cell. Calls are diverted from inside the area of the target cell to BSs of 

adjacent B1 cells.  
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6.2.1 Interference at BS of Congested Cell (Target Cell) 

As mentioned earlier, interference at a BS consists of intra-cell interference and 

inter-cell interference. Calls relayed from one cell to another add another component to 

interference. Accordingly, interference at the BS of the congested target cell now consists 

of intra-cell interference, inter-cell interference and relaying interference. Intra-cell 

interference is still the interference resulting from all calls originating inside the 

congested cell and connected to its BS. Inter-cell interference is the interference resulting 

from calls originally inside neighboring cells and connected to their respective BSs. The 

new component – relaying interference – results from calls inside the target cell relayed 

using multihop communication to neighboring BSs. These neighboring BSs where calls 

are relayed are referred to as supporting BSs. The total interference at the BS of the 

congested cell can then be expressed as 

 

nBSrelayingCoInterConBSIntraConBSConBS IIII ++=   (6.3)

 

where IIntraConBS is intra-cell interference, IInterConBS is inter-cell interference and 

IrelayingConBS is relaying interference at the BS of the congested cell.  

Inter-cell interference does not change and can still be represented using  

equation (4.17) for inter-cell interference from one cell. The two other terms need further 

analysis. The intra-cell interference formula has to be modified to accommodate the fact 

that not all calls inside the congested cell are connected to the BS of the congested cell.  
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Intra-cell Interference 

A scheme to decide which calls are relayed to supporting BSs needs to be 

supported. A logical choice will be calls from MTs close to cell borders. For instance, 

MTs are considered close enough to cell border and their calls can be relayed to adjacent 

BSs, if these MTs are in the transmission range of MTs inside the area of a neighboring 

cell (other relay schemes can be also considered, and similar calculations to what follows 

can be derived). The distance between these MTs and the supporting BS has to be less 

than D + r0, where D is the cell radius and r0 is the radius of the innermost disc and is 

also the transmission range of MTs. These MTs with the relayed calls are naturally inside 

the area of the congested cell and outside the cell area of the supporting BS. Therefore, 

calls from MTs, that lie inside the intersection area between the congested cell and a disc 

centered at a supporting BS with inner disc D and outer disc D + r0, can be relayed to 

adjacent BSs. This intersection area, referred to as relaying area, is shown for one B1 BS 

by the shaded area in Figure 6.3. 
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Figure 6.3. Relaying area inside the target cell 
for one supporting B1 cell 

 

From the discussion above, intra-cell interference formula needs to be updated to 

represent intra-cell interference at a congested BS when some calls are relayed to 

neighboring BSs. Instead of integrating over the entire disc, the integrations have to be 

modified to integrate over the area where calls are not relayed to neighboring BSs only. 

Also, the number of transmitting MTs includes only those MTs residing inside this area 

of the disc. To simplify calculations, the cell is divided into six sectors each with an angle 

of pi/3 degrees. Each sector is divided into two areas – a relaying area and a non-relaying 

area. In the relaying area, all calls are relayed to neighboring cells. In the non-relaying 
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area, calls are connected to the BS of the congested cell. The relaying area and non-

relaying area of one sector inside the congested cell are respectively shown in Figure 6.3 

and Figure 6.4. 

 

 

Figure 6.4. Non-relaying area in a sector inside the target cell 
 

Each sector has one neighboring BS facing it. All sectors are similar and, 

therefore, integrating over one sector of the disc and dividing by the area of this sector is 
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This way of calculation eases the condition which guarantees that integration is done over 
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inside the integration and the BS facing this sector has to be larger than (D + r0) (shaded 

area in Figure 6.4). Taking the above argument into consideration, the intra-cell 

interference at a congested BS, when calls are relayed to neighboring BSs, can be 

expressed as  
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where NNR_i and IIntra_perhop_NRA_i are the number of calls and the intra-cell interference 

caused by a single-hop inside the non-relaying area of disc i, respectively. NRSA(i) is the 

non-relaying area per sector of disc i. This can be calculated by integrating over the area 

of the sector in the disc under the same condition in equation (6.4) (shaded area in  

Figure 6.4). 

 

Relaying Interference 

The last component of interference at the BS of the congested cell is the relaying 

interference. It results from calls relayed from congested cell to the lightly loaded 

neighboring BSs. Each neighboring BS can support calls that lie inside the intersection 

area between the congested cell and the disc centered at this neighboring BS with inner 



 

116 

 

radius D and outer radius (D + r0) , as shown by the shaded area in Figure 6.3. Each 

relayed call has (k + 1) hops. The total interference from one relayed call will be the sum 

of interference from all the (k + 1) hops. For this reason, the relaying interference from 

relaying to one neighboring BS at the congested BS is 
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where NR is the number of calls relayed to one neighboring BS, and Irelaying_perhop_i is the 

interference resulting from one hop of the relayed call inside disc i in the neighboring BS. 

SA(i) is the sector area of disc i and RA is the relaying area per neighboring BS. It can be 

noticed that the summation in equation (6.5) goes from 0 to k and not only (k – 1). This is 

because relaying to neighboring BSs needs an extra hop than the maximum allowed by 

the number of discs. It has to be noted that integration for relaying interference is done 

over the area of one sector per disc only, which is the closest sector to the congested cell, 

and not the whole disc. Here, the integration over the whole disc differs from integrating 
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over only one sector. This is different from the intra-cell interference case. Sectors inside 

neighboring cells have different interference effect on the congested BS, which is why 

relaying interference has to be differentiated from inter-cell interference. Relayed calls 

reside inside the congested cell and all their hops fall inside the sector closest to the 

congested cell. Also, all relayed calls need (k + 1) hops to reach supporting BS. 

Accordingly, the average interference per relayed call is always higher than the average 

inter-cell interference caused by a call originating in neighboring cell. 

The number of transmitting MTs in all the formulas needs to be determined. Calls 

are assumed to be uniformly distributed over the area of each cell. The non-uniform case 

can be considered, but is more involved. For inter-cell interference, the number of 

transmitting MTs per disc (Ni) can be defined by equation (4.22) with replacing NT by 

NB1_c for each neighboring cell c. For the congested cell, it is assumed that there is a very 

high demand. It is required to find the upper bound on the number of calls that can be 

supported. The number of transmitting MTs in each disc consists of MTs transmitting 

their own signal and MTs relaying other MTs’ signals. All MTs are transmitting with the 

same data rate. Therefore, active MTs transmitting their own data cannot relay other 

MTs’ data. Therefore, the number of MTs transmitting in disc i is the sum of all original 

calls inside the non-relaying area of discs from i to k – 1. This results in 
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where ρNR is the density of accepted calls connected to the BS of the congested cell 

(density of calls inside the non-relaying area of the cell shown in Figure 6.4). In  

equation (6.6), the integration limits define the area of one sector of the congested cell 

and the condition guarantees that the MTs lie inside the non-relaying area of each disc. 

The limits together with the condition define the non-relaying area of one sector shown in  

Figure 6.4. It is worth noting here that in calculating the relaying interference, the number 

of transmitting MTs in each disc equals the number of all relayed calls to this 

neighboring BS. Therefore, NR is taken as a common factor outside the summation in 

equation (6.5). Using the same concept, the number of relayed calls can be expressed as 
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where ρR is the density of relayed calls to supporting BS (density of calls inside the 

relaying area of the cell). In the equation, the integration limits define an extra disc for 

the neighboring BSs. This is the area where calls are one hop from calls inside the cell of 

the supporting BS. The condition guarantees that calls lie inside the congested cell. The 

limits of the integration with the condition define the relaying area for one supporting BS, 

which is shown by the shaded area in Figure 6.3. 
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Total Interference and Upper Bound 

Finally, the total interference at a congested BS, when calls are relayed to 

neighboring BSs, can be expressed as 
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where IInterConBS_call is the average inter-cell interference per call at the congested cell. 

Summation is used in the second and third terms to allow for neighboring BSs to have 

different loads and to support different number of relayed calls. 

At this point, using the equations of interference derived above and keeping EB /I0 

above the threshold τ, an upper bound on the density of calls that can be accepted inside 

the congested cell can be derived as   
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Equation (6.9) defines a joint upper bound on the density of calls inside the non-

relaying area of the congested cell, where calls are connected to the BS of the congested 

cell, as well as the density of calls inside the relaying area of the cell, where calls are 
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connected to supporting BSs of neighboring cells. For the next set of results, we assume 

that the density of calls accepted inside the congested cell is uniform over the whole area 

of the cell. This means that the density of calls relayed to each neighboring BS (ρR_c) and 

the density of calls connected to the BS of the congested cell (ρNR) are equal. Using this 

assumption and assuming that all neighboring cells have the same number of calls (NB), 

an upper bound on the density of calls accepted inside the target congested cell (ρTg) can 

be derived as 
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Numerical Evaluation 

It follows that the upper bound on the number of supported calls inside the 

congested cell, when inter-cell relay, is applied is the product of the upper bound on the 

density of calls inside the congested cell and the area of the cell. This upper bound is 

plotted in Figure 6.5. The number of calls supported inside the congested cell without 

inter-cell relay is also plotted for comparison. 
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Figure 6.5. Upper bound on number of calls supported inside congested cell 
with and without inter-cell relay 

 

From the figure, it can be seen that relaying calls from congested cell to lightly 

loaded neighboring cells increases the number of calls that can be supported inside the 

congested cell. The case with 1 disc represents the case using single-hop communication. 

In single-hop communication, no relaying to other cells is done. It can be seen that the 

number of calls that can be supported inside the congested cell can be tripled using  

inter-cell relay. This emphasizes the advantage of using multihop communication to 

relieve congestion inside a cell when neighboring cells are not congested. It can also be 

noticed that the capacity increases with increasing the discs until it reaches three discs 

then starts dropping. This is the result of two assumptions. The first is that no MT can 

transmit its own data and relay other MTs data simultaneously, which implies that for 
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every hop there is an extra transmitting MT for relaying. This increases the number of 

active transmitting MTs. When using four or more hops as a maximum number of hops, 

the number of transmitting MTs is too large and produces a large amount of interference 

that results in a capacity decrease. At that point, the reduction in interference gained from 

shorter distances signals travel is overcome by the increase in the number of transmitting 

MTs. The second assumption is that only calls originating from MTs that are one hop 

from MTs inside neighboring cells are relayed to supporting BSs. As the number of discs 

increases, the width of each disc decreases, decreasing the area of the disc and, 

consequently, the relaying area inside the congested cell. Assuming constant density over 

the area of the cell causes fewer calls to be relayed to supporting BSs, resulting in less 

capacity. This issue will be further discussed later in the following chapter.  

6.2.2 Interference at Supporting BSs 

In the analysis above, we only studied the interference at the congested BS and 

guaranteed that the level of interference is less than the required threshold (Eb/I0 is 

guaranteed to be above threshold). This, in turn, only guarantees the quality of calls 

connected to the BS of the congested cell. It is thus important to quantify the interference 

experienced at the supporting BSs to guarantee the quality of all calls connected to these 

BSs, whether they are originally inside these cells or relayed from the congested cell. In 

this subsection, interference is calculated at one of the supporting BSs. There are six 

supporting BSs inside B1 cells. These cells are numbered 0 to 5 as shown in Figure 6.1. 

Interference at all these supporting BSs is identical. Without loss of generality, 
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interference is calculated at the BS of B1 cell numbered 0 for ease of discussion in 

deriving the equations. 

At each supporting BS, interference also consists of three components. These are 

intra-cell interference, inter-cell interference and relayed interference. Intra-cell 

interference, (IIntraSBS) is the interference resulting from calls inside the cell of the 

supporting BS, where interference is calculated, which are connected to its BS. Inter-cell 

interference (IInterSBS) is the interference resulting from calls connected to the BSs of 

neighboring cells, including calls originally inside the neighboring cells and calls which 

are inside congested cells and are relayed to the BSs of the neighboring cells. The relayed 

interference (IrelayedSBS) results from calls inside the congested cell, which are relayed 

using multihop communication to the supporting BS, where interference is calculated.  

Intra-cell interference in this case is the same as intra-cell interference calculated 

in the uniform distribution case and can be expressed by equation (4.16). Ni is defined as 

in equation (4.22) with NT replaced by NB1_0. The suffix 0 indicates that this is the number 

of calls inside B1 cell number 0, where interference is calculated.  

 

Inter-cell Interference from B2 Cell 

Inter-cell interference results from calls connected to the six cells surrounding the 

cell of the supporting BS, where interference is calculated. These six cells are the 

congested cell, two other supporting cells (B1 cells) and three cells from the 2nd tier 

neighboring cells of the congested cell (B2 cells) as shown in Figure 6.1. The interference 
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coming from one B2 cell is the same as the inter-cell interference in the uniform 

distribution case, which can be defined by equation (4.17), with Ni defined by  

equation (4.22) and NT replaced by NB2_c for each B2 cell c.  

 

Inter-cell Interference from B1 Cell 

The inter-cell interference coming from each supporting B1 cell consists of two 

components. The first component is the interference from calls originally inside the cell 

of the supporting BS and connected to the supporting BS itself. This component is the 

same as inter-cell interference in the uniform distribution case and can be defined as the 

interference from B2 cell explained above, with NB2_c replaced by NB1_c. The second 

component is the interference from calls originating inside the congested cell but relayed 

to the supporting BS. Taking this discussion into consideration, the inter-cell interference 

coming from one supporting B1 cell is given by 
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where IInterBS_1 is the inter-cell interference resulting from one neighboring cell as defined 

in equation (4.17) and Ni is defined as in equation (4.22) with NT replaced by NB1_c. This 

term represents the interference resulting from calls originating inside the neighboring 

supporting cell and connected to its BS. IInterSBS_relayed_perhop_i is the inter-cell interference 

resulting from one hop of each call relayed from the congested cell to the neighboring 

BS. This term differs based on the disc. Three different formulas are needed to represent 

the interference from the hop inside the innermost disc, extra hop and the hops inside the 

rest of discs. The last expression represents the extra hop needed by the MT inside the 

congested cell to reach another MT inside the area of the supporting BS. The MT with  

a relayed call has to reside inside the relaying area of the B1 cell, from which interference 

is calculated. The integration limits guarantee that the MT resides inside the relaying 

range of B1 BS. The condition once more guarantees that the MT is actually inside the 

area of the congested cell. Relayed calls always need (k + 1) hops to reach supporting BS, 

hence the summation from 0 to k. It has to be noted that these calls and all their hops lie 

inside one sector, which is the one closest to the congested cell. This sector is adjacent to 

the sector facing the supporting BS where interference is calculated.  This is the reason 

why the angles in the limit of integrations are changed.  

 

Inter-cell Interference from Congested Cell 

The interference from the congested cell is the same as inter-cell interference 

from one B2 cell but all the integrations are done on the non-relaying areas only. Again, 
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we integrate over each disc and sum up while applying the conditions that guarantee that 

calls are outside the relaying area of supporting BSs. Each disc is divided into six sectors 

as in calculating intra-cell interference at the congested BS. This makes the condition in 

the integrations easier. In this case, the different sectors do not have the same interference 

effect at the supporting BS since they are not equidistant from it. This means that, unlike 

for intra-cell interference, each sector has to be calculated separately. The inter-cell 

interference from the congested BS can then be calculated as 
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where NNR_i is the number of calls inside the non-relaying area of disc i inside the 

congested cell and IInterSBS_Con_perhop_i is the inter-cell interference per hop coming from the 

non-relaying area of disc i of the congested cell. NRSA(i) is the non-relaying area per 

sector of disc i. Equation (6.12) sums interference over all calls connected to the 

congested BS and all their hops. All these calls have to originate from MTs inside the 



 

127 

 

non-relaying area of the congested cell. The conditions in integrations guarantee that the 

calls lie inside the non-relaying area of supporting BSs (shaded area in Figure 6.4).  

 

Relayed Interference  

The last component of the interference at the supporting BS is relayed 

interference (IrelayedSBS), which results from calls originating inside the congested cell and 

are relayed to the supporting BS, where interference is calculated. All these calls reside 

inside the relaying area of supporting BS numbered 0 (shaded area in Figure 6.3). 

Summing the interference coming from all the (k + 1) hops, the relayed interference at the 

supporting BS can be represented as 
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where NR_0 is the number of calls relayed to the supporting BS in consideration, 

IrelayedSBS_perhop_i is the interference resulting per hop i for each relayed call. Again, the 

condition in the last integration guarantees that all relayed calls lie inside the congested 
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cell. The integrations are done on one sector since all relayed calls and their hops lie in 

one sector which is the closest to the congested BS. Equation (6.13) sums over all hops of 

the relayed calls, hence the summation from 0 to k. The last expression calculates the 

interference coming from the extra hop needed by the MT inside the congested cell to 

reach a MT inside the cell of the supporting BS. Again, the limits of the integration along 

with the condition define the relaying area shown in Figure 6.3. 

Total Interference and Upper Bound 

Finally, the total interference at a supporting BS is the sum of all three 

interference components: Intra-cell interference, inter-cell interference and relayed 

interference. Note that each supporting B1 BS is surrounded by 1 congested cell, two 

supporting B1 cells and three B2 cells as shown in Figure 6.1. Taking this into account 

and adding all the interference components, the total interference at a supporting BS can 

be expressed as  

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

++

+=

∑∑

∑∑

∑ ∑

∈∈

=

−

=

∈ =

}5,1{
_1

}1,0,11{
_2_

0
__0_

1

0
___

}5,1{ 0
_____0_1

)(

c
cB

c
cBUInterBS

k

i
iperhoprelayedSBSR

k

i
iperhopConInterSBSNR

c

k

i
iperhoprelayedInterSBScRcallIntraSBSBSBS

NNI

IRAIiNRSA

IRAINI

ρρ

ρ

  (6.14)

 

where IIntraSBS_call is the intra-cell interference per call at supporting BS and IInterSBS_U is 

the inter-cell interference per call defined in the uniform distribution case. NB1_c and NB2_c 
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are the number of calls in cells B1 and B2, respectively. ρNR is the density of calls inside 

the non-relayed area of the congested cells that are connected to the BS of the congested 

cell itself. ρR_c is the density of calls inside the relaying area of the congested cell that are 

relayed to supporting BS. The index c in the variables allows different B1 and B2 cells to 

have different number of calls for more generalized form. The suffix 0 in ρR_0 and NB1_0 

indicates the supporting BS in consideration (i.e. the supporting BS where interference is 

calculated). It can be noticed that in the summation over B1 and B2 cells, the set form is 

used. This is due to the fact that the B1 cells, which are adjacent to B1 cell numbered 0, 

are B1 cells numbered 1 and 5. The adjacent B2 cells are the ones numbered 0, 1 and 11. 

The layout of cells in Figure 6.1 further illustrates this arrangement.  

Using the equations of interference and the threshold for EB/I0, an upper bound on 

the density of calls that can be accepted inside the congested cell can be derived as  
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Equation (6.15) defines a joint upper bound on the density of calls inside the non-

relaying area of the congested cell, where calls are connected to the BS of the congested 

cell, along with the density of calls inside the relaying area of the cell, where calls are 

relayed to supporting BSs. We assume again that the density of accepted calls is uniform 
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over the area of the congested cell to derive an upper bound on the density of calls inside 

the congested cell. This means that the density of calls relayed to each neighboring 

supporting BS (ρR_c) is the same and equals the density of calls connected to the BS of the 

congested cell (ρNR). All B1 and B2 cells are assumed to have the same number of calls 

(NB). An upper bound on the uniform density of calls inside the target cell, denoted ρTg, 

can be derived as  
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Numerical Evaluation 

Using the upper bound on the density of calls inside the congested cell, an upper 

bound on the number of calls supported inside the congested cell is plotted in Figure 6.6. 

This number of supported calls includes all calls accepted inside the area of the congested 

cell, whether these calls are connected to the BS of the congested cell itself or relayed to 

neighboring supporting BSs. In the results, all B1 and B2 cells are assumed to have the 

same number of calls NB. 
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Figure 6.6. Upper bounds on number of supported calls inside congested cell 
based on interference experienced at i) Congested BS and ii) Supporting BS 

 

In the figure, both upper bounds are plotted for comparison. It can be observed 

that the bound based on interference experienced at supporting BS is always higher than 

that based on interference experienced at congested BS. The effective bound has to be the 

lower one to guarantee the quality of all calls connected to any BS (The BS of the 

congested cell and the supporting BSs). It can be observed that supporting BSs can 

support more calls. More calls should be relayed to supporting BSs to increase the 

number of accepted calls inside the congested cell as long as the interference level at all 

BSs is still below threshold. 
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6.3 Summary 

In this chapter, we investigated inter-cell multihop relay and its effects on 

interference. Inter-cell relay means diverting calls from one cell to the BS of an adjacent 

cell. Motivations for inter-cell relay can be either congestion relief or load balancing.  

To guarantee the proper operation of inter-cell relay, interference has to be 

maintained within predetermined thresholds at the congested BS as well as at all the 

supporting BSs. When calls are relayed to an adjacent BS, interference components 

change. We hence derived modified formulas to calculate interference at the congested 

BSs and the supporting BSs. Two bounds limit the number of supported calls inside the 

congested cell. One bound is based on the interference at the congested BS, while the 

other results from interference at supporting BSs. We showed that the latter bound can be 

much higher than the former. However, the lower bound has to be forced all the time to 

guarantee quality of all calls.  

In this chapter, we demonstrated that inter-cell interference can be applied using 

multihop relay, which results in higher number of calls in loaded cells. The gains in terms 

of congestion relief and load balance will be further illustrated next.  
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Chapter 7 

Congestion Relief and Load Balancing 

In the previous chapter, we investigated inter-cell relay and derived equations to 

quantify the capacity when inter-cell relay is performed. We expand on this investigation 

here to study the potentials of inter-cell relay. In instances where a congested cell has 

lightly loaded neighbors, inter-cell relay will facilitate diverting the load to the adjacent 

BSs. Interference levels at the BS of the congested cell and at the supporting BSs limit 

the number of calls supported inside the area of the congested cell. Towards this end, we 

formulate an optimization problem based on the experienced interference to measure the 

magnitude of capacity increase inside the congested cell.  

Another important application of inter-cell relay is load balancing, which can 

preempt some congestion instances through proactively balancing the load across the 

different cells. Employing inter-cell relay in this manner further facilitates higher and 

fairer allocations to users. In both applications, inter-cell relay increases network resource 

utilization while raising data rates and fairness in user allocations.  

7.1 Congestion Relief 

In the previous chapter, two upper bounds on the number of calls that can be 

supported inside the congested cell are derived. The first bound is based on interference 

experienced at the BS of the congested cell, while the other is based on interference 

experienced at the supporting BSs. To guarantee the quality of all calls, the interference 
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level, at the congested BS as well as the supporting BSs, has to be kept under  

a predefined threshold. This means that the lower bound has to be forced all the time. 

This condition results in the underutilization of supporting BSs. If the congested cell has 

higher load than this bound, some calls can be rejected despite the fact that supporting 

BSs can still accept more calls. To avoid underutilization of network resources, the 

density of calls inside the congested cell is allowed to be non-uniform over the area of the 

congested cell. This allows more calls to be relayed to the supporting BSs as long as the 

quality of non relayed calls inside the congested cell is maintained above the required 

threshold. We allow the density of calls inside the relaying area to be different (higher) 

than the density of calls inside the non-relaying area. The goal is to maximize the total 

number of calls supported inside the area of the target cell while keeping their quality 

above certain predetermined threshold. This results in an optimization problem.  

7.1.1 Problem Formulation 

The decision variables for the optimization problem are the call densities. 

Neighboring B1 BSs have different loads and can support different number of relayed 

calls based on their experienced interference. Hence, there are seven decisions variables, 

ρNR and ρR_c where c varies from zero to five. The constraints are formulated to keep the 

quality of calls higher than the predetermined threshold for all calls whether these calls 

are connected to the BS of the congested cell or one of the supporting BSs. The quality of 

calls at the BS of the target cell can be maintained by forcing the bound in equation (6.9), 

resulting in the constraint on densities of calls inside the congested cell to be 
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For quality of calls connected to the supporting B1 BSs, the condition in  

equation (6.15) has to be maintained for every supporting B1 BS. Six other constraints 

based on the interference at the six supporting BSs (B1 cell from 0 to 5) have to be forced 

in the form 
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for c = 0,1,…, 5 

 

The value of all densities (ρNR and ρR_c) has to be non-negative. We will force that 

they cannot be zero so that each disc can have some calls accepted in it. If one of the 

densities is zero at some point, some discs will have zero calls in it, which means that 

some users will never be able to make a call unless they change their position. Hence, all 

values have to be greater than zero, which results in the condition   

 

5,...1,00, _ =≥ cforcRNR ρρ   (7.3)
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The goal of the optimization problem is to maximize the total number of calls 

inside the congested cell. The total number of calls is calculated by multiplying the 

density of calls by the area where these calls reside. Consequently, the objective function 

of the optimization problem can then be given by 
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where NRAT is the total non-relaying area inside the congested cell and RA is the relaying 

area per one neighboring BS, which is shown in Figure 6.3. NRAT, can be calculated by 

calculating the non-relaying area in each sector, which is shown in Figure 6.4, then 

multiplying by 6 sectors, which is expressed as follows  
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RA can be calculated by 
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The optimization problem then reduces to maximizing the objective function 

expressed by equation (7.4) subject to the constraints defined in equations (7.1) and (7.3) 

and six constraints defined by equation (7.2). The optimization problem considers when 

neighboring cells (B1 and B2) have different loads. This results in different number of 

relayed calls to each supporting B1 BS. This optimization can make use of the full 

capabilities of each B1 BS, resulting in the maximum number of calls that can be 

supported in any scenario based on the number of calls in each B1 and B2 cell. 

It has to be emphasized here that this is only an analytical optimization problem 

and not an operational optimization. This optimization problem is formulated to quantify 

the gains that can be achieved using inter-cell multihop relay. It is not meant to be used in 

the operation of the network to decide whether to accept or reject new calls.  

7.1.2 Numerical Results 

In the results, we consider the case where all neighboring B1 cells have the same 

number of calls (NB1). In addition, we assume that all B2 cells have the same number of 

calls (NB2). This means that all BSs of B1 cells can support the same number of relayed 

calls and experience the same interference. In other words, there are only two decision 

variables, ρNR and ρR (ρR_c = ρR for all c). Also, the six constraints based on the 

interference at the six B1 BSs become similar and are reduced to one condition. The 

optimization problem then becomes 
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Solving this optimization problem yields the maximum number of calls that can 

be supported inside a congested cell under the given circumstances (NB1 and NB2). The 

optimization problem is solved using the linear programming package in MATLAB. The 

number of calls supported inside the area of the congested cell is plotted in Figure 7.1. 

The figure compares the optimized results to the case when no inter-cell relay is done and 

the case when inter-cell relay is performed but without optimization. Figure 7.1a and b 

show the number of calls that can be supported inside the congested cell under different 

loads in neighboring cells. For illustration purposes, we use a scenario where all other 

cells in the network have the same load (i.e. NB1 = NB2 = NB for all B1 and B2 cells). 
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(a) (b) 

Figure 7.1. Comparison of number of supported calls inside congested cell 
with/without neighboring support and with/without optimization 

(a) NB = 5  (b) NB = 10 
 

From the comparison, it can be seen that using optimization increases the number 

of supported calls compared to when using uniform distribution over the area of the 

congested cell. When the neighboring cells are very lightly loaded, it can be seen that the 

number of supported calls can be as high as 5 times the number of calls accepted if no 

inter-cell relay allowed. It can also be noticed that optimization can double the number of 

accepted calls compared to non-optimized inter-cell relay. Note that the variation in the 

load of other cells has higher effect on the capacity of the congested cell when 

optimization is performed. When using uniform distribution over the area of the 

congested cell, the already high interference at the congested BS dominates. This limits 

the capacity of the congested cell due to uniform density over its area. The uniform 

density and the decrease of the size of the relaying area, when the number of discs 

increases, result in fewer calls to be relayed. This decreases the total number of calls that 

can be supported inside the area of the congested cell. Using optimization, more calls can 
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be relayed to neighboring lightly loaded cells, thus making use of the low interference at 

the supporting BSs.  

The calls inside the non-relaying area can produce higher interference than those 

calls inside the relaying area especially at the congested BS. It is preferred to decrease the 

density of calls inside non-relaying area and increase the density inside the relaying area 

to increase the total number of calls inside the whole congested cell. In the optimized 

solutions, the density of calls in the non-relaying area can be reduced even below its 

value when using constant density over the cell area. This can be emphasized by the 

results in Table 7.1. In the table, the number of relayed calls, the number of non-relayed 

calls connected to the congested BS and the total number of calls inside the congested 

cell are shown. For clarity of presentation, only one case, the case when neighboring BSs 

are 50% loaded, is shown. 

Table 7.1. Number of calls accepted inside the congested cell 
divided into relayed and non-relayed calls, when NB = 10 

 No 
Support 

Neighboring BSs Support 
No Optimization 

Neighboring BSs Support 
Optimization Performed 

Number 
of discs NT NCon NR NT NCon NR NT 

1 22 22 0 22 22 0 22 

2 24 10 46 56 6 79 85 

3 23 23 37 60 22 80 102 

4 23 23 23 46 23 80 103 

5 23 23 17 40 23 80 103 

6 23 23 13 36 23 80 103 
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From Table 7.1, it can be seen that the total number of calls that can be supported 

inside the congested cell when using optimization is always higher than that with uniform 

distribution. Also, the total number of calls with neighboring BSs support is always 

higher than the case with no neighboring BSs support. The number of relayed calls when 

using optimization is always higher than with uniform distribution. This is the main gain 

of optimization. In the previous two subsections, constant density over the whole area of 

the congested cell is assumed. This results in fewer calls being relayed and, therefore, 

further underutilized resources in supporting B1 BSs. In some cases (when 2 and 3 discs 

are used), the number of non-relayed calls is lower when optimization is performed. As 

mentioned above, this allows higher total number of calls to be accepted inside the 

congested cell, including both relayed and non-relayed calls. At this point, accepting 

more relayed calls and decreasing the number of non-relayed calls is more rewarding. 

When using fewer discs, the distances signals travel is still relatively large and non-

relayed calls can cause high interference at the supporting BSs reducing the capacity of 

the six supporting BSs. This capacity reduction at the supporting BSs is more than the 

capacity gain at the congested BS. Therefore, the optimization solution favors the 

decrease in the number of non-relayed calls connected to the BS of the congested cell in 

order to increase the total number of calls accepted in the congested cell and, in turn, in 

the whole network.  

In this optimization problem, the density of calls is varied to maximize the 

number of calls that can be accepted inside the congested cell. It can easily be shown that, 
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at a boundary point, increasing the density of relayed calls forces the decrease of the 

density of calls connected to the BS of the congested cell. This results in an increase in 

the number of relayed calls and the decrease in the number of non-relayed calls inside the 

congested cell. In actual networks, this has the same effect as changing the boundary of 

relaying and non-relaying areas inside the congested cell. The number of extra hops used 

for relaying can be used to do just that. In the analysis, we assumed that relayed calls 

reside inside the transmission range of MTs inside neighboring cells. Changing the 

number of extra hops can be done by allowing calls to be relayed if they are h hops from 

MTs inside neighboring cells (where h ≥ 1). Increasing h while both densities are 

constant increases the number of relayed calls and decreases the number of non-relayed 

calls. Consequently, another way of formulating the optimization problem is to use a 

constant density of calls over the area of the cell, while changing the number of relayed 

and non relayed calls by changing the outer radius of the relaying area. Increasing the 

density of calls inside the relaying area or increasing the relaying area solves the problem 

of the relaying area getting smaller as the number of discs increases mentioned earlier. 

This allows more calls to be relayed to supporting BSs, making better use of the available 

resources at these BSs. In this thesis, we use the variation of densities because it is easier 

for readers to follow. Also, this is a more generic case as it can be applied for all number 

of discs. For example, when using two discs, only one extra hop can be used for relaying 

to neighboring cells. If more than one hop is used, the whole area of the congested cell 

becomes a relaying area. All calls would hence be relayed to neighboring cells. No call is 
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connected to the BS of the congested cell, which wastes the resources of this BS. This 

problem can be overcome by using a variable radius of the relaying disc, but will 

necessitate that the supporting BSs vary the transmission power for their pilot signal to 

increase or decrease the relaying area. This solution is not shown here as not to be 

confused by the idea of the cell breathing, widely known in CDMA cellular networks. 

7.2 Load Balancing 

In the previous section, multihop communication is used to relay calls from a 

congested cell to lightly loaded adjacent cells to allow more calls to be accepted in the 

system. In this section, load balancing is considered with the objective of preempting 

congestion instances. Inter-cell relay using multihop communications is used to balance 

load over the network in order to allocate higher data rates per user and achieve better 

fairness. To study the gains from load balancing, we measure the level of fairness 

achieved between users. In this work, fairness is defined as the variation in the allocated 

data rates per user. Based on the definition of fairness, monitoring the variance of user 

data rate allocations stands as a reasonable measure. 

Assuming no difference between connections, a minimum data rate is forced and 

higher data rates are allocated if capacity permits. The possible rate allocated is 

determined based on the quality of calls. Calls are rejected if they cannot be allocated the 

minimum data rate with a predetermined maximum BER. A maximum BER has to be 

guaranteed, which mandates that Eb/I0 has to be maintained above a certain threshold as 

in Table 3.1.  
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The maximum number of calls that can be supported at the minimum data rate per 

cell is calculated in the single-hop case under uniform distribution over the whole 

network. All cells have the same load. The maximum number of calls per cell can be 

calculated as in Section 4.2 This number is used to decide whether a cell is lightly or 

heavily loaded in both single-hop and multihop cases.  

We study the cluster of 19 cells shown in Figure 6.1. We will assume that the 

network is lightly loaded except for the target cell, which is heavily loaded. Whether the 

cell is lightly or heavily loaded, calls are assumed to be uniformly distributed over the 

cell area. The calculations are reversed here compared to the previous section. The 

number of calls is already known. It is required to calculate the data rates that can be 

achieved per call in each cell. The different cases studied are single-hop, multihopping 

without inter-cell relay, and multihopping with inter-cell relay.  

The data rates achieved per call are calculated in the target cell and in its six 

adjacent B1 cells. To calculate the achievable data rates, the interference has to be 

calculated. When no inter-cell relay is done, the intra-cell interference and inter-cell 

interference can be calculated using equations (4.16) and (4.17), respectively, for both 

cell types. The number of transmissions per disc Ni is defined by equation (4.22). The 

value of NT varies based on whether intra-cell or inter-cell interference is calculated and 

whether the interference is calculated at the BS of the target cell or the BS of one of the 

B1 cells. At the target cell, NT is replaced by NTg for intra-cell interference and by NB1 for 

inter-cell interference. The inter-cell interference is multiplied by 6 to compute the total 
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effect for the six adjacent B1 cells. For interference calculation at a B1 cell, NT is 

replaced by NB1 for intra-cell interference. The case is different for inter-cell interference. 

Each B1 cell is neighboring the target cell, 2 B1 cells and 3 B2 cells. NT is then replaced 

by NTg for the target cell, by NB1 for B1 cells and by NB2 for B2 cells. Inter-cell 

interference is then the sum of inter-cell interference per cell over the 6 different cells. 

The total interference (IT) at any BS is the sum of intra-cell and inter-cell interference.  

In calculating the interference when some calls are relayed to neighboring B1 

BSs, the number of non-relayed calls and relayed calls inside the target cell has to be 

determined. Again, we emphasize that all the calculations in this chapter are analytical 

and not operational. The exact application of these concepts is still open for more 

research. We assume that calls are relayed from the heavily loaded target cell to another 

adjacent less loaded B1 cell, if these conditions apply: 

1- Target cell has more calls connected to its BS than those connected to the BS 

of the B1 cell. 

2- There is a call to be relayed which resides inside the relaying area. The 

relaying area is the intersection between the area of the heavily loaded cell 

and a disc centered at the BS of the less loaded cell with inner radius D and 

outer radius (D + r0). The relaying area for one B1 cell is shown in Figure 6.3. 

3- The quality of all calls connected to all BSs is kept within pre-defined 

thresholds. This condition is guaranteed by always keeping the Eb/I0 at all BSs 

above a certain threshold. 
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The number of potential calls that can be relayed is calculated by multiplying the 

density of calls inside the target cell by the value of the relaying area per adjacent cell. 

These calls are relayed as long as the above three conditions are met. If relaying all the 

potential relayed calls does not meet one of the conditions, this number is decremented 

by 1 until all 3 conditions are met.  

The total interference at the BS of the target cell is the sum of intra-cell 

interference, inter-cell interference and relaying interference defined in Section 6.2.1. The 

number of transmitting MTs per disc Ni is defined by equation (4.22) with NT replaced by 

NB1 for inter-cell interference. For intra-cell interference, the density of non-relayed calls 

(ρNR) is calculated by dividing the number of non-relayed calls over the non-relaying area 

inside the target cell. The number of transmitting MTs per disc in the non-relaying area is 

then calculated by equation (6.6). In relaying interference calculation, the number of 

relayed calls is substituted directly in relaying interference formula defined by  

equation (6.5).  

The total interference at a BS of one of the adjacent B1 cells is the sum of  

intra-cell interference, inter-cell interference and relayed interference defined in 

Subsection 6.2.2. The number of transmitting MTs per disc Ni is defined by  

equation (4.22) with NT replaced by NB1 for intra-cell interference. For relayed 

interference, the number of relayed calls per B1 cell is substituted directly in  

equation (6.13). Inter-cell interference consists of inter-cell interference coming from the 

target cell, 2 B1 cells and 3 B2 cells. The inter-cell interference from B2 cells is the same 
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as the uniform distribution. This means that the number of transmitting MTs per disc can 

be defined by equation (4.22) with NT replaced by NB2. The same applies to the first 

component of the inter-cell interference resulting from B1 cells. For the second 

component the number of relayed calls per B1 cell is substituted directly in  

equation (6.11). For inter-cell interference coming from the target cell, the number of 

transmitting MTs per disc in the non-relaying area is then calculated by equation (6.6), 

with the density of non-relayed calls calculated by dividing the number of non-relayed 

calls over the non-relaying area inside the target cell. 

Using the value of the total interference (IT) with the threshold for Eb/I0, an upper 

bound on the achievable data rate per call can be given by 

 

)1( −
≤

TI
WR

τ
  (7.11)

 

In the results, the minimum data rate is 4 Kbps. The maximum number of calls 

that can be accepted at the minimum data rate under uniform distribution is calculated to 

be 44 calls per cell. All cells other than the target cell are assumed to be lightly loaded 

and to have the same number of calls (NB1_c = NB2_c = NB for all c values). On the other 

hand, the target cell is close to its maximum capacity but did not reach congestion. There 

are 40 calls in the area of the target cell, i.e. the target cell is heavily loaded. It has to be 

emphasized that in the single-hop case and the multihop case with no inter-cell relay, all 

40 calls inside the target cell are connected to the BS of the target cell, while some of 
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these calls are relayed to adjacent B1 BSs in the multihop case with relaying to 

supporting B1 BSs. Also, it has to be noted that all calls connected to the same BS 

achieve the same data rate. The achievable data rates per call in the target cell as well as 

in the adjacent B1 cells are shown in Figure 7.2. 

 

(a) No Inter-cell Relaying 
NB = 20 

(b) With Inter-cell Relaying 
NB = 20 

(c) No Inter-cell Relaying 
NB = 10 

(d) With Inter-cell Relaying 
NB = 10 

Figure 7.2. Data rate (R) per call achieved in target cell and B1 cells 
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Figure 7.2 shows the benefits gained from relaying calls from heavily loaded cell 

to adjacent lightly loaded ones by comparing the data rates achieved in the target cell and 

the B1 cells with and without relaying to neighboring BSs. In Figure 7.2a and b, the 

number of calls in all cells surrounding the target cell is 20, while in Figure 7.2c and d, 

this number is decreased to 10. This shows the effect of the change in load in the adjacent 

cells on the achieved data rate inside the target cell and how it can affect the achievable 

rates when relaying calls to neighboring cells.  

From Figure 7.2a and c, it can be seen that calls inside the target cell are allocated 

data rates just above the minimum in both scenarios when no relaying is done. These data 

rates are much lower than the rates allocated to calls inside neighboring cells in the same 

scenario. In fact, the data rate in the neighboring B1 cells is more than double that in the 

target cell in all scenarios except one scenario when single-hop mode is used and NB = 

20. It can even be noticed that the data rate in B1 and B2 cells is more than  

4 times the rate achieved inside the target cell, when the number of calls inside the 

neighboring cells decreases to 10 calls. The data rate in B2 cells is not shown here, but it 

can be estimated to be higher than the data rates in B1 cells. B2 cells have the same load 

as B1cells, which means intra-cell interference is equal in both types of cells. B1 cells 

have a heavy loaded neighboring cell (The target cell). This means that the inter-cell 

interference at B2 BSs has to be lower than at B1 BSs, which results in lower total 

interference at BSs of B2 cells. Hence, data rates allocated inside these cells have to be at 

least slightly higher than that in B1 cells.  
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Allocation of data rates varies among users. A user may be allocated lower data 

rates only because this user is residing in a heavily loaded cell. In some scenarios, the rate 

reduction can reach 75% of what is allocated to users in neighboring cells. This illustrates 

the importance of inter-cell relaying to achieve more fairness between users of the same 

network.   

Looking at Figure 7.2b and d, where calls are relayed from the heavily loaded 

target cell to the BSs of the lightly loaded neighboring B1 cells, it can be noticed that the 

data rate in the target cell increases while it decreases inside the B1 cells compared to the 

case when no relaying to neighboring BSs is performed. The difference between the data 

rate achieved in the target cell compared to that achieved in B1 cells decreases. When  

NB = 20, the data rate in the target cell and B1 cells is almost the same when using 2, 3 or 

4 discs. This results in more fairness among users. Fairness among users can be studied 

using the variance of the data rate per user. The variance of the data rate per user is 

shown in Table 7.2 for all four scenarios. From the results in the table and Figure 7.2, it 

can be noticed that the fairest scenario is the one in Figure 7.2b. In this scenario, the 

number of requested calls in B1 cells is 20. Even without inter-cell relaying, the data 

rates achieved in different cells are close as can be seen in Figure 7.2a. Using inter-cell 

relaying from the target cell to adjacent B1 cells, the data rates allocated to users inside 

the target cell are increased and become almost equivalent to data rates allocated inside 

B1 cells. It can be seen that the variance is almost zero, when the number of discs is 2, 3 

and 4. The variation in number of calls in different cells is not too large for inter-cell 
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relaying to overcome. This fairness is an attractive benefit gained from using multihop 

relay to neighboring cells. 

Table 7.2. Variance of allocated data rate per user 
No maximum data rate is forced 

 NB = 20 NB = 10 

Number
of discs 

No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

1 2.32 2.32 28.51 28.51 

2 5.94 0.03 74.85 0.84 

3 6.31 0.02 79.94 1.34 

4 6.33 0.03 80.37 9.62 

5 6.33 0.72 80.2 26.5 

6 6.33 2.97 80.02 49.63 

 

In Figure 7.2b and d, it can be seen that the data rate in the target cell increases as 

the number of discs increases and gets closer to the data rate inside B1 cells, which 

decreases in the beginning too. At a certain point in the graph, the data rate starts 

decreasing in the target cell while it increases again in B1 cells and the difference 

between the two values starts increasing too. This happens as a result of the shrinking of 

the relaying area as the number of discs increases, which causes a lower potential for 

calls to be relayed to neighboring cells. As a result, although B1 cells has a lower number 

of calls connected to their BSs, they are unable to support more relayed calls because 

there are no more calls inside the relaying area. Another reason behind this increase in the 

difference between data rates allocated in different cell types is the uniform distribution 

of calls assumed. Few calls are available in the relaying area, which means that the 
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optimum load balancing between different types of cells cannot be achieved. To further 

illustrate this situation, the number of non-relayed calls and relayed calls inside the target 

cell and total number of calls connected to B1 BSs are tabulated in Table 7.3. The table 

also presents the total number of calls connected to the BSs of B1 cells in each scenario. 

It can be seen from that table that the number of relayed calls decreases as the number of 

discs increases, even though the neighboring BSs can clearly support more calls. This 

problem can be alleviated by enlarging the relaying area through adding more hops. 

Increasing the density of calls inside the relaying area is not applicable in this situation as 

calls are already there. It is not the same as when it is required to accept as many calls as 

possible, which is the case in the previous sections.  

Table 7.3. Detailed number of supported calls 

 NB = 20 NB = 10 

Number 
of discs 

Non-relayed 
calls 

Relayed calls 
per B1 BS 

Calls  
per B1 BS 

Non-relayed 
calls 

Relayed calls 
per B1 BS 

Calls 
per B1 BS 

1 40 0 20 40 0 10 

2 22 3 23 16 4 14 

3 22 3 23 16 4 14 

4 22 3 23 22 3 13 

5 28 2 22 28 2 12 

6 34 1 21 34 1 11 

 

It can be noticed that the data rate in the target cell becomes higher than that in B1 

cells at some point in Figure 7.2b. This can be explained by the numbers shown in  

Table 7.3 . It can be seen that the number of calls connected to each B1 BS is larger than 

the number of non-relayed calls inside the target cell. Higher interference at B1 cells is 
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experienced, resulting in lower data rates. The first condition for relaying prevents the 

total number of calls connected to any B1 BS from exceeding the number of calls 

connected to the BS of the target cell. In the results shown, calls connected to each B1 BS 

are more than those connected to target BS, because all B1 cells are treated as one unit. 

Hence, one more call is relayed to every adjacent B1 cell as long as the number of calls 

inside the target cell is larger than that inside the B1 cells and the number of relayed calls 

is still less than the maximum number of calls inside the relaying area.  

The situation is different in the case when 2 discs are used and NB = 20. It can be 

noticed that although the number of non-relayed calls connected to the BS of the target 

cell is more than the number of calls connected to each B1 BS, the data rate of calls 

connected to the BS of the target cell is still less than that of calls connected to B1 BSs. 

This can be explained by the fact that using 2 discs means that the distances signals travel 

are still fairly large and the relaying area is large too. Despite the fact that 18 calls are 

relayed to the 6 adjacent B1 cells, these 18 calls reside inside the area of the target cell 

and are still close enough to its BS. These calls still produce high interference at the BS 

of the target cell. 

Looking at Figure 7.2, it is shown that the data rate increases for calls connected 

to BS of the target cell, while it decreases for calls connected to BSs of B1 cells. This is 

good for increasing fairness among the network users as can be seen in Table 7.2. It is 

important to study the effect on the average data rate per user and consequently the total 

data rate allocated to all users. These values are tabulated in Table 7.4. 



 

154 

 

Table 7.4. Average and total allocated data rate (bps) 
No maximum data rate is forced 

 NB = 10 NB = 20 

 No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

Number 
of dscs 

Average data 
rate per call 

Total  
data rate 

Average data 
rate per call 

Total  
data rate 

Average data 
rate per call 

Total  
data rate 

Average data 
rate per call 

Total  
data rate 

1 12.24 K 1.22 M 12.24 K 1.22 M 7.88 K 1.26 M 7.88 K 1.26 M 

2 16.3 K 1.63 M 17.42 K 1.74 M 9.88 K 1.58 M 9.75 K 1.56 M 

3 16.58 K 1.66 M 17.43 K 1.74 M 9.97 K 1.6  M 9.92 K 1.59 M 

4 16.57 K 1.66 M 16.3 K 1.63 M 9.95 K 1.59 M 9.92 K 1.59 M 

5 16.54 K 1.65 M 16.33 K 1.63 M 9.93 K 1.59 M 9.9 K 1.58 M 

6 16.52 K 1.65 M 16.4 K 1.64 M 9.9 K 1.59 M 9.9 K 1.58 M 

 

From the table, it is noticed that the average data rate per user and the total 

allocated data rate are similar whether some calls are relayed to supporting B1 BSs or 

not. Sometimes, these values are even lower when calls are relayed to neighboring BSs. 

This means that not much is gained in the overall capacity of the network. Sometimes, 

the overall capacity is even decreased. This is a deceiving observation because of the 

assumptions made in the calculations. The issue here is that no maximum data rate is 

assigned to users. This is usually not the case in practice. Network operators usually 

enforce an upper limit on data rate per user. We will apply this to the calculations by 

assuming that there is an upper limit on the rate allocated to any single user. This limit is 

assumed to be 9.6 Kbps (Rate in IS-95specifications [72]) as an example value. Note that 

when data rate is calculated to be higher than 9.6 Kbps, the assigned value will still be 9.6 

Kbps. The number of non-relayed calls and relayed calls is still the same as in Table 7.3. 
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The only change expected over the results in Figure 7.2 is that all values above 9.6 Kbps 

are truncated to 9.6 Kbps. The new data rates allocated per call when maximum data rate 

is enforced are shown in Figure 7.3. 

 

(a) No Inter-cell Relaying 
NB = 20 

(b) With Inter-cell Relaying 
NB = 20 

(c) No Inter-cell Relaying 
NB = 10 

(d) With Inter-cell Relaying 
NB = 10 

Figure 7.3. Data rates (R) per user achieved in target cell and B1 cells 
when maximum data rate is forced 
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From Figure 7.3, it can be seen that the difference between the data rates allocated 

inside the target cell and its neighboring B1 cells is decreased for all scenarios compared 

to Figure 7.2. The reason is the enforcing of maximum limit on data rate per call. It is 

also noticed that the data rate in B1 cells is always the maximum allowed rate (9.6 Kbps) 

except in one case. This is the case when single-hop mode is used and the number of calls 

in neighboring cells is 20. Comparing the results when relaying to neighboring BSs is 

done to the results with no relaying to neighboring BSs, it can be seen that the data rates 

inside B1 cells do not change. The data rates in the target cell on the other hand increases 

when using relaying to neighboring BSs. It should be noted in Figure 7.3b and d that in 

most scenarios maximum data rate can be allocated to users in both the target cell and B1 

cells at the same time. This achieves a higher level of fairness among users in different 

cells and emphasizes the advantage gained from load balancing among cells using 

multihop relaying to neighboring BSs. Again, maximum data rate is not achieved in the 

target cell when more than 4 discs are used because of the limited relaying area which 

decreases the number of possible relayed calls. Also, the increase in number of discs 

results in more interference resulting from the extra relaying MTs. To elaborate more on 

these results, the variance of data rate, average data rate per user and total allocated data 

rate are respectively tabulated in Table 7.5 and Table 7.6.  
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Table 7.5. Variance of allocated data per user 
when maximum data rate is forced 

 NB = 20 NB = 10 

Number
of discs 

No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

1 2.32 2.32 3.65 3.65 

2 2.91 0.01 3.63 0 

3 2.97 0 3.78 0 

4 3.02 0 3.86 0 

5 3.05 0.34 3.9 0.47 

6 3.08 1.53 3.92 2.04 

 

Table 7.6. Average and total allocated data rate per user (bps) 
when maximum data rate is applied 

 NB = 20 NB = 10 

 No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

No Relaying 
to neighboring BSs 

With Relaying 
to neighboring BSs 

Number 
of discs 

Average data 
rate per call 

Total 
data rate 

Average data 
rate per call 

Total 
data rate 

Average data 
rate per call 

Total 
data rate 

Average data 
rate per call 

Total 
data rate 

1 7.88 K 1.26 M 7.88 K 1.26 M 8.04 K 804 K 8.04 K 804 K 

2 8.62 K 1.38 M 9.56 K 1.53 M 8.04 K 804.4 K 9.6 K 960 K 

3 8.61 K 1.38 M 9.6 K 1.53 M 8.01 K 801.2 K 9.6 K 960 K 

4 8.6 K 1.38 M 9.6 K 1.53 M 8 K 799.6 K 9.6 K 960 K 

5 8.59 K 1.37 M 9.33 K 1.5 M 7.99 K 798.8 K 9.17 K 917.29 K 

6 8.59 K 1.37 M 8.96 K 1.43 M 7.98 K 798.4 K 8.57 K 857.37 K 

 

In Table 7.5 and Table 7.6, the benefits of relaying calls from heavily loaded cell 

to less loaded ones using multihop communication are emphasized. Fairness is improved 

among users. It is shown that when the demand is less than the maximum capacity of the 
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network, complete fairness is achieved by giving all users the maximum allowed data 

rate. This is shown in Table 7.5, where the variance of the data rate per user is zero, 

which means that all users are allocated the same data rate when calls are relayed to 

neighboring BSs for load balance. This is not the case in the first row and the last two 

rows. The first row is the single-hop case. In this case, load balancing cannot be achieved 

using multihop relaying. The value of variance is large, which shows that there is 

unfairness among users. In the last two rows, as mentioned above, the relaying area is 

small and load balance is not completed. This again can be alleviated by allowing larger 

relaying area. Also, the total allocated data rate is increased using relaying to neighboring 

BSs. It can be seen in Table 7.6 that total allocated data rate is always larger when calls 

are relayed to adjacent BSs. Although this increase is insignificant, it is enough to 

allocate all users their maximum requested data rate according to the network 

specifications. In the last two rows, again the maximum data rate is not achieved because 

of the limit on the relaying area. Despite this fact, the average allocated data rate per user 

approaches the maximum data rate and is still higher than the data rate allocated when no 

relaying to supporting BSs is performed.  

7.3 Summary 

In this chapter, we identified yet another two advantages claimed to be gained 

from using multihop communication in CDMA cellular networks. We analyzed the 

possibility of congestion relief and load balancing in CDMA cellular networks using 

inter-cell relaying.  
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We evaluated the potential capacity increase in a congested cell through an inter-

cell multihop relay that diverts calls from the congested cell to BSs of lightly loaded 

adjacent cells. For calls to be relayed, interference levels have to be kept under 

predetermined thresholds at the BS of the congested cell as well as at the supporting BSs. 

Increasing the number of calls supported inside the target cell is then bounded by the 

interference experienced. We performed an analytical optimization to determine the gains 

in the capacity of congested cells. Our results show that the number of calls supported 

inside a congested cell can be increased to 5 times the number of supported calls in 

single-hop case.  

We extended the analysis to study the effect of load balancing when network is 

not at an imminent risk of congestion. We showed that multihop relay can be used to 

relay calls from heavily loaded cells to less loaded ones to balance the load among 

different cells. We demonstrated that fairness is improved by the load balance. 

Additionally, users can be allocated the same data rate in all cells using inter-cell 

multihop relay, in contrast to the single-hop case, where some users are allocated data 

rates which are 75% lower than data rates of other users in adjacent cells. Moreover the 

total data rate allocated in the network can be increased.  
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Chapter 8 

QoS Provisioning through Rate Adaptation 

The rapid growth of wireless networks allows the support of a large variety of 

applications, including multimedia applications. Multimedia applications are normally 

adaptive and can function over a wide range of data rates [18], [74]. Taking advantage of 

such adaptability, rate adaptation has been proposed to deal with the limited resources of 

wireless networks [19]. When networks are lightly loaded, applications can be granted 

high data rates. When networks are saturated, rate adaptation decreases the assigned data 

rate to accommodate more users or maintain quality of active calls within pre-determined 

requirements. Rate adaptation in CDMA networks has been extensively studied [19], 

[20], [21]. However, rate adaptation is yet to be studied in multihop CDMA networks.  

In this chapter, we analyze rate adaptation in multihop CDMA networks with 

multiple classes of service. We quantify the interference resulting from each class 

separately. Each class has required minimum QoS defined by minimum data rate and 

maximum BER. Based on the requirements of each class and the interference resulting 

from ongoing calls of each class, achievable data rate and BER for each class are 

determined. We quantify the level of degradation required for a given class to achieve a 

desirable QoS of the other class. 

Maintaining a certain data rate and BER also requires power adjustment. To this 

effect, we propose a generic rate adaptation and power adjustment (RAPA) scheme. The 

scheme adapts the quality of classes within pre-determined thresholds. The operation of 
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the scheme is illustrated through example. 

8.1 Classes of Service 

In the analysis of this chapter, rate adaptation is considered in a network with 

multiple classes of service. The quality of different classes has to be identified. The 

properties of multiple classes of service used in the analysis in this chapter are explained 

in this section 

Each class C has a minimum required data rate (RThC) and a maximum threshold 

for BER. In CDMA networks, a maximum BER can be guaranteed by keeping Eb/I0 of 

signals higher than a certain threshold. This implies that for each class C, a minimum 

threshold (τThC) for Eb/I0 has to be set. Class C calls are granted data rate RC, which is 

naturally higher than or at least equal to RThC and bit energy to interference ratio τC higher 

than or equal to τThC. 

We also define a power budget threshold (SThC) for class C. The total transmission 

power of all hops of a call of class C must be lower than SThC. For each class, a value for 

required power of received signal (SC) is defined. This value is different for different 

classes based on their respective data rate and BER. This value is greater than SR, which 

is the minimum required power for the correct operation of electronics inside receivers.  

We assume that perfect power control is in effect, which means that all calls are 

received with their class designated received power (SC). In other words, Eb/I0 is the same 

for all calls of the same class and it can be calculated by  
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where STot is the total received power. For QoS guarantees, Eb/I0 of all class C calls has to 

be higher than τC. In order to maintain QoS of all active calls, certain conditions have to 

be satisfied. These conditions are summed up as follows 

 

  CCb IE τ≥)/( 0     (8.2)

ThCC ττ ≥ (8.3)

ThCC RR ≥ (8.4)

RC SS ≥ (8.5)

ThC

i

j
jn SS

n

≤∑
= 0

, n = 1, 2… NC  (8.6)

 

where Sjn is the transmission power per hop in disc j for call n, in is the disc where call n 

resides and NC is the number of class C calls. Conditions in equations (8.2) and (8.3) 

guarantee the quality of received signals. Equation (8.4) is the data rate guarantee. 

Condition in equation (8.5) is the received power requirement at receivers. The power 

budget condition is expressed by equation (8.6). 

8.2 System Analysis 

To guarantee QoS, conditions (8.2) – (8.6) must be satisfied at all times. In this 

section, we perform the actual calculation of the variables in conditions (8.2) – (8.6). 

From the description of the classes of service used in the analysis, all the variables 

except the total received power (STot) are determined based on the type of service and its 
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required quality. STot compromises received power from all calls inside the cell (intra-cell 

interference), as well as from calls inside neighboring cells (inter-cell interference). 

Therefore, the total received power at BS can be expressed as 

 

1_
1

6 InterBS
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C
CTot IIS
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+= ∑
=

   (8.7)

 

where IC is interference resulting from all class C calls, CMAX is the number of classes of 

service in the system and IInterBS_1 is inter-cell interference from one adjacent cell. IC can 

be expressed as 
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where NCi is the number of calls of class C in disc i, which depends on call distribution 

and ICi is the average interference caused by a call of class C in disc i including all hops. 

We assume a uniform call and nodal distribution in these calculations. Total interference 

from one call n in disc in is the sum of interference caused by all its hops, which using the 

propagation model in equation (3.1) can be expressed as 
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where djn is the distance from transmitter to BS.  
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Since complete power control is assumed, transmission power depends on the 

distance from transmitter to receiver. The average transmission power per hop can be 

calculated by integrating over the area where its receiver can reside. This area is the 

intersection area between its transmission range and the next disc closer to BS. The 

calculation of transmission power has been performed in Section 4.1.2. Using the average 

transmission power and integrating over the area of each disc, an average interference 

resulting from a call of class C in disc in can be represented as  
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jCCi IhopSI
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where Ihopj is the average interference caused by a hop in disc j normalized by the 

received signal of its class (SC). Substituting in equation (8.7), the total received power 

yields 
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where NB is the number of calls in neighboring cells and IInterBS_U is the average inter-cell 

interference per call in neighboring cells under uniform distribution. Substituting 

equation (8.11) in equation (8.1) yields  
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It can be seen that conditions in equations (8.2) – (8.6) can be satisfied by varying 

the required power of received signal (SC), the data rate (RC) or the granted bit-energy to 

interference ratio (τC) of one class or both. We remark that all values of required received 

power in equation (8.12) are defined in terms of SR. Using this fact SR is removed from 

the whole equation. 

8.3 Rate Adaptation and Power Adjustment 

In this section, we study rate adaptation and power adjustment in multihop 

CDMA networks. When cells are lightly loaded, the network controller grants high data 

rates to calls as long as their quality is maintained. When the system reaches saturation 

and the required quality cannot be satisfied, rate adaptation and power adjustment are 

applied. At saturation point, the network controller determines to decrease the data rate 

(rate adaptation) of one class as long as they are above threshold values. Decreasing data 

rate of a call increases its processing gain. Processing gain is the ratio of the total 

bandwidth of the spread signal (W) to the data rate (R). Processing gain determines the 

tolerance of signals to interference. As processing gain increases, signals are more 

tolerant to interference. If the data rate cannot be decreased, the system can decide to 

keep the calls with a lower quality which means higher BER if the nature of calls permits. 

In our results, and without loss of generality, we consider two classes of calls. 
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Class I (C1) has higher QoS than class II (C2). This means that C1 has higher RThC and 

τThC values. To guarantee QoS, a higher power budget (SThC) is assigned for C1 calls. 

Finally, S1 can be higher than S2 too. 

From equation (8.12), we can deduce that if two traffic classes have the same 

received power, both can reach the same data rate with the same BER. The capacity of 

the cell is limited by the data rate and BER of the higher class. Note that for a higher 

class to have higher QoS, its received power needs to be higher. 

For the purpose of this analysis we study a cell at saturation point as rate 

adaptation is only performed then. The number of users in this situation is calculated by 

assuming that all users are transmitting using an 8 Kbps data rate and that the minimum 

Eb/I0 is 5 (7 dB for BER < 10-3 as in IS-95 standards [72]). We assume neighboring cells 

are lightly loaded (NB = 10) and no rate adaptation or power adjustment is applied in 

neighboring cells. This means that they are using minimum acceptable received power 

(SR). The average inter-cell interference per call (IInterBS_U) is calculated as shown in 

Section 4.2 to calculate inter-cell interference for uniform distribution. Substituting these 

values in equation (8.12), the maximum number of supported calls at 8 Kbps is found to 

be 28. The radius of the cell is taken to be 500 m. Results are obtained assuming uniform 

call distribution inside cells. In the rest of the section, we study the degradation of one 

class to achieve the requested QoS of the other class. 

 

 



 

167 

 

8.3.1 Effect of Data Rate 

We consider the case when both classes have a strict BER (i.e. τC  = τThC = 5). 

Data rate of C2 is flexible as long as it is above a certain threshold value (RTh2 = 4 Kbps). 

We assume that C1 has a strict data rate (R1 = RTh1). We change RTh1 and study the 

degradation of the assigned rate of C2 in order to maintain rate of C1 calls. The data rate 

of C1 calls is plotted versus that of C2 calls in Figure 8.1. Different curves represent 

different ratios of number of C1 calls to that of C2 calls. 

 

 

Figure 8.1. Effect of rate adaptation of C2 on data rate of C1 
 

From equation (8.12), it can be seen that to increase C1’s data rate, the ratio of the 

required received power of C1 to that of C2 has to increase. This results in increasing 
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consequently increasing its processing gain (W/R) to tolerate more interference. This is 

shown in Figure 8.1. As the data rate threshold of C1 increases, the achievable data rate 

of C2 decreases. Similar trend is observed for different ratios of number of C1 calls to C2 

calls. The point where all curves intersect is the case with no rate adaptation or power 

adjustment. Therefore, calls from both classes can be granted the same data rate. The 

dotted line represents the threshold for data rate of C2 (RTh2). No more rate degradation 

can be offered after this point. The intersection between this line and each curve 

represents the maximum data rate that can be granted to C1 in each case. It can also be 

observed that as the ratio of C1 calls to C2 calls increases, the decrease in C2 data rate is 

more significant. To achieve the same data rate for C1 calls, C2 calls data rate has to be 

decreased more when the ratio of C1 calls to C2 calls is higher. This is explained by the 

higher required received power for C1 calls compared to that needed for C2 calls. The 

increase in number of C1 calls means more calls need high received power, increasing 

the interference experienced by C2 calls, which have lower received power.  

8.3.2 Power Budget 

As aforementioned, in order for C1 calls to achieve higher data rates, their 

required received power has to be increased compared to that of C2 (S1 > S2).  In  

Figure 8.2, we plot the required increase of received power of C1 compared to that of C2 

(S1/S2) against data rate of C1 to show that the increase of C1 data rate achieved above 

comes on the expense of higher transmission power. Again, different curves are for 

different ratio of number of C1 calls to C2 calls. 



 

169 

 

 

Figure 8.2. Power increase of C1 

 

From Figure 8.2, it can be seen that to increase the data rate of C1 calls, their 

transmission power has to be increased. It can be noticed that for lesser numbers of C1 

calls, less power is needed because of less interference caused by C2 calls. It should be 

noted that although increasing transmission power allows the increase of data rate, a limit 

on the allowed power increase has to be enforced. When transmission power of one class 

is increased, it results in higher interference, and hence lower quality (R or Eb/I0), to the 

other class. Even if the quality of the other class is maintained, increasing transmission 

power results in higher interference, i.e. decreased capacity, at neighboring BSs. In 
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0

1

2

3

4

7 9 11 13 15 17

S1
/S

2

Rate of class 1 (Kbps)

N1/N2 = 0.5 N1/N2 = 1 N1/N2 = 2



 

170 

 

the condition of power budget per call in equation (8.6). Although in Figure 8.2, a data 

rate higher than 15 Kbps can be reached by C1 calls, this may not be allowed due to 

power budget based on the position of C1 calls. 

8.3.3 Effect of BER 

The nature of a call determines the required quality. Some calls may require a 

strict data rate but can tolerate higher BER, viz. voice calls. In the case studied here, C2 

can tolerate high BER (τTh2 = 4), as long as it is granted a certain data rate (R2 = RTh2 = 

4Kbps). C1 has a strict BER (τ1 = τTh1 = 5). We calculate the achieved Eb/I0 for C2, to 

guarantee a certain data rate (R1) for C1. In Figure 8.3, we plot the granted data rate of C1 

versus the achieved Eb/I0 of C2. Different graphs are for different ratio of number of C1 

calls to C2 calls.  
 

 

Figure 8.3. Effect of Eb/I0 on data rate of C1 
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From Figure 8.3, it can be seen that higher data rates can be granted to C1 calls, 

but at the expense of higher BER of C2. The dotted line represents the minimum accepted 

Eb/I0 of C2 calls (τTh2). Again, higher data rates of C1 can be achieved when fewer C1 

calls exist. It should be noted that higher transmission power of C1 calls may be required 

and will be subject to the limit on transmission power budget. 

From the results in this section, it is seen that higher QoS of one class (i.e. higher 

data rate or less BER) can be achieved by decreasing the data rate or increasing the BER 

of the other class. This has to be accompanied by increasing the transmission power of 

the higher class compared to that of the lower one. Based on the equations in previous 

sections and the results in this section, a rate adaptation and power adjustment 

mechanism can be devised. 

8.4 Illustration of Rate Adaptation 

In this section, we propose a generic rate adaptation and power adjustment 

scheme (RAPA) for multihop CDMA cellular networks. From equation (8.12), it can be 

seen that if both classes have the same received power SC, they can both reach the same 

quality (data rate and BER). The limit is usually the class with higher quality 

requirement. To grant higher quality to one class its received signal must be higher than 

that of the other class. Based on the ratios of data rates, received signals and required 

BERs of the two classes, the quality of one class is the limit. If interference increases, 

Eb/I0 of this class decreases below the granted value τC. At this point, rate adaptation and 

power adjustment module has to be invoked to regain the quality of both classes. Next, 
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we present the detailed proposed scheme and illustrate its operation by an example. 

8.4.1 Proposed Scheme 

The goal of RAPA is to maintain the quality of active calls within pre-determined 

thresholds. It does so by trying to satisfy the conditions defined in equations (8.2) – (8.6). 

Since C1 has higher priority than C2, RAPA attempts to maintain the quality of C1 calls 

as high as possible. Only when no more degradation in C2 performance is possible, the 

scheme degrades the performance of C1. As long as Eb/I0 of one class is lower than its 

assigned value (τC), the scheme keeps degrading the performance of calls. The scheme 

decides the required action based on which class quality has fallen below assigned value, 

data rate and Eb/I0 of both classes. Pseudo code of RAPA is shown in Figure 8.4. 

 

  
Figure 8.4. Pseudo code for RAPA scheme 

RAPA
While (Eb/I0)1 < τ1 or (Eb/I0)2 < τ2)
L1: If ((Eb/I0)1 < τ1)
L2: If (C1 power budget not exceeded)

and ((Eb/I0)2 > τ2 or τ2 > τTh2 or R2 > RTh2)
L3: Increase S1
L4: Else if R1 > RTh1
L5: Decrease R1
L6: Else if τ1 > τTh1
L7: Decrease τ1
L8: Else
L9: Failure: QoS cannot be satisfied. Exit loop
L10:      If ((Eb/I0)2 < τ2)
L11: If R2 > RTh2
L12: Decrease R2
L13: Else if τ2 > τTh2
L14: Decrease τ2
L15: Else if (R1 > RTh1 or τ1 > τTh1)
L16: Decrease S1
L17: Else
L18: Failure: QoS cannot be satisfied. Exit loop
End While
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The scheme tries to maintain the quality of C1 calls at the highest possible level. 

When the system is congested, the scheme attempts to degrade C2 calls first by 

decreasing its data rate then increasing its BER. When C2 calls are performing at their 

minimum acceptable QoS, the scheme tries degrading the quality of C1 calls within its 

limits. 

8.4.2 Operation of Scheme 

In this section, the operation of RAPA is illustrated by an example. Each class can 

have strict or adaptable data rate. It can also have either a strict or tolerant BER. The 

combination of these characteristics results in a number of different cases. Due to 

limitation in space, we will illustrate only one case here. C1 has a strict rate and BER. C1 

calls can operate at only one value of R1 and τ1. C2 has adaptable data rate and BER 

tolerant. Translating this into equations yields 

 

11 ThRR =   (8.13)

11 Thττ =   (8.14)

22 ThRR ≥   (8.15)

22 Thττ ≥   (8.16)
 

We assume that the cell under study is operating at some saturation point based on 

data rate and BER of both classes. The trigger that activates RAPA scheme is when Eb/I0 

of one class or both is lower than the assigned value. The proposed scheme is a reactive 
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adaptation scheme. It tries to regain the quality of calls already in the system when their 

quality falls below thresholds. The number of calls inside the cell does not change during 

the example. Triggers happen due to increase in total interference. Total interference 

inside a cell can increase even with no increase in number of calls inside the cell or their 

transmission power. For instance, it was shown in Section 4.3 that in multihop CDMA 

networks, intra-cell interference can increase due to movement of active MTs toward cell 

borders. If a MT moves from one disc to the next one away from BS, one more hop is 

needed. This results in more interference at the BS. Also, inter-cell interference can 

increase, which results in an increase in the total interference inside cell. Inter-cell 

interference can increase due to increase in number of calls in neighboring cells or 

movement of active MTs in neighboring cells closer to the cell under study. Neighboring 

BSs can themselves apply power adjustment, increasing transmission power of some calls 

and causing higher inter-cell interference. The values used in the example are shown in 

Table 8.1. These values are for illustration purposes only. The data rate and Eb/I0 of both 

classes are traced in Figure 8.5. 

The x-axis represents the timeline of events occurring and actions taken by 

RAPA. Event I means an increase in interference occurred. Event Li refers to the action 

taken by RAPA (Li is the line number in the scheme in Figure 8.4). 

 

Table 8.1. Values of parameters used in example 
RTh1 10 Kbps τTh1 5 N1 17 
RTh2 8 Kbps τTh2 4.5 N2 5 
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Figure 8.5. Illustration of RAPA operation 

 

At time T0, no rate adaptation or power adjustment is applied. Both classes are 

using minimum acceptable received power (SR). C1 calls are operating at their requested 

quality (R1 = 10 Kbps and τ1 = 5). Since capacity permits, C2 calls are granted data rate 

higher than RTh2 (R2 = 9 Kbps) and higher τ2 (τ2 = 5). Eb/I0 of both classes is higher than 

their assigned values (τc). At time T1, Total interference increases, resulting in (Eb/I0)1 

falling below τ1. This event triggers the scheme and makes condition in line L1 true. 

(Eb/I0)2 is higher than τ2, this makes the condition in line L2 true as well. Definitely, 

power budget is not exceeded at this point, since C1 is using SR. The scheme decides to 

increase S1, increasing (Eb/I0)1 to exceed τ1. At time T3, total interference increases once 

again repeating the same scenario. This time when the scheme increases S1, the resulting 
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interference drops (Eb/I0)2 below τ2. At this point, conditions in lines L10 and L11 are 

true. The scheme decides to decrease C2 data rate (R2) to maintain assigned BER (τ2 = 5). 

Another increase in interference at time T6 results in dropping (Eb/I0)2 below τ2 again. 

Data rate of C2 is decreased again. At time T8, the increase in interference this time 

drops (Eb/I0)1 below τ1. The scheme increases S1 one more time, increasing total 

interference on C2 calls. We assume that power budget is still not exceeded for C1. 

(Eb/I0)2 drops below τ2 once again. At this point although the scheme decreases R2 to its 

threshold value (RTh2), (Eb/ I0)2 is still below τ2. At this point the scheme decides to 

decrease τ2. After T11 whenever interference increases, (Eb/I0)2 drops below τ2 and the 

scheme decreases τ2 until it reaches its threshold value (τTh2). At T13, interference 

increases once again dropping (Eb/I0)2 below τTh2. At this point, RAPA is unable to 

resolve the situation and it reports failure. At this interference level, minimum QoS of 

active calls cannot be satisfied. At this point, RAPA would start degrading C1 calls, if it 

had flexible QoS. It does not in this example as C1 has strict rate and BER.  

This example illustrates the operation of RAPA. It shows that the scheme 

prioritizes C1 over C2. It degrades C2 calls first. Only when C2 calls cannot be further 

degraded, the scheme tries to degrade C1 calls. Also, it shows that the scheme prioritizes 

low BER to high data rate, as it decreases data rate to its minimum threshold, then it 

decreases the acceptable Eb/I0.  
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8.5 Summary 

In this chapter, rate adaptation and power adjustment are analyzed in multihop 

CDMA networks. We quantify the interference resulting from calls of each class of 

service. Based on the number of calls in each class, the total interference, that the system 

experiences, is determined. Based on the interference and the minimum requirements of 

each class, the data rate and BER of each class are assigned. We show the degradation in 

data rate or sacrifice in BER of one class to maintain a required QoS of the other class. 

We also show that this higher quality is achievable by increasing the required power of 

the higher class.  

For illustration purposes, we proposed a generic rate adaptation and power 

adjustment scheme (RAPA). RAPA attempts to maintain a minimum required quality of 

ongoing calls by degrading adaptable calls. A high-priority class is not degraded, unless 

lower priority classes cannot be further degraded. RAPA also attempts to degrade data 

rates first, and only when no further degradation is possible may it sacrifice BER.  

This chapter is a first attempt to analyze rate adaptation in multihop CDMA 

networks. Using the analysis in this chapter, rate adaptation algorithms can be devised for 

multihop CDMA networks. Also, effective call admission control schemes with rate 

adaptation can be designed.  
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Chapter 9 

Conclusions and Future Directions 

Cellular networks offer wide area coverage for users with high mobility. They are 

based on fixed wired infrastructure consisting of BSs hardwired to a core network. The 

coverage area is divided into small cells, where a BS is responsible for communication in 

each cell. Cellular networks make efficient use of the limited resources by the reuse of 

resources in different cells that are distant enough to prevent interference. Cellular 

networks are well developed and widely used. With the popularity of multimedia 

applications and real time gaming, cellular networks are expected to efficiently support 

these types of applications. Despite the advances, the most recent generation of cellular 

networks, the third generation, continues to suffer from drawbacks resulting from the 

nature of cellular concept, such as congestion, dead spots and load imbalance.  

Another wireless paradigm which does not depend on any infrastructure is based 

on multihop relay. Multihop relay networks rely on MTs to relay signals from sender to 

receiver through multiple hops. This results in short distances for signal to travel as MTs 

need low transmission power to reach only the next MTs in the relaying sequence. Low 

transmission power results in low levels of interference and reduced energy consumption. 

In addition to easy and cheap deployment, these characteristics made multihop relay 

networks attractive and motivated researchers to propose the concept of Multihop 

Cellular Networks (MCNs).  

MCNs combine advantages of multihop relay networks with those of cellular 
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networks into one, more capable paradigm. The purpose of MCN is to overcome inherent 

problems in cellular networks such as congestion and dead spots. In addition to dealing 

with these issues, it is claimed that MCNs have higher capacity than traditional cellular 

networks with reduced energy consumption. Despite the many studies, however, the 

claimed advantages of MCNs have never been rigorously quantified. Such quantification 

is unavoidable if MCNs concept is to reach any standardization or deployment stage. This 

is especially the case in CDMA systems where interference affects the capabilities of the 

network in a dominant manner. The objective of the work in this thesis was hence to 

quantify, through rigorous analysis, the advantages gained through MCNs.  

In this thesis, we presented a comprehensive analytical analysis of MCNs. 

Increasing capacity and reducing energy consumption are essential claims in MCNs. The 

concept of MCNs cannot be considered for practical deployment if the capacity or the 

energy consumption is negatively affected.  We started by quantifying the capacity gains 

in MCNs and analyzing the reduction in energy consumption. We then extended our 

work to study other advantages gained from multihop relaying and investigated the 

possibility of congestion relief and load balancing in MCNs. Finally, we showed the 

viability of applying rate adaptation in MCNs to support multimedia applications. 

9.1 Concluding Remarks 

The claimed advantages of MCNs have been widely accepted despite lack of 

rigorous scrutiny. In this thesis, we analyzed the capacity in multihop CDMA cellular 

networks with the objective of quantifying the increase in capacity caused by utilizing 
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multihop relaying in CDMA cellular networks. CDMA networks are interference-limited. 

For capacity calculation in CDMA networks, interference has to be quantified. We hence 

derived interference formulas independent of whether or not power control is applied at 

relaying terminals. We presented results to show that capacity can be increased by 

multihop relay, even with MTs using fixed transmission power. Capacity can be 

increased by an increase in number of supported simultaneous calls or allocated data 

rates. Our comprehensive capacity analysis covered both uniform and non-uniform call 

distribution, in addition to various network loads. Based on our results, we remark that 

multihop relay is most rewarding in regards of capacity in scenarios where users with 

active calls move toward cell borders.  

In the general domain of wireless networks, reducing energy consumption is vital 

because MTs depend on batteries for their energy supply. We investigated energy 

consumption in multihop CDMA cellular networks in this thesis. The analysis involved 

different transmission cases under different call distributions and loads. We emphasize 

that multihop relay can reduce the average energy consumed per call in CDMA cellular 

networks. Power control decreases energy consumption further but is more effective and 

essential when using smaller number of hops. The dependence of the consumed energy 

level on network environment (i.e. path loss) and hardware of MTs was also illustrated.  

Having quantified the capacity increase and reduction in energy consumption in 

MCNs, we further study other advantages gained from multihop relay in cellular 

networks. Toward this end, we introduced the notion of inter-cell relay, where calls are 
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relayed from one cell to another in response to network conditions. Inter-cell relay can be 

used for congestion relief or load balancing across cells. Using inter-cell relay, new 

interference components are formed and old components are changed. We hence derived 

modified interference formulas to accommodate inter-cell relay and we explored two 

gains achieved from inter-cell relaying.  

The first gain that we demonstrated was that congestion can be decreased by 

inter-cell multihop relay. We used analytical optimization to find the magnitude of the 

capacity gains. When using inter-cell relay, a congested cell surrounded by lightly loaded 

ones can accommodate up to five times the number of calls that can be supported without 

inter-cell relay. Additionally, we explored the gains from performing load balancing in 

multihop environment. The results show that higher fairness among users is experienced 

using inter-cell relay.  

Finally, we examined the application of rate adaptation in MCNs with multiple 

classes of service. As we are studying CDMA networks, the interference had to be 

analyzed. Based on the interference and the minimum requirements of each class, the 

data rate and BER of each class are assigned. We showed that higher quality achieved by 

classes is related to their transmission powers. Consequently, we proposed a generic rate 

adaptation and power adjustment scheme (RAPA). RAPA attempts to maintain the 

quality of calls within the required limits of their class by downgrading adaptable calls. 

RAPA is a first attempt of realizing rate adaptation in multihop CDMA networks.  

The work in this thesis is a comprehensive study of the potential gains of 
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multihop CDMA networks. The work emphasizes on the scenarios where multihop relay 

is most rewarding in CDMA cellular networks. Using these results, networks can be 

operated in one of two modes, single-hop or multihop mode based on network conditions. 

The analysis in this thesis can also be used as a basic for analyzing multihop relay in 

other access technologies.  

9.2 Future Work 

Considerable efforts were made in this work to make it generalized. The choice of 

only considering instances when MTs are performing the actual relaying was hardly  

a limitation. Considerations for dedicated relay stations parallel those made for BSs, and 

their modeling is somewhat a special case of the framework. There is hence great 

potential in applying and building upon this framework. Another consideration is 

integrating the effect of shadowing in the analysis. Extending our work to consider 

shadowing is more involved and will be the subject of future work.  

A first worthwhile effort is to answer the critical questions of when and how to 

use multihop relay in cellular networks. Viewing it as a mode, MCN complements the 

traditional single-hop operational mode. Our work illustrated the network conditions that 

would necessitate engaging and disengaging the MCN mode. However, further 

investigations are required that comprise both networking and non-networking aspects. 

For networking considerations, it is expected that a signaling and processing overhead 

will be associated with engaging the MCN mode. These overheads need to be weighed 

against the capacity and energy gains to be attained. On the other hand, there are basic 
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measures of profitability that operators abide by. Engaging the MCN mode must 

essentially maintain a profitable network operation. An example of such monetary 

aspects includes the fact that some users may need to be compensated for their terminals’ 

battery power expended in relaying. Once these tradeoffs are identified, algorithms can 

hence be designed that facilitate achieving the various operator’s objective. 

The use of relay stations becomes an attractive option to extend network coverage 

in urban areas, especially in indoor environments. Areas with regular high user demand 

can also utilize relay stations. These applications certainly warrant studying relay 

stations. However, a more intricate scenario is when mobile relay stations are used. In 

these scenarios, the relay stations maintain connectivity and relaying while moving. Such 

scenarios have not been studied before in the literature despite their great applicability. 

The increasing demand for high fidelity mobile data services pushed the major 

standardization bodies to seek technologies for the 4G cellular. The IEEE have 

introduced the 802.16 standard, commercially labeled Mobile WiMax, and the 3GPP has 

presented the Long Term Evolution (LTE). A common aspect in these two standards is 

that they both utilize Orthogonal Frequency Division Multiple Access in the downlink 

(OFDMA). For the uplink, LTE uses Single-Carrier FDMA (SCFDMA), while WiMax 

uses OFDMA. Both standards are considering the use of relay stations, both fixed and 

mobile. As an analytical framework, our work can be extended to consider these 

standards.  
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