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Abstract

The main objective of this thesis is to utilize antennas in novel ways so as to achieve per-
formance benefits at the system level through spatial interference management. To this end, we
study CDMA multi-antenna wireless access networks (where the transmission and reception are
through multiple antennas distributed in the service area), and compare their performance with
that of the conventional networks where only one central antenna (CA) exists.

We first demonstrate that by using CDMA distributed antenna (DA), the power control
dynamic range can be reduced significantly; this yields a notable reduction in the outage.

The DA system simulates a hypothetical optimal CA system; therefore, even though the
capacity of a DA system may be considerably higher than that of a CA type, the capacity is still
low per antenna element (AE). In order to overcome this shortcoming, we present the sectorized
distributed antenna (SDA) system, where each AE is connected to a separate feeder. We further
suggest a novel nonlinear power control algorithm which balances the SIR in SDA systems.

We demonstrate analytically and through simulations that in a CDMA SDA system the
reverse link capacity increases approximately linearly with increasing numbers of AE’s. This
increase is still valid, despite the overlapping antenna patterns and non-uniform traffic, due to
the joint decoding (enhanced macrodiversity) capability of the SDA system, and also to the
effective power control algorithm used. Therefore, the reverse link capacity of an SDA system
with L AE’s is higher than that of an L-cell cluster serving the same region.

In order to achieve maximum performance from the SDA architecture, the interference picked
up by an AE for a user should be uncorrelated with those picked up by other AE’s. To this end,
the conditions, under which the correlated interference occurs, are evaluated, and the effects of
the system parameters on the correlation are analyzed.

Finally, AE interconnection strategies are studied in order to determine cost-efficient as well
as robust and flexible interconnection architectures, by using results from the theory of minimal

networks, especially those on Steiner trees.
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Chapter 1

Introduction

Wireless communications have captured the attention of the public, media and industry [2-6].
Clearly, it is, by any measure, the fastest growing segment of telecommunications.

Ounly a decade ago, a few business people or wealthy individuals who had bulky and expensive
vehicular phones would have had access to mobile communications. Today, the cellular phone
has become a widespread consumer product. Also, it is apparent that there is a huge potential
market for data communication services with wireless terminals. The demand for wireless data
communications includes not only fax and e-mail (which is already available to a limited extent),
but also wireless web-browsing and web-based applications. In fact, it is expected that data traffic
of wireless networks will exceed voice traffic in the near future.

Given the pace of development in the wireless industry, it is not easy to anticipate future
wireless services, for instance, those that will be available in twenty years. However, one can
state quite confidently that wireless service providers face many challenges, even in matching the
needs of today’s wireless users.

As far as the service provider is concerned, more and more capacity is required within the
margins of a reasonable infrastructure/deployment cost. From the wireless user’s perspective,
however, the provision of voice communications comparable to wire-line quality, and the avail-
ability of data rates that would comfortably enable web-browsing and web-based applications
are required; moreover, these services should be possible with compact and low-cost wireless
terminals. Finally, an almost ubiquitous radio coverage is essential.

The current wireless systems are far from capable of fulfilling these requirements, and fur-
thermore, there is no single ideal method of implementing a network with such appealing results.
Indeed, there are many different wireless systems, architectures, technologies, and services being
planned or proposed.

This thesis is about code division multiple access (CDMA) multi-antenna systems, where the

transmission and reception are through multiple antennas distributed in the service area. We try



to demonstrate that multi-antenna systems, combined with effective power control algorithms,
yield efficient interference management in CDMA systems.! This results in an improved signal-to-
interference ratio (SIR), or equivalently, an increased capacity. In a system with many antennas,
practical issues of implementation are also of concern. To this end, cost-efficient, robust and
flexible antenna interconnection strategies are also discussed in this thesis.

In Sec. 1.1, a brief overview of wireless access networks (WAN’s) is presented. In Sec. 1.2, the
spatial interference control features of recent CDMA-based WAN’s are addressed. An antenna
system known as the distributed antenna, which is very effective in interference management, is

discussed in Sec. 1.3, and finally, the motivation and outline of this thesis are given in Sec. 1.4.

1.1 Wireless Access Networks

WAN is the interface between the wireless users and the fixed network (such as, the public

switched telephone network [PSTN] or other broad-band networks), as shown in Fig. 1.1. WAN’s
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Figure 1.1: The wireless access network.

interact with existing fixed networks to extend information services to wireless terminals.

Our objective in this section is to explore the relationship between the WAN architecture and
the multiple access interference (MAI), especially in CDMA systems, in order to develop insight
into the techniques that can efficiently reduce the MAI.2

1.1.1 Main Features of Conventional Wireless Access Networks

We use the word conventional to indicate the WAN’s that have been deployed in the last two
decades for cellular mobile radio communications. Such a WAN is illustrated in Fig. 1.2. The

main features of conventional WAN’s are discussed below.

'In this thesis, CDMA refers to direct sequence (DS) CDMA, unless otherwise stated.

2Qnly a limited number of references are given in this section; for a more thorough discussion, the interested
reader can refer to one of the many good books on the subject, such as [7-10] on cellular mobile communications,

and [11-13] on CDMA systems.
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Figure 1.2: Conventional wireless access network.

(a) Cellular Structure: One key concept in conventional WAN’s is the cellular structure.
In order to obtain frequency reuse capability, the service area is divided into cells, and the same
set of resources are reused in different cells that are sufficiently apart from one another, so that
co-channel interference is within tolerable limits. Each cell is covered by a base station (BS)
which is deployed in the center of the cell. The BS antenna is elevated in the order of tens of
meters; this results in the cell radii to be in the order of many kilometers.

(b) Handoff: When the wireless user moves from the coverage region of one BS to that of
another one, the communication is also transferred from one BS to the other one; this process is
known as handoff. The BS’s are connected to a mobile telephone switching office (MTSO) which
is the gateway to the fixed network. The main function of the MTSO is link control; that is, the
control of the handoff processes.

(c) Wireless User — BS Relationship: In conventional WAN’s, each wireless user com-

municates with a particular BS; therefore, there is a many-to-one set relationship between the set
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Figure 1.3: Many-to-one set relationship between the set of wireless users and the set of BS’s.

of wireless users and the set of BS’s, as illustrated in Fig. 1.3. In Fig. 1.3, the solid lines denote
the radio links.
(d) Distributed Processing: One other main feature of conventional WAN’s is that the

processing is distributed in the system. In other words, along with the processes performed in



bulk (such as, amplification), all the signal-specific processing (such as, filtering, modulation, and

detection) is performed at the BS’s. Obviously, this yields expensive BS’s.

1.1.2 Cellular Air-Interface Standards

Before discussing the interference-related issues in conventional WAN’s, we will briefly address
the main cellular air-interface standards in North America and Europe.

The first cellular standard in North America, AMPS (advanced mobile phone system), was
introduced in 1983. AMPS is a frequency-division multiple access (FDMA) -based analog system
which employs frequency modulation (FM). AMPS and similar analog standards are referred to
as first generation (1G) systems.

The next widely deployed cellular standard in North America is IS-54 which was introduced
in 1990. IS-54 is sometimes referred to as digital-AMPS because of its capability of backward
compatibility. Around the same time (in 1991), another standard, GSM (global system for mo-
bile), was introduced in Europe. Both IS-54 and GSM are time-division multiple access (TDMA)
-based digital systems.

Finally, in 1993, IS-95 standard was introduced. IS-95 is also a digital system, but based on
code-division multiple access (CDMA). The digital IS-54, GSM, and IS-95 standards are referred
to as second generation (2G) systems.

Presently, the specifications of the third generation (3G) systems are being discussed. There is
strong indication that the 3G systems will employ wideband-CDMA technique, and are expected
to be deployed early in the next century.

1.1.3 The Nature of Multiple Access Interference in Various Multiple Access

Schemes

In multiple access schemes, since more than one user can utilize the same resource (time or
frequency), MAI occurs. There are two types of MAI, namely, intracell and intercell interference,
and their relative significance differs from one multiple access scheme to another.

TDMA and FDMA are slotted schemes; that is, the resources are allocated to users in a
disjointed manner. In TDMA or FDMA systems, since the orthogonality of the time or frequency
slots in a cell can easily be maintained, the intracell interference can be eliminated completely.
Therefore, in these systems, it is the intercell interference which is the single most important
factor preventing the use of the available time or frequency slots in adjacent cells. Consequently,
the reduction of interference in TDMA or FDMA systems yields a smaller reuse distance, in other

words, a smaller cluster® size.

3A cluster is a set of cells in which all the available bandwidth is utilized. Therefore, a cluster is the main



Clearly, in TDMA and FDMA systems, the interference is from users in other clusters. In a
CDMA system, however, resources are allocated to all simultaneous users (this yields a cluster
size of 1). Therefore, each user in the system contributes to the background noise affecting the
other users.

The forward? link of a cellular system constitutes a one-to-many (broadcast) channel, and the
reverse link, a many-to-one (multiple access) type. However, because of the disjoint allocation of
channels and the maintenance of orthogonality in FDMA and TDMA systems, both the forward
and reverse links are, indeed, composed of many one-to-one channels. Similarly, in the forward
link of a CDMA system, through the use of synchronization and orthogonal spreading codes, the
orthogonality can be maintained; so the forward link of a CDMA system is also composed of
many one-to-one channels. On the other hand, synchronization in the reverse link of a CDMA
system is, in general, very difficult. As a result, all the users interfere with one another; in other
words, the reverse link of a CDMA system constitutes a truly many-to-one channel.

Interference management is very important in cellular systems regardless of the multiple access
scheme used. After all, it is the level of interference that determines the frequency reuse efficiency.
However, it should be emphasized that the concept of interference management is fundamentally
more important for CDMA systems than for FDMA and TDMA types — this applies especially
in the reverse link of an asynchronous CDMA system, because of the many-to-one nature of the
multiple access channel, as discussed above. Any reduction in MAI, in a CDMA system, yields
a direct increase in the capacity. Interference reduction also yields a capacity increase in FDMA
and TDMA systems, but this increase is not as significant as that in CDMA types.

In the next section, spatial processing features of recent WAN’s, which yield efficient interfer-

ence reduction, are discussed.

1.2 Spatial Interference Control Features of Current CDMA-
Based WAN’s

The conventional WAN architecture discussed in the previous section was originally designed for
FDMA systems. Later on, when TDMA systems were introduced, they also used the same WAN
architecture. In time, when greater capacity and better coverage were required, smaller cells
with less elevated antennas have been deployed. The deployment of even smaller cells, which are

referred to as microcells, has been discussed in the literature for a significant period [14,15]. It

building block in constructing the frequency reuse pattern. In FDMA and TDMA systems, cluster sizes of 4 and

7 are commonly used.

*The forward link is defined as the radio link from the BS to the wireless users, and the reverse link is that from

the wireless users to the BS.



is worth noting, however, that despite the smaller cell size and less elevated BS antennas, the
microcellular systems have essentially the same architecture, and thus the same features, as the
conventional WAN’s discussed in Sec. 1.1.1.

The conventional WAN architecture does not have rigorous spatial processing capability, which
is very effective in interference reduction in CDMA systems. Because of this fact, with the stan-
dardization of CDMA with IS-95, some modifications were made in the conventional WAN archi-
tecture to introduce spatial processing features.® Although the scope of these modifications were
limited, they resulted in significant capacity enhancements in IS-95 based systems. A summary
of the major spatial interference control features of such WAN’s are discussed below.

(a) Sectorized Antennas: By employing (360/p)° sectorized antennas (p is a positive
integer), MAI can be reduced approximately p times, and thus the capacity can be increased
approximately p times.® Sectorized antennas are also effective in FDMA and TDMA systems; by
employing 120° (p=3) sectorized antennas, the cluster size can be reduced from 7 to 4. However,
it should be noted that the resulting increase in capacity (1.75 times) is still significantly lower
than that (3 times) in a CDMA system.

(b) Soft Handoff: In the reverse link of a CDMA system, during the process of handoff,
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Figure 1.4: Limited many-to-many set relationship between the set of wireless users and the set

of BS’s, in a cellular system with soft handoff.

the wireless user may communicate with two or more BS’s simultaneously; this process is known
as soft handoff. Soft handoff is a unique capability of CDMA systems; such a concept does not
exist in FDMA and TDMA systems. In a system with soft handoff, there is a many-to-many set
relationship between the set of wireless users and the set of BS’s, as shown in Fig 1.4, unlike the
many-to-one type in the conventional WAN’s (see Fig 1.3). In Fig 1.4, the solid and broken lines
denote the permanent and temporary radio links, respectively.

(c¢) Antenna Arrays: By using an array of collocated antenna elements (AE’s), the antenna

radiation pattern can be electronically steered, so that the main lobe and the nulls of the radiation

5During the course of time, some of these modifications have also been adapted for FDMA- and TDMA-based

systems.

6The increase in capacity will, however, be less than p times in practice, because of the imperfections in the

antenna patterns.



pattern can be directed towards the user of interest and the interferers, respectively. Obviously,
this scheme yields substantial enhancements in SIR values [16-18].

(d) Distributed Antennas: A distributed antenna (DA) system also employs many AE’s,
but these AE’s are distributed throughout the cell, unlike an antenna array where the AE’s
are located only a few wavelengths apart. The DA structure is radically different than the
conventional BS antenna type. Since DA and its derivatives constitute the main topics of this
thesis, this antenna structure is discussed in detail in the next section.

Power control algorithms (which are essential in CDMA systems), as well as advanced signal
processing techniques, such as multiuser detection, are not included in the above list, since the
improvements obtained from these techniques do not result directly from the spatial processing

features of the WAN architecture.”

1.3 Distributed Antenna Systems

In mid-1950’s, it was accidentally discovered that an imperfectly shielded wire radiates contin-

uously. This was the origin of leaky feeder techniques [shown in Fig. 1.5(a)], which were used
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Figure 1.5: (a) Leaky feeder. (b) Distributed antenna.

without being entirely understood for about 20 years [19,20]. Leaky feeders have found wide
usage in subsurface communications, such as in mines and tunnels, in order to achieve simple
coverage. Recently, leaky coaxial feeders are being considered for road vehicle communications
in intelligent transportation systems [21].

DA is the discrete version of the leaky feeder structure. Because of the significant conceptual
differences between the narrowband DA and CDMA DA systems, these two types are discussed

separately.

"Power control will be discussed in great detail in Ch.s 2 and 4.



1.3.1 Narrowband DA Systems

In a DA system, many simple omni-directional AE’s are coupled to a common feeder, as shown
in Fig. 1.5(b), and the same signal is transmitted from (and received by) all of these AE’s. This
is generally called simulcasting. There is no signal-specific processing at the AE’s; all of the
processing is performed at a central station (CS).® However, amplification in the feeder and/or
AFE’s would, most likely, be inevitable.?

In a DA system, the AE’s are distributed throughout the cell area; this is in contrast with the
situation in conventional cells where the BS antenna is centralized; we refer to this latter case as
the central antenna (CA) type. Note that the conventional CA system can be thought of as a
special case of the DA type with one AE.

The similarity between leaky feeder and DA is as that between integration and summation.
One main advantage of DA over leaky feeder is that there is more control on the DA structure,
since the radiation is from controlled locations.

Similar to leaky feeder, DA has been employed in environments that are very hostile for radio
propagation, such as tunnels [22-29]. In such early systems, the DA structure was used merely
for coverage in the environments where user density was relatively low, yet extensive coverage
was still required. Saleh et. al.’s paper [30] is, perhaps, the first to analyze the performance of a
DA system in the context of cellular mobile communications. It is worth emphasizing that there
is no need for handoff as long as a user is in the same DA cell. Since then, other studies on
the performance of DA in cellular systems appeared in the literature [31-34], Kerpez’s work [34]
especially is quite comprehensive.

The main shortcoming of DA is the self-interference due to simulcasting in overlapping regions
of the radio coverage. Let us consider the forward link of the DA system shown in Fig. 1.5(b).
When a user is at point A, it receives signals from AE 6; however, when it moves to point B,
it receives signals from both AE 7 and AE 8, and this may cause severe interference (the same
argument is true also for the reverse link).

In environments where the radio propagation is extremely difficult, such as in subsurface areas,
occasional poor performance due to simulcast interference can easily be tolerated, since there are
not many other options. After all, in such environments, the performance of DA would be far
better than that of a conventional BS anyway. In personal communication systems, however, such
performance degradations can hardly be tolerated because of the more stringent quality of service

requirements. Therefore, if DA systems are to be used in cellular WAN'’s, rigorous site-specific

8The word central does not refer to the geographical center of the service area, but rather to the centralized

nature of signal processing. The CS can be located at any convenient place in the service area.

?The practical issues related to deployment and implementation are discussed in detail in Ch. 6.



engineering is required to prevent the occurrence of overlapping regions. Obviously, this is not

very efficient in mass deployment.

1.3.2 CDMA DA Systems

In 1991, Qualcomm researchers Salmasi and Gilhousen developed a bright idea [35]: if CDMA
modulation is used in a DA system, the signals coming from multiple AE’s can be distinguished
by a Rake receiver. This would eliminate the simulcast interference and the related concerns on
site-specific planning.

In fact, the presence of radio links between a user and more than one AE is an advantage.
Theoretically, the user would receive signals from all of the AE’s (although, in practice, only a
few of these signals may be strong enough to make use of), and would utilize them by diversity

combining (the same is true in the reverse link also). Obviously, this is macro diversity which is
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Figure 1.6: CDMA DA system.

effective against not only multipath fading but also shadow fading.'®

A CDMA DA system is illustrated in Fig. 1.6. In order to differentiate the many replicas of
the same signal at the receiver, CDMA modulation is employed, and delay elements are inserted
into the feeder in order to make sure that the time difference between the signals received from
any two AE’s is at least one pseudo-noise (PN) code chip duration. In Fig. 1.6, D indicates the
delay element.'! Tt should be noted that in order to make sure that the signals received by various

AFE’s are distinguishable, the delays introduced throughout the feeder may need to have different

'%Note that although the classical antenna diversity, implemented by collocated antennas, has proven to be very

effective against multipath fading, it cannot offer a remedy against shadow fading.
"1One way to realize the delay elements is through the use of surface acoustic wave (SAW) technology [36].



values [37]. Also, it is interesting to note that, depending on the inter-AE distance, the required
delays for path resolution may naturally be introduced as a result of the propagation delay in the

cable.

1.3.3 Main Features of CDMA DA Systems

The salient features of the CDMA DA systems can be discussed under two main categories:
coverage and diversity.
(a) Coverage: DA is very efficient in attaining coverage [38,39]; this is especially important

in environments hostile to propagation. After all, coverage is the very main reason why DA (and

Central Antenna

Figure 1.7: Uniform coverage with CDMA DA system.

its precedent, leaky feeder) found widespread applications.

There are other benefits related to efficient coverage. For instance, let us consider a linear
area (such as a highway) to be given radio coverage. If a CA is used, there is a significant power
waste, as shown in Fig. 1.7. However, if a DA scheme is used, energy is injected only where it
is required. The corollary of this statement is that the formation of cells with desirable shapes,
even non-contiguous ones, is possible [40]. Efficient use of transmit power yields transmission
with relatively low power levels [41,42]. Power savings are especially important for the wireless
terminals, since this results in extended battery recharge times.

Efficient coverage has a very important impact on interference management: by using DA,
intercell interference can be reduced significantly. This issue will be discussed in more detail in
Ch. 2.

(b) Diversity: DA provides not only microdiversity against multipath fading, but also macro-

diversity against shadow fading [38,39]. DA’s macrodiversity capability is particularly important,
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because schemes such as collocated antennas and antenna arrays cannot offer efficient solutions
to shadow fading.

It is worth noting that in the literature, CDMA DA has mainly been proposed for indoor
wireless communications [35,41]. The outdoor deployments of CDMA DA have been quite limited;

one such rare example is San Diego, California, area.!?

1.4 Thesis Motivation and Outline

The following fundamental question is investigated in this thesis: In a CDMA system, how should
the signals be collected from and distributed to the wireless users? To this end, the main objective
of this thesis is to utilize antennas in novel ways so as to achieve performance benefits at the
system level.

The importance of finding efficient ways of delivering and receiving signals in wireless multiple
access environments is very well known. In this context, leading spatial interference control
techniques have been qualitatively discussed in Sec.s 1.1.3 and 1.2. The major part of this thesis
is devoted to furthering the understanding of spatial interference control, and the corresponding
performance improvements, in multi-antenna CDMA systems.

The thesis outline is presented here. The motivation of the research in each chapter, not the
results, will be shown. At the end of each individual chapter, there is a section summarizing the
results of that chapter.

Chapter 2: Since CDMA DA provides coverage and diversity against both shadow and
multipath fading, it is intuitive to expect that this architecture would ease power control (PC),
compared to the conventional CA type. The relationship between the number of AE’s in a DA
system and the resulting improvements in PC are discussed in Ch. 2.

Chapter 3: We stated in Sec. 1.2 that with soft handoff, the many-to-one relationship (see
Fig. 1.3) between the set of BS’s and that of users in conventional WAN’s is changed to a many-
to-many type (see Fig. 1.4). It should be noted, however, that this many-to-many set relationship

set of

BS's (
set of L ,
users (

Figure 1.8: Many-to-many relationship between the set of wireless users and the set of BS’s, in a

system where users are in continuous soft handoff with all BS’s.

12Personal communication with Ed Tiedemann, Vice-President, Technology, Qualcomm Inc., June 1998.
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exists only in a limited sense, since only a few users close to the cell boundaries would temporarily
be engaged in soft handoff.

It would be interesting to investigate the logical extent of the soft handoff; that is, the situation
in a system where all the users in the system permanently communicate with all the BS’s (or
AE’s). In such a scenario, the set relationship would be a truly many-to-many type, as illustrated
in Fig. 1.8. This relationship deserves attention especially in the reverse link of such a system,
since the radiated energy from a user naturally reaches many BS’s (or AE’s) anyway. Obviously,
the system that makes use of this energy will outperform the conventional type that treats it
as pure interference. This system is called sectorized distributed antenna (SDA)'3) and will be
analyzed in Ch. 3.

Chapter 4: In the SDA system described in Ch. 3, the concept of PC deserves special
attention. Because, the PC algorithms in the literature, developed mainly for conventional WAN
architectures (where the set relationship between the BS’s and users is a many-to-one type), do
not necessarily perform efficiently in an SDA system where the set relationship is many-to-many
due to macrodiversity (joint decoding). A new PC algorithm for SDA systems is introduced in
Ch. 4.

Chapter 5: It is intuitive to expect that in an SDA system placing more AE’s would yield
a better performance. But, in a given service area to be covered by an SDA cell, is it possible to
place as many AE’s as we wish without an upper limit, or the law of diminishing returns apply
after a certain point? In other words, are the returns of the SDA system scalable? Also, in a
service area, are some AE locations better than the others? The answers for these and many
other related questions on the performance of multi-antenna systems can adequetly be answered
only after developing a comprehensive understanding on the issue of correlation between the
interference received by different AE’s in the system. The analytical framework of the correlated
interference analysis, which may eventually enable us to answer many such fundamental questions
on multi-antenna systems, is presented in Ch. 5.

Chapter 6: In a system which consists of a few BS’s and a switching office, it may not
matter how the interconnection of these network elements is made. But, if there is an extensive
network with thousands of AE’s and numerous processors/switches, then it may be crucial to have
a strategy or algorithm to achieve the interconnection in an efficient manner, since even modest
improvements in the design of the WAN would result in significant savings. In this chapter,
antenna interconnection strategies for wireless access networks are studied in order to determine
cost-efficient as well as robust and flexible interconnection architectures.

Chapter 7: In this chapter, some of the main results of Ch.s 2-6 are reemphasized, by com-

13The reason for using the term sectorized will be explained in Ch. 3.
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paring the multi-antenna systems addressed in this thesis with the conventional cellular systems.
A final note is that in the rest of this thesis, DA and SDA refer to CDMA DA and CDMA
SDA systems, respectively, unless otherwise stated.
Parts of this thesis (Ch.s 2, 3, 4, and 6) were published (or are accepted for publication)
in [43-49]. The work in Ch. 5 is under preparation for publication.
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Chapter 2

Reverse Link Power Control and Number of Antenna Elements

in CDMA Distributed Antenna Systems

In this chapter the relationship between the number of AE’s in a CDMA DA system and the
yielding reverse link SIR is investigated by taking PC dynamic range into account.

In environments hostile to propagation, perfect power control' may not be realized with a
CA, because this would require an impractically high dynamic range. This situation may yield a
significant decrease in capacity. In such environments, the DA system is an ideal solution, since

as the number of antenna elements increases, the dynamic range of the power control decreases.

2.1 System Model

In a CDMA DA system, the resolved signals are individually demodulated and then combined in
a maximal ratio combining scheme to attain diversity, as illustrated in Fig. 1.6. In such a case,

the output SIR at the CS for any user 7, I';, would be
L
P,’IZF,']‘, ied{l,...,K}, (2.1)
=1

where K is the number of users, L is the number of AE’s, and T;; is the SIR at the jth finger of
the receiver corresponding to user z.

Throughout this thesis, a flat fading channel is considered. For small cell sizes with [S-95
type chips rates (around 1 Mcps), the flat fading assumption would be a realistic one. In such
a case, there is assumed to be only one path between a user and an AE.? Then, a total of L

distinguishable signals would be received at the CS from each user. Since the signals picked up

!Perfect power control will be defined in Sec. 2.2.1.

2Due to higher bandwidths and/or smaller cell sizes used, multipath fading may become frequency selective. A
DA system which receives a total of £ paths from L AE’s (£L> L) is, in essence, similar to the one with £ AE’s
where there exists only one path per AE. However, it should be noted that as a consequence of the distributed

nature of the AE’s, a DA system can mitigate against shadow fading as well as multipath fading; on the other
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by all the AE’s accumulate in the feeder, there are a total of LK signals delivered to the CS.
In a particular user’s receiver, each finger of the Rake locks onto that user’s signal received by
one of the AE’s; and all the remaining LK —1 signals are treated as interference, including the

user-of-interest’s signals received by the other AE’s. The powers of the received signals at the CS

AE 1 AEj AEL
Dos
RV cs
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Figure 2.1: The link gain model in a DA cell.

are represented by a K x L matrix P = {P;;} such that
Pjj = Gi;B, (2.2)

where P; is the ith user’s transmit power, and G;; is the link gain between user ¢ and AE j, as
shown in Fig. 2.1.

In a DA system, the intercell interference is expected to be much less significant compared
to a system with a CA.? Therefore, along with the background noise, the intercell interference
is also omitted in our analysis. Based on these assumptions, a user’s SIR at a finger of the
corresponding Rake receiver would be the ratio of the signal power at that finger to that of the
intracell interference. The total interference power is modeled as the sum of the powers of the
individual active (intracell) interferers. Then, if factors such as the voice activity and frequency

reuse efficiency are omitted, SIR for a user ¢ would be

L L
Tipa=3 Ti=N B 2.3
iba =3 Tij =N} —— : (23)
j=1

i=1 "> Pu) - P,

k=11=1

In the above, N denotes the CDMA processing gain.

hand, path diversity (obtained as a result of frequency selective fading) is effective only against multipath fading.
Therefore, even if an environment requiring service is highly frequency selective, more than one AE should be

utilized if there are coverage problems.
3This is due to the fact that in a DA system, as the number of AE’s increases, the required transmit power

level for each AE will decrease, and the coverage will become more of a uniform type. Subsequently, the intercell
interference caused by these low power AE’s will be less compared to that resulting from a high power CA. The
reduction in the intercell interference will become more apparent after the results presented in Sec. 2.3.2, especially

those summarized in Eqn.s 2.21 and 2.22.
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If the intercell interference is required to be included in the analysis, then the effective number
of users in a DA cell can be assumed to be K, = K/(1+/3), where (3 is a constant that denotes
the effect of intercell interference as a fraction of the intracell type, with g > 0. We anticipate

that as L increases, § would become closer to 0.

2.2 DA and Perfect Power Control

In the absence of PC, every user in a cell would transmit at the same power level. Then, in a CA
system, the signals of the users which are close to the CA would be received much more strongly
than those of distant users; this would be detrimental in the reverse link of a CDMA system
— a phenomenon known as the near-far problem. In addition, shadow and multipath fading
occurs. Therefore, it is essential to employ PC to eliminate the potential excessive differences in

the powers of the received signals corresponding to different users.

2.2.1 Power-Balanced Power Control Algorithm

We consider a power-balanced PC (PBPC) algorithm similar to that of IS-95; i.e., the total
received power for every user is kept at a constant level.* The PBPC problem in a DA system

can be defined as follows:

L L
find P;, subject to ZPU = ZGUFN’,' =1, Vi (2.4)
7=1 7=1
Obviously,
P, = ZG,']‘ ,  Vi. (2.5)
7=1

Therefore, if the link gains are known, PBPC is computationally very simple.

If PC can always be maintained despite distance, and shadow & multipath fading, then we
refer such a case as the perfect PC (PPC) type. In other words, if there is no upper or lower limit
imposed on the dynamic range (DR), or the required P; always turns out to be between these
limits anyway, this is a PPC case.® On the other hand, the case where these limits do exist due
to the practical limitations and thus P; is at least occasionally hard-limited, is referred to as the

limited dynamic range type.

*The actual value of this constant does not affect the SIR value, because the SIR will be the ratio of the signal
and interference powers (when the background noise is omitted). Without loss of generality, we will assume that

this constant is 1.

5In the PPC case, the power adjustments are assumed to be performed instantaneously with the required step

size.
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In the definition of PPC, we followed the convention in the literature. It is worth noting,
however, that perfectness in this context does not necessarily mean optimality. That is, a PC
algorithm may be perfect but suboptimal, such as the PBPC algorithm in a DA case. We will
discuss the optimal SIR-balanced PC algorithm in Ch. 4.

2.2.2 Single-Cell Systems

Let us consider a single-cell system with a CA and K users. If PPC is possible, then, by substi-

ﬂ
(3 u DY VWE&S
= = —
«

(b)

©

Figure 2.2: Coverage in a harsh environment: (a) with a CA, (b) with a DA with few AE’s, and
(c) with many AE’s.

tuting L=1 in Eqn. 2.3, the SIR can simply be calculated as

;= Ki—le’ Yi. (2.6)
This is the best value achievable for such a scenario, therefore there is no need for DA in this
case.

However, in environments with shadow and multipath fading, as the one depicted in Fig 2.2(a),
to maintain PPC continuously is often impossible. When a user’s signal is in a deep fade, especially
because of blockage, a very high level of power would need to be sent for relatively long periods,

and this would require an impractically large DR. It is worth noting that if PPC were possible,
then the SIR would still be the expression given in Eqn. 2.6.
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The unrealistic requirements on the DR of PC, due to the blockage and shadow fading prob-
lems, can be alleviated by using a DA [Fig 2.2(b)]. In a DA cell, no user is almost ever significantly
affected from shadow fading; therefore, the SIR is close to that of an ideal CA case as given in
Eqn. 2.6, where PPC is possible.

If the DR of PC is still high due to multipath fading, additional AE’s can be used as illustrated
in Fig. 2.2(c).

2.2.3 Multi-Cell Systems

The situation is quite different in a multi-cell system because of the intercell interference. As
stated earlier, if a user’s signal is in a deep fade or if blockage occurs between the user and the
corresponding CA, then this user must transmit at a very high power level in order to maintain
PPC. Since the multipath fading (and also to some extent the shadow fading) between a user
and the neighboring CA’s is independent of that between the user and the corresponding CA,
high levels of interference occur for those neighboring CA’s during the maintenance of PPC.%
Therefore, continuous maintenance of PPC, which yields optimal results in a single-cell system,
may yield a considerable decrease in SIR (and thus, in capacity) in a multi-cell system employing
CA’s [50]. In fact, it is shown in [50] that limiting the maximum transmitted power level in
situations requiring the transmission of very high levels of power, is a good compromise that
increases the SIR (and thus, the capacity) by reducing the excessive intercell interference.

In a DA system, on the other hand, such situations requiring the transmission of very high
levels of power are almost eliminated, even in systems with a moderate number of AE’s. Therefore,
in a multi-cell environment even if maintaining PPC is possible with a CA, a DA system should
be preferred; because, by this way interference to adjacent cells is kept at a minimal level and
thus the system capacity is increased.

In the rest of this chapter, the benefits of using the DA in a single-cell system is demonstrated;

it is worth noting that the returns are even more when the DA is employed in a multi-cell system.

2.3 Analysis and Simulation Results

Simulations with and without multipath fading have been run. For these cases, G;;’s are simply

taken to be

1 &ij
J ~
Gij,no—fading = di Gij,multipath—fading = gt (2‘)

®The same reasoning is valid even if the required power level for maintaining PPC is beyond practical limits

and thus the wireless user transmits at the maximum power level available instead.
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In the above, d;; is the distance between user 7 and AE j, and &;;’s are independent chi-square
random variables with two degrees of freedom, with E(&;;) = 1, Vi,j (E(.) denotes the expected
value). As it is well known, the square of a Rayleigh distributed random variable is chi-square
distributed.

Simulations have been run for various values of L which are chosen such that v/L’s are integers;
namely, L = 1, 4, 16, and 100. L =1 corresponds to the CA, and L =100 is considered to give
an example of a case where L is very large. The AE’s are assumed to be uniformly placed on a
square cell with side length y meters. It is further assumed that the AE’s are x meters above the

users, so the minimum value of d;; is K. Based on these assumptions, the AE locations can be

L

represented by the vector Z = {Z;}7_,,

of AE j:

where Z; is the triplet entry that denotes the coordinates

_(2[(—1) mod VL] +1 2[j/VL] -1
Zj = ( i y, (1- T) Y, ff) : (2.8)

In the above, [.] denotes the ceiling function. AE locations for the case of L =16 is depicted in

e Y

—+ : AE Location .

- -
- -
- -~ -~
|
f

I y

. J

Figure 2.3: AE locations for the case of L=16.

Fig. 2.3. In the simulations x is taken to be 0.02y.

The first two coordinates of the user locations are determined by two independent uniform
random variables in the range [0, y], and the third coordinate is always kept at zero. Finally, the
following values are chosen for the processing gain and the number of users: N =128, K =50.

For a certain set of user locations, the SIR’s for all the users are calculated, and this process is
repeated 200 times yielding a collection of 10,000 points to plot the CDF’s (cumulative distribution

functions) accurately.

2.3.1 Range of SIR for the Case of PPC

For the case of PPC, the lower and upper limits of the SIR can be calculated. It is worth noting
that, in general, I'; , # T, , for {i, 0.} € {1,..., K} and ¢,, # 1, (see Eqn. 2.3).
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A user i, will have the lowest possible SIR if the signals from this user have equal strengths
at each AE;i.e., P ;= 1/L,Vj (see Eqn. 2.4), as shown in Fig. 2.4(a). If there is no fading, this
will occur when the user is at a point which is equidistant from all the AE’s in the cell;” i.e., if

G,,,; is the same for Vj. From Eqn. 2.3, the SIR at a finger of the Rake receiver of this user is

1 2 j L 1 2 i L
1 1
P= P=
il UL | WL ottt oL ttt| AL i 0 1 " o """ O
K K
(a) The Worst Case (b) The Best Case

Figure 2.4: The P matrices corresponding to (a) I'pa pepc,11, and (b) I'pa pepc,ur cases.

calculated as
1/L N
imji = N—= / =T
K-1/L LK-1

T V5. (2.9)

After combining, the lower limit of SIR in a DA system with PBPC, I'pa pBPC L1, is found as

NL

—. 2.1
LK-1 (2.10)

I'papereL =L XTI, ;=

On the contrary, a user 7,, will have the highest possible SIR, if only one of the entries in the

tnth row of P is 1, and all the rest are 0; i.e., if

1 if j = jn,

P ;= /= (2.11)
0 otherwise,

as shown in Fig. 2.4(b). For the case of no fading, this will occur when the user i, is very close

to an AE j,, thus its signal is received practically by only this AE. In this case, there is no need

for diversity combining, since I'; ; = 0, for 7 # j,. The upper limit of SIR, I'pa pBPC,UL, is then

the SIR at the j,th finger since there is no contribution from the other fingers of the Rake:

N
K-1

Iba,pBPC,UL = (2.12)

Note that the SIR expressions given in Eqn.s 2.6 and 2.12 are identical. Therefore, if the above
described scenario for the upper limit of SIR is true for all the users, i.e., I'; = I'pa pBPC,UL, Vi,

this means that the DA is behaving like a CA with PPC, which is the ideal case.

"This is possible if all the AE’s can be placed on a circle which has the user i,, in its center. Based on the AE
locations considered in this thesis (see Eqn. 2.3), such a situation would only be possible for the L =4 case, along

with the trivial L=1 case.
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For an arbitrary set of user locations, the SIR’s will be between the above limits depending

on the locations of the AE’s and the users in the cell:

N\ LN N
< ;< — . .
(K <> ks lisgp v (2.13)

Note that in the above, the upper limit corresponds to the case of L =1 when there is PPC,

while the lower one corresponds to the general case of L AE’s with the limiting case of L — oo
given in parenthesis in Eqn. 2.13. Therefore, in a single-cell system, once PPC is achieved with
a certain number of AE’s, adding more of them would not improve the performance. In fact, the
SIR would deteriorate, but only slightly, since the upper and lower limits are very close to each
other.

One may find this result counter-intuitive, because a greater L corresponds to a Rake receiver
with a greater number of fingers, which, in turn, corresponds to more diversity branches. However,
it should be remembered that in the reverse link of a DA system, since all the received signals
accumulate in the feeder, with an increasing number of AE’s the MAI also increases. This is a
case where the Rake receiver has more fingers with poorer SIR values, which, in the end, yields
no further gain (once again, this is true as long as PPC is maintained).

In a multi-cell system, on the other hand, a greater L would yield a lower level of intercell
interference, which would correspond to a greater SIR value; however, the returns would diminish
gradually. Taking the increasing complexity and processing in the system into account, adding
more AE’s would not be worth it after a point.

The CDF’s of the SIR’s for various number of AE’s, with and without multipath fading, is
plotted in Fig. 2.5. It is observed from this figure that the range of SIR is

N NL N
=4, <
g - 48dB s e < T Sy

=4.17dB, (2.14)

in agreement with Eqn. 2.13.

2.3.2 Number of AE’s and PPC Dynamic Range

As stated before, PC is essential to mitigate the near-far problem. As the number of AE’s
increases, the near-far problem becomes less significant. Therefore, higher L values translate into
smaller PC DR’s.

For the case where there is no fading, the maximum and minimum values of the transmit
power P, namely, Pmax and Ppin, can be calculated, and then by taking their ratio, the PC DR
can be found. The calculations for L =1 and L =4 cases are given below; those for L =16 and

L=100 cases are more tedious but can be carried out in a similar way.
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Figure 2.5: SIR statistics for varying numbers of AE’s in a single-cell system, for the case of PPC,

with and without multipath fading, drawn in regular and enlarged scales.

L = 1: First, the following observation is made from Eqn.s 2.5 and 2.7: for the special case of
L=1, P; reduces to P; = d?, Vi.

A user 7, will have to transmit at the maximum power level if it is at the farthest location
from the single AE, which corresponds to the corners of the cell: {(0,y,0), (y,y,0), (0,0,0),
(y,0,0)}. Since Z = {(0.5y, 0.5y,0.02y) },

Prax = d} | = (0.5% + 0.52 + 0.022)2y* = 0.254", (2.15)

On the other hand, a user ¢, will have to transmit at the minimum power level if it is at the

point (0.5y, 0.5y, 0), which is the closest location to the AE. So,

Prin = d} | = (0.02y)* = 1.6 x 10~ "y*. (2.16)
Now, the DR can be obtained from Eqn.s 2.15 and 2.16 as

Dynamic Range = Pmax/fjmin = 62 dB. (2.17)
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Dynamic Range (dB)

L 1 4 16 | 100

No Fading 58.6 | 49.4 | 36.1 | 20.8
Rayleigh Fading || 99.7 | 66.5 | 53.8 | 35.3

Table 2.1: Dynamic range comparison for no fading and Rayleigh fading cases.

L = 4: Similar to the L=1 case, a user %,, will have to transmit at the maximum power level
if it is at one of the corners of the cell; say, at the point (0,y,0). The corresponding link gains
are calculated from Eqn. 2.7 as G;,, = {63.59,2.56,2.56,0.79} x y=*, where G;, is the i,,th row

of the link gain matrix, G. Then, Pmax is obtained as
Prax = 1.44 x 107 2y%, (2.18)

A user 7, will have to transmit at the minimum power level when it is at the closest location
to an AE, which corresponds to one of the following points: {(0.25y,0.75y,0), (0.75y,0.75y,0),
(0.25y,0.25y,0), (0.75y,0.25y,0)}; for instance, the point (0.25y,0.75y,0). Then, G;, = {6.25 X
108,15.95,15.95,3.99} x y~*, and

Prin = 1.60 x 1077, (2.19)

Finally, from Eqn.s 2.18 and 2.19, the DR is calculated as
Dynamic Range = Pmax/fDmin = 49.5 dB. (2.20)

For comparison, the DR’s obtained from the simulations are also given in the following table:

The CDF’s of the DR’s are plotted in Fig. 2.6, for the cases where there is no fading and where
there is multipath fading. It is obvious from this figure and from Table 2.1 that as L increases,
the DR decreases. Also, note that for the case where there is multipath fading, the reduction in
the DR is most significant (more than 33 dB) when L is increased from 1 to 4.

It is further observed from Fig. 2.6 and Table 2.1 that the DR is considerably higher for the
cases where there is multipath fading; this is even more significant for smaller L values.

In the limiting case, a 2-dimensional leaky feeder can be imagined; this would correspond to
the case where L — oo. In such a case, there would not be any near-far problem, and thus, there

would not be any need for PC:

L =1 = Dynamic Range: Very high (may — o0)

L -+ o0 = Dynamic Range = 0 dB. (2.21)
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Figure 2.6: PPC dynamic range statistics in a single-cell system for varying numbers of AE’s:

(a) no fading, and (b) multipath fading cases.

Eqn. 2.21 implies that in the limiting case of L — oo, a coverage rule other than d=¢ type, where

« is the distance-power-law coeflicient, is attained:

L=1 = d°
d’, inside the DA cell

L—so00 = (2.22)
0, outside the DA cell.

This would yield perfectly uniform coverage with no intercell interference.
However, it is worth noting that as L increases, so does the complexity and processing in the
system; the case where L — oo would require a Rake receiver with an infinite number of fingers!
A final note is that the SIR’s corresponding to the cases addressed in this section will be

similar to those plotted in Fig. 2.5, where, due to PPC, the maximum and minimum values are
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between the limits given in Eqn. 2.13.

2.3.3 SIR Statistics for the Case of no PC

Since the need for PC becomes less significant as L increases, it is worth investigating the statistics

of SIR for the case where there is no PC at all. Fig. 2.7 shows the corresponding CDF’s for varying

P(SIR < x)

15

Figure 2.7: SIR statistics in a single-cell system, for varying numbers of AE’s, when there is no
PC, also for the CA when there is PPC — all for the case when there is no fading, with K =50
and N =128.

numbers of AE’s, when there is no fading. For comparison purposes, the CDF of SIR for the case
of L=1 with PPC, i.e., the ideal case, is also shown in the same figure.

It is observed from Fig. 2.7 that as L increases, the SIR statistics approach that of the CA
with PPC; however, even for very large L values (such as 100), PC is still essential, but the
corresponding DR would be much smaller as discussed in the previous section.

Note that when there is multipath fading, the discrepancy between the cases where there is

no PC, and the CA case with PPC, would be even greater.

2.3.4 SIR Statistics for the Case of PC with Limited DR

So far, a DR without any limits is considered for the PC, which is referred to as the PPC. In this
section, the SIR statistics for the case of a limited PC DR, in the presence of multipath fading,

is investigated.
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Figure 2.8: SIR statistics in a single-cell system for the case where there is multipath fading with

limited and unlimited DR (K =50 and N =128).

In order to set a realistic range for the DR, it is assumed that if there were no multipath
fading, PPC should have been maintained by one AE (i.e., the CA), therefore, the DR is set to 62
dB, the value given in Eqn. 2.17. If the required power level for any user ¢, M,'Jequired, is greater
than the value given in Eqn. 2.15, or less than the one given in Eqn. 2.16, P; is hard limited to
these values, respectively; that is,

1.6 X 10=7 if P required < 1.6 X 1077
i = Pirequired i 1.6 X 1077 < P requirea < 0.25 ,Vi. (2.23)
0.25 if 0.25 < P, required

The effect of this hard-limiting is shown in Fig. 2.8, for the cases of L=1and L=4. It
is observed from these figures that limiting the DR has a detrimental effect for the L =1 case;
around 13% of the users have SIR values less than 4.08 dB given in Eqn. 2.14, which is assumed
to be the minimum acceptable level. However, the effect is almost insignificant for the L =4 case,
since the outage is only 0.7%. In other words, using a DA with L =4, instead of a CA type, the
outage is reduced from 13% to 0.7%. For the limited DR case, the statistics of SIR is plotted in
Fig. 2.9, for L=1 and L=4.

The conclusion is that if the DR is limited, then, for the parameters chosen in this study, a

26



1 T T T
/

L
09 L

1
4
I

Dynamic Range: 62 dB
0.8 B
!

0.7
I

0.6
|

05

P <x)

U J ‘

3
X (dB)

Figure 2.9: SIR statistics in a single-cell system for the case where there is multipath fading and

the DR is limited to 62 dB, L = 1,4, (K =50 and N =128).

CA system does not perform satisfactorily; however, the performance can be improved almost to

that of an ideal CA by using a DA with L=4.

2.4 Chapter Summary and Remarks

In environments where the radio coverage is difficult, achieving PPC may not be possible by
using a CA, because this would require an impractically large DR. This situation may yield a
significant decrease in the capacity of the system. In such situations, the DA system is an ideal
solution, since as the number of AE’s in a DA system increases, the DR of the PC decreases. It
is demonstrated that by using a DA system with as small as 4 AE’s, instead of the CA type, the
outage can be reduced from 13% to 0.7%. It should be noted, however, that PC is essential even
for DA systems with very large numbers of AE’s.

However, in a single-cell system (where intercell interference is not an issue), once the DR of
PC is between practical limits, adding more AE’s to a DA does not improve the SIR. Yet, as L
increases, so does the complexity and processing in the system. Therefore, the optimal strategy

for a single-cell system can be stated as to put as many AE’s as necessary to achieve PPC, but
not to exceed this number.
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It is worth noting that in a single-cell system, even if all the energy in the air were to be
collected by a DA with infinitely many AE’s, the performance would not surpass that of an
optimal CA, which would most likely be a hypothetical one however, where signal fluctuations
can be compensated for, in all fading conditions by a perfect PC scheme. So, the only extra
benefit would be the reduction in PC DR, at the expense of increased complexity. In fact, if
such a system were possible, then, from solely an SIR point of view, there would be no need to
introduce a DA system.®

In a multi-cell system, on the other hand, the DA system has the additional advantage of
reducing the intercell interference (compared to the CA type) with increasing number of AE’s,
which would yield even higher SIR values. Therefore, the higher the L is the better the sys-
tem performs; however, even in this case, the returns would diminish gradually. Moreover, the

increasing complexity and processing in the system further imposes a limit on the number of

AE’s.

2.5 Future Research Directions

In the simulations, a Rayleigh fading channel model, which corresponds to the worst case, is
considered. However, in a DA system with many AE’s, there will, most likely, be line-of-sight
between a wireless user and one or more AE’s. Furthermore, in such cases, the distance-power-law
coeflicient, o, may be around 2 rather than 4. In that case, the PC DR will further decrease by
using a DA structure.

On the other hand, in the analysis in this chapter, the loss (attenuation) in the cable is
omitted;? if the cable loss were incurred, the reduction in PC DR would have been more modest.

It would be interesting to perform a more realistic PC DR analysis by including the above
mentioned two points. In such an analysis, (a) a Rician channel, with d=% type signal attenuation
in the air, should be assumed between a user and the few closest AE’s — the channel between the
rest of the AE’s should still be of Rayleigh type with d=* type attenuation; (b) the cable loss
should be incurred.

It is possible that these two effects may balance each other, and therefore, the figures that we

give in this chapter may, indeed, be not too far away from the real ones.

81t should be emphasized, however, that even in such a case DA has still other benefits, as discussed in Sec. 1.3.3.
For instance, both the average and peak transmit power levels are considerably less in a DA system compared to
that which employs a CA. This translates into compactness and/or extended battery life for wireless terminals,

which might be quite an important factor.

?We will briefly discuss the cable loss in Sec. 6.1.2 from the implementation point of view.
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Chapter 3

CDMA Sectorized Distributed Antenna System

Although the simple structure of the DA system is quite attractive, it possesses an inherent
limitation: since all the AE’s are coupled to a common feeder and there is no signal-specific
processing at the AE’s, the MAI is accumulated in the feeder. This imposes a direct limit on the
capacity since CDMA systems are interference limited.

In summary, in a DA system, the “SIR”, or equivalently, the “capacity”, versus “number of
AE’s (L)” curve would plateau with increasing values of L due to MAI, as depicted in Fig. 3.1.
It is worth noting that although the capacity of a DA system may be considerably higher than

SIR (capacity)
in DA system

optimal
CA —F+

| | | | | | L
(#of DA AE'S)

Figure 3.1: Saturation of the capacity increase (with respect to the number of AE’s) in a CDMA

distributed antenna system.

that which employs a CA (due to diversity, maintenance of perfect PC, minimization of intercell
interference, and so on), the resultant increments in the capacity are nevertheless due to indirect
effects. Therefore, the capacity is still low per AE, especially for high L values. Indeed, this is

the main limitation of a DA system.
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3.1 The Concept of Sectorizing in a Distributed Antenna Struc-

ture

The accumulation of MAI is a consequence of the simple architecture of the DA system. It would
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Figure 3.2: CDMA sectorized distributed antenna system.

be most desirable if an architectural change yielding substantial reductions in the MAI were
possible without significantly complicating the structure of the system.

In fact, such a change can be realized simply by connecting the AE’s with separate feeders
to the CS as illustrated in Fig. 3.2. In this thesis, the limiting case of one AE per sector is
investigated. In such a case, a wireless user’s signal can be picked up by all the AE’s in a cell,
and then, can be optimally combined at the CS to enhance the performance. We call this novel
antenna architecture sectorized distri ted te . In the reverse link of an SDA system,
MAI can be reduced by appro imately a factor of |, and therefore, the SI can be increased
appro imately  times . he rest of the discussion regarding SDA will be on the reverse link,
and in Sec. 3. we will address the possibilities in the forward link.

It is worth noting that an SDA system with AE’s is conceptually di erent from the conven




tion |  br nch ntenn diversity type, since, in the SDA syste , the AE’s re not colloc ted,
but r ther distributed in the service region. he distributing of the AE’s  kes the ost use
of the sp ti 1 di ension. Itis lsoi port nt to note th t the SDA syste o ers ore returns
co p red to the convention I  crodiversity nd soft h ndo sche es ddressed in the liter
ture bec use, in those sche es, post detection co bining is e ployed, which is  inly b sed on
selection co bining or on pplic tion of ority logic . In the SDA syste , on the other
h nd, by the pl ce ent of ore AE’s, ore sign 1, or energy which is Ire dy in the ir , is
collected, nd by ointly decoding the collected sign ls t the CS, Il of this energy is utilized.

he SDA syste s, in essence, still of DA type, since 1l the s lient ch r cteristics of the
DA re preserved, such s the reception of the s esign 1 by 1l the AE’s, nd the perfor nce
of 1l the sign | specific processing t the CS. he AE’s re lso o nidirection | the ter
sectorized is used for this syste bec use of the conceptu 1 p r llelis with sectoriz tion in the
convention 1 cellul r syste s.

Along with possession of 1l the ppe ling fe tures of the DA syste , such s diversity nd
reduction of intercell interference, the SDA syste h sone ddition 1fe ture: thec p city li it
tion in the DA syste 1iseli in ted. heincre sein c p city will be de onstr ted u ntit tively
in Sections 3.2 nd 3.3 nevertheless, for the s ke of illustr tion, we give the following e ple
to co p rethe SI ’s corresponding to DA nd SDA syste s.

Consider  hypothetic 1 situ tion where e ch user’s sign | is received t ppro i tely the
s e power level t e ch AE. If this syste is DA type, then there would be tot 1 of
sign Is ccu ul ted in the feeder, fro which only one would be utilized t ny br nch of the

co biner. hus, the SI for wuser c¢ n bec lcul ted by using E n. 2.3 s

In the ¢ se of the SDA syste , however, there would only be  sign lIs ccu ul ted in e ch of

the sep r te feeders. herefore,

ow, the r tio of to ¢ n e sily be found s

which  psto n pproi tely fold incre sein c p city.
In n SDA syste , cert in syste p r eters, such s the cell geo etry, loc tion of AE’s
nd prop g tion conditions, ¢ n be such th t wuser’ssign I  y e ciently be received by only

AFE’s. et us consider syste in which e ch user’s sign 1is received by only  AE’s t




thes e powerlevel, ndthere ining AFE’s do not receive nysign 1fro th tp rticul r
user. If we ssu e th t the users nd AE’s re distributed unifor ly throughout the SDA cell,

then, there would be tot 1 of sign ls in e ch feeder. herefore,

hel st pproi tionin E n. 3. holds especi lly when  is1 rge which will be the ¢ se in
lo ded syste s .Fro E n.s3.2 nd3. we conclude th t even for the ¢ se of signific nt
sign ls, the 1 ostline r incre se in SI is preserved. In the rest of this thesis, however, we
ssu eth t , unless otherwise st ted.
In Ch. 2, powerb | nced C Igorith is used. It will be de onstr ted in Ch. th t,
lthough C works very well in DA syste s, it yields gre t v ri tions  ong the SI v lues
of di erent users in the SDA syste
In order to fi this proble , we propose C lgorith which keeps the SI for 1l users t

thes e const ntlevel,s y , sfollows: find sub ect to

We refer to the bove Csche e sSI bl nced cro power control S M C . he det ils
of the S M C lgorith , its iter tive solution, nd the convergence ch r cteristics of these

iter tions will be n lyzed in Ch.

he lower nd upper li its of SI in DA syste with C, nd ,
re given by E n.s 2. nd 2. 2. Si il rly, we will co pute the lower nd upper li its of

SI in n SDA syste with S M C,n ely, nd . It should be
borne in ind th t, in gener I, for however,
for

In n SDA syste , the users will e perience the lowest possible SI v lue if, te ch AE, the
received sign Is fro 1l the users re t thes e power level th t is, , . In the
bove, is  const nt. In gener I, for , where . In this
c se, te ch br nch of the co biner, there would be  sign Is of e u | power one of the is

the sign 1 of interest nd the re ining re the interfering sign ls , nd the contribution to
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SI fro e ch br nch would be thes e.  sed on these f cts, ¢ n be co puted

s
— 3.

n the contr ry, the users will e perience the highest possible SI | if only one of the entries

in e ch row of is nonzero, nd in e ch colu n there re ssu  ing is n integer

nonzero entries with thes e v lue i.e., ,
where is const nt, nd nd denote thelogic | nd nd or oper tion, respectively. In
gener |, for , where . In this ¢ se, there is no need for diversity

co bining, nd

he bovee pression is v lid for the ¢ ses where . If, however, , then
y ppro chinfinity ccording to our odelling. We note th tin pr ctic ¢ ses, 1 ost lw ys
. Even in the e ception 1 ¢ ses where , 91 will never ppro ch , bec use of the
b ckground noise th t we re o itting.

ow, using E n.s 2. ,2.2,3., nd 3., weobt in

he results shown in E n.s 3. nd 3. tr nsl teinto n pproi tely fold incre se in ¢

p city.
Fin lly, we ¢ lcul te the r tio of to ,using E n.s 3. nd 3. |
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Figure 3.3: Co p rison of the r tio of the upper nd lower li its of SI , for v rious v lues of

in n SDA syste withS M C.

Y

he bove e pression is plotted in Fig. 3.3 s function of for v rious v lues of | with

It is observed th t for lo ded syste s where , the r tio given in E n. 3. is close to

unity however,it v ssu e uch gre ter v lues for unlo ded syste s where isin the order
of . he re son for this is th t when  1is in the order of , the rel tive positions of the users
nd the AE’s h ve gre teri p ct on the SI e pression. ec use, in n unlo ded syste , it
is possible to h ve user distribution such th t e ch user or group of few users is close to
di erent AE. For the ¢ ses where , on the other h nd, there would

1 ost 1w ys be
ny users round e ch AE.

Forsi ul tions, single SDA cell with AE’s nd  usersis considered. hes e ssu ptions

on the user distribution nd AE loc tions see E n.2. nd Fig. 2.3 re  de. In this ch pter,
nd ¢ ses re considered with 2 nd 2.

he intercell interference nd the possible e ects of correl ted interference re o itted in

our n lysis. It is Iso ssu ed th t the wultip th f ding is ver ged out in this ¢ se, the

perfor  nce of the syste will only depend on the loc 1 ver ge received power.  sed on these

ssu ptions, the link g ins re odeled s , where is r ndo u ntity th t



odels the power v ri tion due to sh dowing. ’s te ssu ed to be independent, identic lly

distributed log nor 1r ndo v ri bles with d e pect tion nd d st nd rd devi tion.
Also, is used in the si ul tions.
In thesi ul tions, for cert inset of r ndo wuserloc tions, first, the tri isfor ed, nd
then the b 1 nced SI v lueisc lcul ted through the iter tive solution of the S M C lgorith
his process is repe ted for di erent user loc tion sets in order to collect enough d t to
plot the CDF’s ccur tely.
he SI CDF’s for v rious SDA syste s with v rying nd v lues reshown in Fig. 3. ,

b, nd c . In these figures, the nu ber of users is kept fi ed 2, , nd , respectively ,
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Figure 3. : Co p rison of SI CDF’s for SDA syste s e ploying S M C for 2,
,nd , Db , , nd , c , , nd
but the nu ber of AE’s is incre sed fro to to . Itis observed th t when incre ses fro
to ,thereis ginof ., . nd . d inthe edi n v lues of the SI ’s corresponding to



2, , nd c ses, respectively when incre ses fro to , the corresponding g ins

re ., ., nd . d ,respectively. his v ri tion in g inis result of the di erence between

25

Median SIR (dB)

-5 i
1 4 16
L: # of AEs

Figure 3. : Medi n SI v lue d  with respect to

the lo ded nd unlo ded syste s discussed in the 1 st p r gr ph of the previous section. In
Fig. 3. ,the edi n SI v lues corresponding to the curves given in Fig. 3. re plotted g inst
, for v rious v lues of the ppro i tely line r incre se in SI is obvious.

In Fig. 3. , the nu ber of AE’s is kept fi ed , nd the nu ber of users is v ried fro

to . As e pected, SI 1 proves s  decre ses. When is decre sed fro 2 to , the
incre se in the edi n v lueof SI is .22 d , while when it is decre sed fro to still,
, this incre seisonly . 2d . nce g in, this v ri tion is due to the di erence between the

lo ded nd unlo ded syste s.

Fin lly, we consider n SDA syste with nd . We reinterested in deter ining
whether the syste ¢ n support users, if AFE’s reinst lled in thes e cover ge region,
: , nd :

¢ ses should h ve identic 1, or very si il r, CDF’s. wo types of syste s re investig ted in the

where is  positive integer. If it ¢ n, then the

si ul tions: n unlo ded syste of , with , nd , nd lo ded syste of

, 2 , g in with , nd . he corresponding CDF’s re shown in Fig. 3. . It
is observed th t Ithough the CDF’s for v rious v lues re not identic 1, they re verysi il r
note th t the r nge of is, in Fig. 3. ,isverys 1. Itis lso observed th t when beco es
|l rger, there is slight deterior tion in the syste perfor nce. his is due to the f ct th t

in such syste s the possibility of occurrence of ¢ ses which would yield refer to
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Figure 3. : Co p rison of SI CDF’s for SDA syste s e ploying S M C which h ve

AE’s, with , 2, , nd

E n. 3. beco es st tistic lly less likely, s ddressed before. It is observed fro Fig. 3. th t
the corresponding deterior tion is even less signific nt in the lo ded syste s.

he over 1l conclusion fro Fig.s 3. 3. is th t the SDA syste issc 1 ble. In other words,
the SI incre ses ppro i tely tthes er te with the incre sing nu ber of AE’s.

neveryi port ntch r cteristic of the SDA syste isthe nyto  nyrel tionship est blished
between the users nd AE’s, which yields n enh nced crodiversity ¢ p bility.  his fe ture
will beco e even orei port nt with the incre sing interest in wireless syste s oper ting t
higher fre uency b nds where the line of sight S co unic tions y be essenti 1. Since
user will 1 ost lw ys be in the close vicinity of n AE in n SDA syste , int ining S
would not be di cult. herefore, SDA  y be very suit ble ntenn rchitecture for syste s
oper ting t, fore ple, z nd higher fre uencies.
It is reported in the liter ture th t by using ntenn 1r ys, reverse link ¢ p city incre se
in the order of the nu ber of AE’s in the rr yis chiev ble . owever, sith s Ire dy been
discussed in Sec. .3.3 d ,the ntenn 1r ysdonoth ve crodiversity ¢ p bility. ence, when

block ge occurs in the r dio link, n ntenn rr y c nnot provide n e cient solution  hus,



Figure 3. : De onstr tion of the sc 1 ble n ture of the SDA syste s: unlo ded syste |
b lo ded syste

n ntenn rr yc nnoto erthei  unity g instsh dowing e ects th t n SDA rchitecture
c n.

In icrocellul r syste s, intercell interference is nuis nceth t wust be n ged therefore,
in cellul r design, the prop g tion ch r cteristics should be t ken into ccount in order to find
ppropri te b se st tion loc tions th t would ini ize the overl pping of the ntenn 1 di tion
p tterns, nd thus the intercell interference. owever, intercell interference ¢ nnot be entirely
eli in ted, nd thisinevit bly introduces degr d tion in syste perfor nce. In n SDA syste ,
on the other h nd, overl pping of the AE r di tion p tterns is not proble in f ct, this ¥y
yvield n even better result due to diversity reception.

ne otheri port nt point to noteis th tin thec p city ¢ lcul tions of icrocellul r syste s,



the ssu ption of ho ogeneous user distribution throughout the service re is gener lly  de.
In pr ctise, however, this is usu lly not the ¢ se. As ne ple, let us consider icrocellul r
syste with cells. If the ¢ p city per cell is  users, then the syste ¢ p city is s id to be
owever, if these users rein f ct distributed s,s y,2 3,2 3,2 3, nd2 wusers,
ong the cells in the syste , then the syste would be ble to support only 3  users, not
he inho ogeneous user distribution is, in gener 1, not signific nt proble in n SDA
syste
heide of sectoriz tion in the conte t of DA w s first introduced in in ulit tive n
ner. In th t conceptu 1 study, few AE’s re pl ced in e ch DA sector, nd obile tr nsp rent
h ndo is perfor ed  ongthe sectors. he SDA rchitecture presented here corresponds to the
li iting c se of one AE per sector. owever, there is still or di erence between the syste
discussed in nd the SDA rchitecture presented here, nd th t is the enh nced  crodiver
sity fe ture of the SDA syste in the reverse link. ec use of this fe ture of the SDA syste ,
the sign Is received by 1l the AE’s sectors re collectively decoded +t the CS.
he discussions presented so f r h ve been on the reverse link of SDA syste s. As entioned
in Section 3. , in the reverse link of n SDA syste , Ithough wuser’s sign 1is picked up by 1l
the AE’s, h ving sep r te feeders for e ch AE prevents the ccu ul tion of MAI.  his is not
the c se, however, for the forw rd link. If, in the forw rd link, wuser’s sign 1is tr ns itted
by 1l the AE’s, then the syste will oper te s convention 1 DA type. Cle rly, this would
result in uite 1 rge di erence in the forw rd nd reverse link ¢ p cities. As re edy for
this situ tion we propose the following solution: in the forw rd link, the sign 1for p rticul r
user could be tr ns itted through the AE which h s the highest SI in the reverse link for th t
p rticul r user.  herefore, there would be selection diversity in the forw rd link, nd thus, the
benefits of the  cro diversity would still be v lid. In this SDA syste , the reverse link would
still outperfor the forw rd one. et, it should be noted th t higher ¢ p city in the reverse link
is never proble in order to e u lize the ¢ p cities in both links, ore resources such s
b ndwidth , fro the given pool, ¢ n be lloc ted for the forw rd link.
he CDMA SDA syste y h ve uite diverse pplic tions with wide r nge of cell sizes
nd nu ber of AE’s. For e ple, nSDAcell ybe ss 1 s icrocell or even picocell
with only few AE’s even 2 , orit y cover ny s u re kilo eters with ny AE’s. he
SDA structure y be utilized both indoors nd outdoors, including line r service re s,such s
highw ys.
ne other issue is rel ted to the cost of the SDA syste : since the SDA rchitecture h s




logic 1 st r topology th t is, e ch AE re uires sep r te link to the CS , in n SDA syste
with 1 rge nu ber of AE’s, the deploy ent cost of the wired network infr structure vy be
of concern. obust, e ible, nd cost e cient AE interconnection str tegies will be discussed in
Ch.

In |, the ulti te reverse link ¢ p city of CDMA network is investig ted. Although the
ter inology nd odeling in is di erent fro those used here our work w s done indepen
dently fro th t in , the two syste s re conceptu lly si il r. et, the entirely di erent

otiv tion, ppro ch, nd e ph sis in this thesis ke it di erent study th nth tof . In
Sec.s . nd . ,wewil keco p risons between the results of this ch pter  the ne t one

nd those in

Despite possessing  ny ppe ling fe tures, CDMA DA syste ssu erfro lowc p city per AE

s result of the MAI ccu ul ted in the co  on feeder. o overco e thisc p city li it tion,
we propose n ntenn rchitecture ¢ lled CDMA sectorized distributed ntenn SDA .In n
SDA syste , cell h s nysectors in which sep r te feeders run, so MAI in the reverse link is
reduced ccordingly. In this ch pter, the li iting c se of one AE per sector is investig ted. In
such ¢ se, wireless user’s sign 1 ¢ n be picked up by 1l the AE’sin n SDA cell, nd then,
¢ n be ointly decoded t centr 1st tiomn.

We h ve de onstr ted n lytic lly nd through si ul tions th t in CDMA SDA syste
with  AFE’s, the reverse link SI incre ses pproi tely ti es. his incre sein SI ¢ n
be pped into n e uiv lent incre se in the ¢ p city. If there is not enough de nd for 1l
of the potenti 1 ¢ p city o ered by n SDA syste , the incre se in SI ¢ n lw ys be p rtly
tr nsfor ed into higher tr ns ission r tes for the e isting users.

he convention 1 diversity techni ues such s ntenn , ti e, nd fre uency diversity re

inly used to itig te f st  ultip th f ding. his is chieved by s oothing out the f st

f ding through the co bin tion of  ny independently f ding ch nnel outputs. As result, s
the order of diversity incre ses, the co biner output looks incre singly si il r to th t of non

f ding co  unic tion ch nnel. he or diversity g in is chieved when the order of diversity

is incre sed fro no diversity to 2, nd the returns di inish s the order of diversity further

incre ses. We h ve shown in the previous ch pter th t the CDMA DA syste itig tes lso
sh dow f ding, nd by the incre sing nu ber of AE’s, the perfor nce of CDMA DA syste

ppro ches th t of hypothetic 1 opti 1 CA which is not ected by ultip th nd sh dow

f ding.



In the SDA sche e, on the other h nd, thereis Iso g in over the MAI, unlike the conven
tion | diversity sche es  the tot linterference e perienced t the CSis reduced ppro i tely
by the nu ber of AE’s. herefore, n ele ent SDA sche e should beco p red with set of
CA’s serving the s e region, not with n  br nch diversity. his g in of the SDA syste over
the convention 1 diversity sche es is chieved through the e ploit tion of the sp ce di ension

i.e., through the distributed n ture of the AE’s .

An SDA syste with AE’s still h s two  in dv nt ges over cellul r cluster with
CA’s, s result of the oint decoding enh nced  crodiversity c p bility of the SDA syste ,
co bined with the S M C lgorith : the incre se in ¢ p city in n SDA syste is still v lid
unlike in  cellul r type , even if the ntenn p tterns of the AE’s overl p, nd b the users
re not distributed ho ogeneously throughout the service re non unifor tr ¢ . herefore,
sectoriz tion in the conte t of DA is ore e cient th n cell splitting in the convention 1 cellul r
syste s.

here still re  ins fund ent | uestion: in given service re th t is to be covered by

n SDA cell, c n we put s ny AE’s s we wish without n upperli it In n SDA syste |,
putting ore AE’s would lw ys yield better perfor nce thisis n logous to dish ntenn :
the gre ter the di  eter, the better the perfor nce . owever, the returns in SI y di inish
gr du lly s incre ses, since sign ls received by di erent AE’s would st rt being correl ted.
his is ni edi te conse uence of the f ¢t th t when incre ses, the AE’s beco e closer

together. king the incre sing co ple ity nd processing in the syste into ccount, dding
ore AE’s  y not be worthwhile fter point, which y put n upper li it on the nu ber of

AFE’s sectors . he concept of correl ted interference will be discussed in Ch.



ower control is  sche e by which the tr ns it power levels of the users in  syste re
controlled nd d usted ccording to so e criteri . he in purpose in e ploying C is to
keep the SI level t the receiver for 1l the users bove cert in threshold. ye ploying C,
the possible e tensive disp rities in users’ sign ls due to dist nce, ultip th nd sh dow f ding
re co pens ted for, nd tthes e ti e, the in ection of e cessive energy into the syste is
prevented. Since e ch user is  potenti | source of interference to other users in the syste , ny
reduction in the tr ns it power of wuser Iso yields reduction in MAI which  ects 1l of the
other users. owever, the tr ns it power of user should not be reduced in n unregul ted
nner, since this  y ¢ use the SI level t the receiver for th t user todrop toun ccept bly
low levels. It should be obvious even fro this short discussion th t finding  ood C sche e is
not trivi 1 proble
Since the or benefit of the SDA syste is in the reverse link, only reverse link power

control is considered in this ch pter.

M ny di erent C lgorith s h ve been suggested nd e ined in the liter ture. A co  only

used type in pr ctice such s in IS , due to its co put tion 1| si plicity nd s tisf ctory
perfor nce, is the power b | nced power control C lgorith discussed in Sec. 2.2. . In
C, e ch row of the received power vector, ,su sto const nt th tis, for e ch user, the

tot 1received sign | power fro 1l the AE’sis thes e.

Although C lgorith ces the sign | power, it does not gu r ntee the s e in
terference for 1l users. herefore, when C is e ployed, in gener I, , for
2 nd



he CA c se h s lIre dy been e ined in Sec. 2.2.2. For the s ke of co pleteness, we revisit

this ¢ se in this section.

Substituting in E n. 2.3, the SI for wuser isobt ined s
When C is used, the user tr ns it powers ¢ n be ¢ lcul ted fro E n. 2. s
hen,
_ 2
he bove e pression is independent of the user inde . So, in  CA syste | C yields the

s eS8l v luefor 1l the users.

In the deriv tion of E n. .2, nide 1c se with unli ited Cdyn icr ngeis ssu ed. In
pr ctic 1 syste where there re severe prop g tion no lies, totr ns it t the re uired power
level 'y, tle stti etoti e, not be possible. In those ¢ ses, SI for di erent users would be

di erent nd the perfor nce would deterior te, s discussed in Ch. 2.

In DA syste s the Cdyn icr ngeis wuchs ller co p red to CA types. owever, C
is still essenti 1 in DA syste , even in syste with very l rge nu ber of AE’s refer to
Sec. 2.3.3 .

We obt in the SI e pression for user by substituting E n. 2.21in E n. 2.3 s

If C is e ployed, the following ppro i tion holds

especi lly for]l rge v lues. hen, the SI ¢ nbec lcul ted fro E ns .3 nd . s

ence, every user h s ppro i tely thes e SI v lue. hisis shown to be true by e tensive

si ul tions in Sec. 2.3. see Fig. 2.
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