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Abstract

Wireless indoor multimedia communication has a bright future. The success of
cellular telephony and the explosive development of Internet services will have a
great impact on indoor communications. A variety of services must be offered in
order to maintain the high interest in wireless communications; the mobility will
be taken for granted. Future customers will demand to have Internet in their
pockets and in their laptops wherever they are at a very low cost. One major
drawback of today’s indoor communication systems is that they are not designed
to give the quality-of-service guarantees needed to support different applications.
Future wireless indoor networks will very likely be implemented at places where
the concentration of users is very high, like airports and downtown business
centers. At these hot spots, the radio resources must be used efficiently. This will
increase the system capacity and improve the capability of coexistence with other
wireless networks located in a nearby area. Several networks will very likely be
operating in the same building, supporting different companies. The interference
created from these external sources must be handled in some way.

In this thesis, we investigate a locally centralized radio resource management
concept in an indoor environment. The investigations are focused on
performance and system implementation aspects. Performance comparisons are
made with systems using distributed solutions and fixed channel allocation
(FCA). A number of channel selection strategies are studied and evaluated.
Various methods to improve the capability of coexisting will also be
investigated. The implementation aspects include computational complexity and
installation sensitivity of the indoor architecture. One way of reducing the
complexity is to split the coverage area into smaller pieces and cover them with
one centralized system each. With this complexity reduction method, some of the
capacity is lost due to the uncontrolled interference that the different systems
produce. Our investigations show that sector antennas can be used to regain this
capacity loss while maintaining high reduction in complexity.

The results show that our locally centralized RRM concept outperforms the
distributed solutions and FCA. The concept is suitable for future wireless indoor
communication systems that can provide high performance without installation
difficulties.
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Chapter 1 

Introduction

In the future, a variety of different services will be provided through wireless
networks. The services now available on the Internet, such as WWW-browsing,
electronic mail, file transfer, audio and video broadcasts will be offered to mobile
users and not only to those connected to a fixed network. The demand for
wireless access to these services comes mainly from the success of cellular
telephony. The freedom that users have gained from cellular telephony is
irreversible and will continue to grow.

In office environments, even more services that use wireless technologies will
emerge. Laptop computers will have high-speed wireless access to the fixed
network in the building. All ordinary IP-based services will be available through
these wireless networks with data rates comparable to wired solutions (10-100
Mbps). We want to put the computers where the people are and not where the
fixed network is located. Hospitals and schools are places where this would be
very helpful. At business meetings, documents can easily be distributed among
the participants with laptops without cable connections to a wired network.
Video conferencing will not be bound to a specific conference room if this
service is available over the wireless medium. Even if the use of wireless devices
will often be stationary, the ability to move easily to another location will be
desirable.
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Increased freedom of mobility is not the only advantage of wireless indoor
communication. Altering or extending an already existing fixed network may be
difficult. The number of cables will be less in a wireless network and therefore
easier to restructure. This is very convenient in for example shopping centers,
where planning and floor design changes frequently. In some buildings, the
wiring is more difficult to perform than in others. Large open buildings such as
warehouses and factories where there are no walls have difficulties with wired
networks. In concrete or stone buildings, the wireless solution will be easier to
install. Networks can also be installed in historic buildings without extensive
damage if wireless techniques are used. Easier installations and maintenance are
cheaper and therefore, costs can be reduced. At construction sites, a wireless
network can be set up to provide access to remote information when a fixed
network is not available. Blueprints can be retrieved and material ordered with
portable laptops.

A good guess is that wireless multimedia will be popular and widely used in the
future because of its advantages mentioned above. Several networks must be able
to coexist close to each other. A wireless network located in a tall building can
easily be heard a long distance. In a business complex, many companies may use
networks operating on the same frequency band. This puts the research in Radio
Resource Management (RRM) in focus. To utilize the scarce radio spectrum in
future mobile communication systems better, there is a need to use the available
radio resources (transmitter powers, channels and base stations) in a more
efficient way.

Different wireless services require different Quality of Service (QoS), such as
delay, data rate and error rate. Several constraints must be met to provide a
certain service with satisfaction. The maximum delay is much more important in
an interactive real-time video session than in an e-mail transfer. For one way
non-interactive video, the delay jitter is of more importance than the maximum
delay. We can tolerate a constant delay in a video download but variations in the
delay are problematic. In a large file transfer, we are more interested in the
average data rate than the peak data rate that can be offered. There is also a
difference in error sensitivity. A video session can tolerate minor errors but a file
transfer can not. These differences in QoS must be handled in multi-service
communication systems. The focus in the thesis is on guaranteeing quality from
an RRM point of view and not from a service point of view.

In the thesis, a locally centralized wireless communication concept called the
bunch concept will be studied. This concept uses several integrated Radio
Resource Management (RRM) strategies for high spectrum utilization. The
centralization makes it possible to guarantee different QoS for different services
on a higher level. Our focus will be on system performance and a number of
implementation aspects.
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1.1 Wireless Indoor Communication Systems

Most of the early research efforts in wireless communication were made on
individual radio links from one transmitter to one receiver. The main problem
was to send signals over an unreliable radio link. The signal that arrives at the
receiver is greatly distorted due to time-varying and frequency-selective fading.
The radio waves are scattered from reflecting obstacles and arrive at the receiver
with different delays, producing multi-path fading. These problems can largely
be handled after the introduction of digital communication. Digital signal
processing has shifted the focus from increasing the capacity on single radio
links, limited by gaussian noise and bandwidth, to capabilities of multi-user
networks. Now, the problem is more of how to combat the interference produced
by other users using the same channel in a nearby area. This co-channel
interference is more limiting for the capacity than thermal noise in the receivers,
especially in indoor communication with a dense architecture.

One way of dealing with co-channel interference is to prohibit the reuse of the
same channel in nearby cells. By dividing the available channels among cells in a
cluster (Figure 1.1), the distance between the co-channel users is increased and
the co-channel interference is therefore decreased. This method is widely used in
mobile and cellular communication systems today.

1

2

2

2

2

2

3

3 3 3

3

11

11

Figure 1.1. An example of an FCA reuse pattern with cluster size three. The
cells with the same number are using the same group of channels.

The major drawback with the Fixed Channel Allocation (FCA) solution is that
the system has to be designed for the worst case scenarios due to signal
attenuation and shadow fading. A user on the edge of a cell must generally be
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able to communicate as well as a user in the cell center. To plan for a fixed cell
layout in advance is also inflexible and wastes resources in scenarios with
changing user densities.

To adapt to variable traffic better than FCA, Dynamic Channel Allocation (DCA)
can be used [8], [21], [23], [45], [62]. A lot of research has shown that DCA can
give better performance than FCA [32]. It is generally considered that DCA
should be performed in a distributed manner due to complexity issues. DECT,
Digital Enhanced Cordless Telecommunications, is one of the first standardized
systems for indoor communications and it uses distributed dynamic channel
allocation [20]. The mobile terminal measures the interference on the channels
and picks an appropriate one for transmissions.

In a multi-user network, a multiple access protocol is needed to separate different
transmissions from different users. Since the transmission medium is shared, the
interference must be avoided or controlled, otherwise collisions occur. The users
in the system are given separate channels to transmit on in order to avoid
damaging collisions. The channels can then be allocated to users by FCA or
DCA. Several multiple access schemes have been developed to allow multiple
users to access the communication system. The most common schemes are Time
Division Multiple Access (TDMA), Frequency Division Multiple Access
(FDMA), and Code Division Multiple Access (CDMA). In TDMA, the entire
frequency spectrum is allocated to a single user for a fraction of the time (slot).
The scheme is called FDMA if the division is done in the frequency domain
instead i.e. a fraction of the frequency spectrum is allocated to the users all the
time. CDMA divides a fraction of both time and frequency to the users by
utilizing spread-spectrum. The users are given a unique code that is used for
separating the signals. The codes are spreading the signals over a larger and
common spectrum that the users share. The code is needed for the detection of
the transmitted signal as well as the transmission. Spread-spectrum is a result of
the military research efforts made during W.W.II [48]. By spreading the signals
over a larger spectrum than what is actually needed, they are harder to detect and
are more resistant to intentional jamming.

Hybrid multiple access protocols are generally used in wireless communication
systems. In DECT for example, an FD/TDMA scheme allows the users to
transmit on separate channels and avoid collisions. Ten frequency carriers with
twelve duplex TDMA channels are provided in DECT. DECT is primarily
designed for voice traffic, but multiple channels can be allocated to one user for
data transmissions. One carrier at a time can be handled by every base station and
can serve from one to twelve users with data rates from 32 kbps to 384 kbps
respectively. The low data rates and DECTs completely distributed RRM
schemes, makes it unsuitable for multimedia communications with different QoS
requirements [26].
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The Universal Mobile Telecommunication System (UMTS) is currently being
developed for the third generation wireless communication systems in Europe.
UMTS will support different services with data rates up to 2 Mbps. The system
handles Hierarchical Cell Structures (HCS) to achieve high capacity even with
large variations in speeds of the mobile terminals. Speeds up to 500 km/h are
supported and these require large cells (macro cells) not to produce excessive
transfer from one base station to another (handover). The cells must be smaller
where the user densities are very high. Otherwise, the capacity will be very low
in these hot-spots areas. A hot-spot can be for instance part of the city downtown
or in buildings. The users in these places are moving at low speeds and do not
cause frequent handovers when the smaller micro and pico cells are used. Two
different modes are proposed for UMTS standardization and they are based on
different duplex methods. Duplexing is used for separating the up- and downlink
traffic in wireless communication systems. The separation can be done by either
Frequency Division Duplex (FDD) or Time Division Duplex (TDD). The FDD
mode will be used in macro and micro cells and is called Wideband CDMA
(WCDMA). The TDD mode is specified to operate in pico cell environments.
TDD is more sensitive to synchronization and timing which makes the pico cells
environment more attractive due to the smaller signal propagation delay [51].
With TDD, switching from uplink to downlink can be dynamic and adjusted to
asymmetric traffic. The amount of downlink data traffic will very likely be much
larger than the uplink traffic. The multiple access protocol is a hybrid TD/CDMA
in the UMTS TDD mode.

The development of the third generation mobile communication system is driven
by the success of the first and second-generation systems, primarily NMT,
AMPS and GSM. The cellular evolution toward UMTS is likely to come from
the development of GSM [52], [55]. GSM was originally designed for speech
and not for data transmissions. The basic user data rate in GSM is 9.6 kbps and is
suitable for only a limited number of data services. The GSM data rate can be
enhanced with High Speed Circuit Switched Data (HSCSD) where multiple
traffic channels can be allocated to one user. With HSCSD the user data rate can
be up to 64 kbps. One of the drawbacks with HSCSD is that the channels that are
used, remains allocated during the session even if no data is transmitted. This is
solved with the next step in the GSM evolution with General Packet Radio
Service (GPRS). GPRS is a standard for packet switched data that will provide a
maximum data rate of 171 kbps. With GPRS, the possibility for volume based
charging opens up i.e. a user will only pay for the actual amount of transmitted
data. The packet switching is also more suitable for bursty traffic like interactive
Internet access. GPRS is likely to appear on the market by the end of year 2000.
To improve the capacity even more, higher level modulation is suggested. With
Enhanced Data rates for Global Evolution (EDGE), the data rates can be
increased for HSCSD and GPRS. Services with speeds up to 384 kbps can be
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offered with EDGE. At these speeds, special and simple wireless services can be
offered to mobile customers.

In parallel to this evolution, the fixed Local Area Networks (LAN) are becoming
wireless. A Wireless LAN is aimed at providing local wireless access to fixed
network architectures. WLAN developments are now driven by the success of
the Internet with its services and applications. Future WLAN will provide
connections to the fixed network at high speed. So far, the market has not yet
bloomed with WLANs. This might have to do with the standardization and
interoperability issues that are slightly confusing for the customers. Another
reason is probably the low data rate that is offered by the products of today.
Generally, the bit rate is in the area of 2 Mbps. The products are also quite
expensive compared to wired solutions considering the offered data rates.

In July 1990, the Institute of Electrical and Electronics Engineers formed a
working group (IEEE 802.11) in the United States to establish a world wide
standard for wireless LANs [27], [28]. By that time, a number of Radio LAN
products had been developed in the US ISM (Industrial, Scientific and Medical)
bands, 902-928 MHz, 2400-2483.5 MHz and 5725-5875 MHz [29], [57]. These
frequency bands are unlicensed and can be used for data transmissions if a
number of rules are followed [39]. One of them is that spread spectrum
techniques must be used with a processing gain of at least 10 dB. This resulted in
several different Radio LANs working with both frequency hopping spread
spectrum (FHSS) and direct sequence spread spectrum (DSSS). The products
available could deliver data rates from around 10 kbps up to 2 Mbps. Some
products used infrared (IR) light instead of radio waves [22].

The efforts that the working group IEEE 802.11 made resulted in an approved
standard for WLANs in June 1997 [30]. The standard consists of three different
physical layer (PHY) specifications, one with IR and two with radio
transmissions. The two radio PHYs operate in the 2.45 GHz band, the only
accepted ISM band available worldwide. One radio PHY uses FHSS and the
other DSSS. The IR and FHSS versions support data rates of 1 Mbps with an
option to support 2 Mbps. DSSS supports both rates. Most vendors have made
products with the radio specifications and very few with IR. This is probably
because infrared light needs a path without obstructions between the transmitter
and the receiver. Typically, vendors use similar techniques as the remote control
to television and video sets and we all know how hard it is to switch channel if
someone is standing in front of the IR-receiver. Even if the signal do bounces off
walls and ceilings, it would take to many access points for a WLAN to be
practical.

Parallel to the work with 802.11, Europe started to work on a new standard for
high-speed wireless LANs in November 1991, High performance radio Local
Area Networks (HiperLANs), and wanted new “silent spectrums“ instead of the
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heavily used 2.4 GHz band. The ISM bands allow for all sorts of equipment like
garage door openers, industrial emitting equipment, and microwave ovens i.e. not
only communication systems. Microwave ovens operating in the 2.4 GHz area do
cause interference on DSSS communication systems using the same frequency
band [59]. The frequency band for HiperLAN became 5.15-5.25 GHz (extension
to 5.30 GHz at national discretion). The spectrum is divided into five channels
where the last two may or may not be available depending on national ruels. The
network speed was identified as another crucial topic. The Europeans wanted
true “Wireless Ethernet” and the target bit rate became 20 Mbps. The standard
can offer two bit rates, 23.5 Mbps and 1.5 Mbps. This version of HiperLAN is
now referred to as HiperLAN Type 1 [19].

A lot of focus in HiperLAN/1 is on ad hoc networks [35], [46]. An ad hoc
network can operate without an infrastructure and the communication takes place
between the terminals directly without the need of a central hub or base station.
This is very convenient in training environments and in business meetings when
an infrastructure is not installed. A forward mechanism is incorporated in the
standard between ad hoc nodes to improve the network coverage. The terminals
have a neighborhood discovery protocol that keeps track of the current topology.
Handover is not supported in HiperLAN/1. IEEE 802.11 can also support ad hoc
networking between two terminal stations, but do not have the forwarding
mechanism.

ETSI is currently working on three new standards, HiperLAN/2, HiperACCESS,
and HiperLINK. HiperACCESS is considered for long range (outdoor), point-to-
multipoint high-speed access to remote networks. The spectrum is not decided
yet but the 5 GHz band is not considered. HiperLINK provides a very high speed
(up to 155 Mbps) static short range links. The 17 GHz frequency band is
available for this technology. The HiperLAN/2 and HiperACCESS projects have
priority. The most interesting standard in the family, is by far HiperLAN/2.

HiperLAN/2 has previously been aimed at standardizing Wireless ATM [46], but
the success of the IP based Internet have broadened the efforts to include making
the standard network and application independent. Connections to ATM, TCP/IP
as well as UMTS core networks will be possible. This is done by developing
network convergence sublayers for the different core networks. This is not within
the scope of HiperLAN/2 Technical Specification and will be performed by other
bodies. The air interface will support multi-vendor interoperability; i.e.
equipment produced by different vendors will work together in a network. This
has not always been the case with products supporting the 802.11 standard.
Another advantage over 802.11 is the higher data rate. The European standard
will provide data rates from 6 up to 54 Mbps. This new standard will very likely
reduce the interest in HiperLAN/1. The two PHYs are different and can not
interoperate.
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Similar things are happening with IEEE 802.11. A project is started called
802.11b and will enhance the bit rates from 1 and 2 Mbps to 5.5 and 11 Mbps in
the 2.4 GHz band for the DSSS PHY. The five-fold increase in bit rates are due
to an improved modulation technique called Complementary Code Keying
(CCK) [25]. The modulation scheme in 1 and 2 Mbps DSSS sends 1 and 2 bit per
symbol respectively. High Rate Direct Sequence Spread Spectrum, HR/DSSS,
sends 4 and 8 bits per symbol with the same chip rate (11 Mchip/s) as DSSS
using an 8 chip spreading code instead of 11 chip per code. This gives data rates
of 5.5 and 11 Mbps. The current status is that it will be able to coexist with the 1
and 2 Mbps DSSS versions of 802.11. Improvement of the FHSS mode is done
by allowing the system to switch to HR/DSSS to achieve a bit rate of 4 Mbps.

Another project, 802.11a, is also started by IEEE. As a response to the
HiperLAN/2 standardization, the same frequency band was allocated in the US
by FCC (Federal Communications Commission). FCC granted 300 MHz
unlicensed spectrum at 5.15-5.35 GHz and 5.725-5.825 GHz. The spectrum is
called U-NII, Unlicensed National Information Infrastructure. This opens for
global cooperation, which is actually happening. ETSI is in close cooperation
with IEEE 802.11a and with the Multimedia Access Communications Promotion
Council (MMAC) of Japan, which has plans for a system similar to HiperLAN/2.
This might result in a worldwide standard for Wireless LANs. The physical layer
specifications for HiperLAN/2 and 802.11a have already been harmonized and
are almost identical. The PHY is based on the modulation scheme, Orthogonal
Frequency Division Multiplex (OFDM). OFDM is suitable for the high data rates
that are offered since it can handle multi-path propagation very well. Both
802.11a and 802.11b are fully compatible with the MAC layer specified in the
IEEE 802.11 standard.

A global standard would boost the interest in WLANs. The product prices will
drop in a larger market. This makes the wireless solution a real option compared
to wired LANs. The coexistence of several networks and the guarantee of QoS
are two important issues for future success. Seamless roaming from and to
UMTS networks and interoperability of products from different vendors are also
important. The future looks quite bright after all and we can look forward to an
interesting time of development in this area.

1.2 QoS in WLANs

The IEEE 802.11 standard does not support specific quality of service needs. It
has two different Medium Access Control (MAC) schemes, DCF and PCF [17],
[36]. DCF (Distributed Coordination Function) is designed for asynchronous data
transfer and PCF (Point Coordination Function) is designed for time bounded
isochronous traffic. DCF is contention based and mandatory, PCF is contention
free, optional in the standard, and operates only in a network with infrastructure.
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The basis for DCF is Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA). A terminal must first sense the channel prior to a packet
transmission. If the channel is free, the transmission may proceed. If the channel
is busy, the terminal must defer until the end of the current transmission and
select a random backoff interval. The backoff time counter is decremented as
long as the channel is sensed idle and stopped when a transmission is detected.
The counter is started again when the channel is sensed idle more than a
specified time. The terminal transmits when the backoff time reaches zero. The
two modes can coexist and are in such cases alternated, a contention based DCF
is followed by a contention free PCF.

The CSMA/CA scheme has problems with hidden terminals [33]. The hidden
terminal problem arises when a terminal senses the channel idle although it is
not. Due to obstacles between terminals, a terminal far away can be transmitting
without being “heard” by others.  If this is the case, a collision will occur when
two terminals are transmitting at the same time on the same channel. To reduce
this problem, an RTS/CTS (Request-To-Send / Clear-To-Send) protocol is
included in DCF. A terminal that has a packet to transmit can send a short RTS
frame instead of sending the actual packet. The receiving terminal sends back a
CTS to acknowledge the RTS. The packet can not be transmitted before a CTS
has been received. The RTS and CTS frames carry information about the length
of the packet to be transmitted. This information is used by the terminals to
update a Network Allocation Vector (NAV) containing information of when the
channel is being busy. Even if a terminal can not hear the RTS, the information is
available in the CTS frame and a collision can be avoided. The carrier sensing of
CSMA/CA is complemented with a virtual carrier sensing by having the
terminals checking the NAV before transmitting a packet.

The optional PCF is a centralized mechanism for contention free transmissions
[17]. It is only centralized in the coverage area of one cell and not between
several cells, so collisions can still occur between cells. Contention Free (CF)
transmissions within one cell are controlled by the Point Coordinator by polling.
Not all terminals are capable of operating in a CF period (CFP), since it is
optional, but all must be able to handle DCF.  The CFP starts with a beacon
frame, transmitted by the AP, setting the NAV at all terminals to the time of the
CFP. This makes the terminals prohibited from transmitting without a polling
message from the Point Coordinator. In this way, some form of QoS can be
maintained in light traffic. The problem is that PCF must coexist with DCF and
can easily spoil the effort to guarantee a user specific service.

In HiperLAN/1, the QoS is a bit more sophisticated. Two QoS parameters are
used, Packet Lifetime and User Priority [19], [36]. The primary topology is ad
hoc networks and if used as a connection to a wired network the parameters are
set to a default value if the parameters are not supported by the wired network
(e.g. Ethernet). The HiperLAN/1 Channel Access Control (CAC) uses the
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parameters to prioritize the packet to be sent. The CAC layer decides whether a
packet should be transmitted or not. It uses a listen-before-talk access protocol,
Elimination Yield - Non preemptive Priority Multiple Access (EY-NPMA) [1],
[4], [6].

A packet can be transmitted immediately if the channel is considered free. A
channel is free if it has been silent for more than 1700 bit periods. If a terminal
has a packet to transmit and the channel is not free, a channel access cycle takes
place. A cycle has three phases; prioritization, contention and a transmission
phase. The first phase is priority resolution and the aim is to allow only the
terminals with the highest priority to contend for the channel. The priority is
based on the remaining lifetime of the packet, user priority and the number of
hops the packet has to make before it reaches its destination in the network. The
number of priority levels is generally five (from the highest 0 to 4 the lowest). In
short, only the frames with the highest priority can contend for the channel. The
contention phase is further subdivided into two parts. In part one of the
contention phase, whoever transmits first wins and in the second part whoever
transmits last wins. The winner gets to use the transmission phase.

The EY-NPMA scheme is very effective at avoiding collisions. In [1], the results
show that 97 percent of the time, a successful transmission is performed. This
reduces the number of retransmissions due to collision. It is therefore stable in
nature unlike for example ALOHA [53]. From a QoS perspective, this is not
enough. The hidden terminal problem is not resolved. Throughput and delay
problems occur for higher loads with small sized packets (ATM) because of the
relatively long contention phase [1]. The conclusion in [6] was that EY-NMPA
performs well for low traffic loads and that centralized dynamic TDMA should
be favored in delay sensitive wireless multimedia networks [43], [44].
HiperLAN/1 works on a best effort basis and is not suited for high QoS
guarantees.

It is generally considered that Wireless ATM (WATM) is the solution to quality
of service guarantees in a wireless network [43], [47]. A fixed ATM
(Asynchronous Transfer Mode) network uses intelligent traffic management and
statistical multiplexing to support various user contracts [13]. The data is packed
in a fixed sized frame (cells) of 53 bytes, which makes the network switching and
frame scheduling fast and easy. ATM is connection oriented i.e. dedicated pipes
are used between switches and terminals. The task of WATM is to extend the
ATM network to users without a wired network connection with maintained QoS
guarantees. Standardization work in Europe on Wireless ATM has been divided
between ATM Forum and ETSI. ATM Forum is responsible for work on the
convergence layer mentioned earlier. The ETSI work is on the HiperLAN/2
standard. It is currently under development and only draft information is
available, which may change.
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HiperLAN/2 is based on Time Division Multiple Access with Time Division
Duplexing (TDMA/TDD). Although the standard will support access to multiple
networks based on IP and UMTS, the similarities with ATM are apparent.
HiperLAN/2 is connection oriented and can perform statistical multiplexing for
QoS guarantees. Negotiations have to take place between the user and the
network to see if the request for resources can be met. The standard support an ad
hoc topology but if an infrastructure is installed it will take control. The
scheduling is then performed in a centralized manner in the base station (AP) or
in a central controller connected to several APs. This centralized approach is very
similar to the system studied in this thesis.

Both uplink and downlink data are transmitted in a MAC frame, whose length is
fixed to 2 ms (for the moment). The MAC frame is divided into time slots and
consists of different phases; broadcast, uplink, downlink, and a random access
phase. There can also be a direct link phase in between UL and DL. The data in a
direct link is transmitted from one terminal directly to another terminal. A MAC
frame starts with a broadcast message that gives information on how the frame is
structured. The information specifies when each mobile can transmit and receive
and how the random access is organized. The duration of the different phases can
be adapted to the traffic situation in the system. The broadcast message is
transmitted with the most robust modulation and coding technique so that as
many mobile terminals as possible can decode the message. Mobiles can be
instructed to measure on the broadcast channel from other APs than the serving
one.

Guarantees of a specific service in a fixed network are performed in conditions
like: almost error free, interference free, high available bandwidth. The radio
environment is very unreliable and the conditions are almost opposite. The
importance of efficient RRM and smart scheduling of data is obvious. The
HiperLAN/2 standard supports a number of RRM techniques to combat the tough
environment, such as sector antennas, power control and Dynamic Frequency
Selection (DFS). How to use them is implementation specific and not specified in
the standard. The scheduling is also out of the standardization scope and
implementation specific.

In this thesis, we investigate a hypothetical wireless indoor communication
system implementing the bunch concept. The bunch concept uses integrated
RRM blocks providing high capacity and protection of connections already in the
system. The investigation is performed in an indoor office environment.

1.3 Bunched Radio Resource Management

The bunch concept is a locally centralized RRM concept that consists of a
Central Unit (CU) connected to a cluster (bunch) of Remote Antenna Units
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(RAUs). The resource management is performed in a centralized manner
internally and in a decentralized manner externally. We can for instance use
spread spectrum techniques to combat interference from other bunch systems in
the vicinity. Distributed solutions between systems can also be a way of handling
external interference. We use a new RRM principle in the bunch concept to
protect the existing users in the system and perform calculations with the use of
centrally stored data about the current system situation. Local centralization is
used to keep the complexity at a relatively low level. The idea of protecting the
existing links and users have been studied in [5], [7] and [16]. One difference in
[5] and [7] is that we calculate the impact the new allocation will have on both
the new and the already admitted links in the system before the actual allocation
is performed. In [16], the centralized resource management does perform the
calculations in advance but do not consider local centralization to reduce the
computational complexity.

To perform efficient RRM within a bunch, the CU uses central knowledge about
the system that has been gathered from measurements done by the terminals on
unique beacon signals transmitted from every RAU. Measurements could also be
done centralized on terminal transmissions in the uplink. In our implementation
of the bunch concept, the main idea is to make a feasibility check prior to an
allocation of a new resource request. The allocation is performed only if the
quality of the already allocated users can be maintained. The CU knows the link
gains between the user terminals and the RAUs. The power control is performed
centrally so the CU also knows the transmitter powers. The impact the new
allocation will have on other users can then be calculated in advance, prior to the
allocation. The existing users can be notified of transmitter power updates before
the new user is admitted into the system. Intra-bunch handovers are treated in a
similar way as new allocations. A difference is that this type of handover will get
a higher priority than a new allocation. Inter-bunch handover is treated on a
higher level and not considered in the concept.

Our RRM architecture of the bunch concept was first presented in [12] and is
based on ideas from [14], [18], [23], and [34]. The work was a joint effort within
the FRAMES project. FRAMES was part of the European Community ACTS
research program and the aim of the project was to propose radio interface for the
third generation Universal Mobile Telecommunication System (UMTS).

One of our partners in FRAMES was first with many of the notations in the
bunch concept and introduced the idea of locally centralized RRM [18]. One of
the main differences with their and our work is the assumed central knowledge in
the CU. The work in [18], [40], [41] and [42] assume a central structure matrix
instead of our link gain matrix. The structure matrix contains information of the
cell overlap in the system, on which they base the RRM. The overlapping cells
are called zones and the mobile location determines which zone it is in. A zone is
therefore an area covered by one or several RAUs. The information in the
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structure matrix tells if a zone is covered, interfered or non-interfered by a
specific RAU. The different levels of coverage are then used in the dynamic
resource allocation.

In [12], our implementation of the concept was shown to give a very high
performance in a Manhattan environment compared with fixed channel allocation
(FCA). The results also showed that the complexity of the system can be reduced
if multiple bunches are used to cover the area instead of a single bunch. The price
is lost capacity. We have presented similar results for an indoor office
environment in [49]. The paper also investigates different channel selection
strategies and those results will be presented later in this thesis. We have also
considered the complexity issue in [50]. This work, study sector antennas to both
improve capacity and to reduce system complexity. Sector antennas are mainly
used for capacity improvement [31], [37] and [38]. We will also consider sector
antennas as a means to reduce the transmitter powers.

In [9], Berg shows that the bunch concept outperforms FCA in a mixed traffic
scenario. One of the strength with centralized DCA is the handling of users with
different QoS demands. One of the drawbacks with centralization is its increased
complexity compared with decentralized RRM solutions. In [11], the concept is
evaluated with limited measurement and signaling in a Manhattan environment.
The paper shows that with measurements on only the three strongest beacons,
almost the same capacity can be achieved as in a system where all beacons can
be measured by the mobile terminals. This is done with improved channel
selection, usage of gain values reported previously from other mobiles and
increased SIR targets.

1.4 Thesis Scope

In order for wireless multimedia networks to have the success they are expected
to have, a number of essential points are required. Interoperability is important
for the customers to get interested and the product prices need to get competitive
compared to wired solutions. The networks must support different services that
demand different QoS. All sorts of traffic will be carried over the networks;
voice, video, emails, web browsing and so on. A wireless indoor network must
also be able to coexist with other networks located nearby. The interference from
other wireless networks operating in the same frequency band must not spoil the
performance completely. If wireless installations get popular, they will appear in
many business offices in the same building. Frequency planning is out of the
question and must be avoided.

To meet the increased demand for wireless communication and to provide the
same services as a fixed network, a reliable bridge has to be built from the radio
environment to the fixed network. The bridge consists of efficient radio resource
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management techniques such as power control, dynamic channel allocation, and
sector antennas. The task of the RRM is to hide the difficult radio environment
from the users communicating in the network. An essential problem is handling
the co-channel interference, to control and minimize it. High capacity is needed
to limit the use of valuable radio spectrum.

This thesis will investigate our new RRM principle in an indoor environment
with a highly dense architecture. This extends the work from [12] where the
Manhattan model was used for the investigations. In the indoor model, the
distance between transmitters and receivers are much smaller and the transmitted
signals can propagate through out the entire coverage area. This causes extensive
co-channel interference, which must be properly dealt with. Our focus is on
bunch system performance and feasibility aspects on implementation. The
performance is compared with FCA and distributed systems. We want a system
with high capacity, low transmitter powers and a system that can be implemented
in practice.

In this thesis, we will conduct performance studies of our RRM concept in an
indoor environment with a dense architecture producing high interference levels.
Future wireless indoor networks will often be installed at places with a high user
concentration like airports, university campuses and business centers. We will
also evaluate the use of sector antennas to improve the system capacity and lower
the transmitter powers. This will enhance the capabilities of coexistence of
multiple networks. An investigation of implementation aspects such as
complexity and installation sensitivity of the system architecture will be
performed.

1.5 Thesis Outline and Contributions

A more detailed explanation of the bunch concept is presented in chapter 2. The
work in this chapter is made in cooperation with Miguel Berg and other members
of the Radio Communication Systems Laboratory at the Royal Institute of
Technology. Valuable feedback has been given to us from partners within the
FRAMES project as well. The work is published in project documents ([1], [2])
and in our paper A Radio Resource Management Concept for ‘Bunched’
Personal Communication Systems, [12]. The paper presents the concept and its
radio resource management architecture. The concept is also briefly described in
Radio Resource Management Algorithms and Interaction with RLC/MAC
Protocols for FRAMES Multiple Access Scheme [56], a paper presenting the
different RRM concepts developed within FRAMES.

The models that are used in the thesis are presented in chapter 3. Here we also
give the performance measures. A major part of the models are used for UMTS
evaluation and given by ETSI [60].
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In chapter 4, we compare the studied bunch system with systems using other
RRM solutions. An investigation is made on the channel selection strategies
incorporated in the bunch concept. This part is based on our work presented in A
Comparison of Radio Resource Management Strategies in Bunched Systems for
Indoor Communication [49]. Channel selection is important and is one of the
basic RRM techniques used for improved system capacity. The goal is to find a
suitable channel selection candidate. We will also look at beamforming to
improve the performance. Beamforming reduces the co-channel interference and
therefor likely increases the performance. Sectoring and antenna pattern
downtilting are used in the investigation.

In chapter 5, we study the coexisting capabilities of the bunch system. The
channel selection strategies investigated in chapter 4 will be studied regarding
how they perform with external interference. One important factor for good
coexisting performance is the distribution of the transmitter powers. Channel
selections producing low power assignments will make the wireless network
interfere less with other networks. We will also look at selection strategies that
use the external interference in the assignment decision. Installing sector
antennas is also a way of reducing the interference, both internally and
externally. Chapter 5 ends with an investigation of sectoring as a means to
improve the coexisting capabilities of the communication system. The work with
sector antennas as a means of reducing complexity is to be published in Sectoring
of a Locally Centralized Communication System in an Indoor Environment [50].

A wireless indoor multimedia network must be feasible to use. The sixth chapter
will look into installation issues like base station location and sector rotation. It is
not easy to follow strict rules when installing the antennas and cables. Sometimes
it is not possible to set up the infrastructure the way you want. Not all offices
may be able to have the antenna element in the center.  Therefore, in chapter 6,
the sensitivity for these things is studied. Another feasibility issue regards the
complexity of the system. Investigations on the bunch concept have shown that
the complexity can be reduced by letting multiple bunches cover the area instead
of a single one [49], [50]. The result show that capacity is lost with multiple
bunches. Chapter 6 looks into whether sectoring can regain this capacity loss or
not.

Finally, in chapter 7, we summarize the thesis and discuss the presented results.
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Chapter 2 

The Bunch Concept

Our bunch concept consists of a Central Unit (CU) connected to a cluster (bunch)
of Remote Antenna Units (RAUs). An RAU can be either a base station or just a
radio head that transmits the RF signal. The area that the RAUs cover is called a
bunch. The central unit controls and manages the radio resources in the bunch
system. The RRM in a bunch relies on the knowledge that the CU has about the
system in combination with a SIR-based power control. The knowledge about the
system is gather by the terminals by measuring on unique beacon channels
transmitted in the downlink by every RAU.

CU

RAU

RAU

RAU

Figure 2.1 One bunch with the Central Unit and the connected Remote
Antenna Units.
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A lot of overlap between cells is quite common in micro-cells and especially
indoor pico-cells. This overlap makes it difficult to predict interference between
cells and thus a lot of resources are usually wasted when channels are assigned.
To improve the trunking efficiency in such a case we would like to share the
resources better between cells. This is the primary application for the bunch
concept. A bunch can cover for instance a group of streets and buildings where
the traffic intensity is high. Since the interaction between CUs is very limited,
interference caused by other bunches cannot be properly controlled. Other
actions must therefore be taken to handle the inter-bunch interference.  Smart
selection of channels can be one way and will be looked into in sub-chapter 4.1.

2.1 Resource Management Architecture

All the intra-bunch radio resource management algorithms such as channel
allocation, link adaptation, power control and handover are integrated into a
structure denoted the Intra-bunch Resource Manager (IRM). The reason for this
is that we strongly believe that resource management is much more efficient if
the different algorithms co-operate tightly contrary to the conventional
subdivision of RRM functions. The IRM is responsible for resource allocation,
reallocation, and deallocation. All allocation requests are passed through a queue
sorted in priority order. Reallocation is performed by deallocating the resource,
generating a new resource request in the queue and finally allocating it with some
constraints that depend on the reason for deallocation. The most important
functional blocks in IRM are:

• A Priority Queue through which all requests are passed. Initial priorities are
assumed to be supplied by admission control on a higher level. Reallocations
in a bunch have a higher priority than new allocations in order to avoid
dropping of existing users.

• The Generic Allocation algorithm, which handles all resource requests
including the ones for new users and for users needing more capacity. If the
allocation fails, the request is put back in the queue.

• The Generic Deallocation algorithm which is responsible for releasing
resources in case of problems (quality warnings from measurements), and
when otherwise needed, e.g. upon handover or service termination and in case
of too good quality. Resources that are removed in case of problems are put in
the priority queue.

• The Power Control (PC).

A more thorough and detailed explanation of the IRM can be found in [10] and
[12].
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2.1.1 The Priority Queue

Resource requests are placed in a priority queue. Here we assume that Admission
Control supplies each user request with a priority. Requests from the already
assigned users normally have a higher priority than new requests, i.e.
reallocations and requests for upgrading the link quality/transmission rate are
usually served before new requests but this is a system parameter that the
operator can change. Resources that are put in the queue by the GD have a status
field containing the reason for deallocation, e.g. bad quality. It also contains
eventual constraints on the wanted allocation, e.g. a wish list on preferred
channels or RAUs.

We also need a timeout-mechanism for the requests in the queue. Each request
has a time limit that must not be exceeded when unserved. If the request cannot
be allocated within this time in the queue, that request is dropped. This means
that the user request with the lowest priority in the system is dropped. The
priorities can be dynamic and altered with time if necessary.

2.1.2 Generic Allocation and Deallocation

Generic Allocation (GA) is responsible for allocation of resources and allocates
resources according to the requests in the queue. It includes initial selection of
transmission modes and uses central knowledge to allocate the resources. If the
queue is not empty, the resource allocation procedure is triggered on the
following events:

• Change in the queue

• A timer has expired since the last allocation attempt

• De-allocation has occurred

In the next section, we will specify the GA algorithms that we will use in this
thesis.

Generic Deallocation (GD), executes the removal of resources that have
problems with quality (too good or too bad). Removals due to bad quality
generate a capacity request in the queue and all necessary status information is
stored (reason, quality, current resources, etc.). GD also releases the resources
that are no longer needed by the requested services (end of data burst or end of
service). After the resources have been released, we may set a new power value
(decrease power) for the remaining co-channel users on the affected channels in
the bunch. If it is not done here it will still be handled by the slow power control
but this will take a little longer.
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The GD works as follows:

1. GD is triggered for some resources belonging to a service request

2. The RUs are deallocated and a request is put in the queue if the trigger was not
from a service termination (a request is not put in the queue when an allocation is
terminated). The request contains all necessary status information, e.g. triggering
event, current resources and their quality, etc. The request can also contain some
constraints regarding which resources (RAUs, channels, and transmission modes)
that can be used and in which order they are preferred.

3. GA takes the request from the queue and performs an ordinary allocation with
the supplied constraints. This type of allocation typically has a higher priority
than new resource requests.

2.1.3 Power Control

One important resource management block is the power control, PC. The PC is
responsible for adjusting the transmitter powers to a level where the signal
strength is strong enough. The signal needs to be strong enough to ensure the link
quality but low enough not to cause too much interference. In our thesis, we use
an iterative and SIR based power control. The aim of the PC is to balance the SIR
for all links in the system to a specific SIR target.

2.2 Resource Management Algorithms

We divide GA into four sub-algorithms: RAU Selection, which finds the most
suitable RAU (e.g. with the lowest path loss); Channel Selection, which selects
resources to try; Feasibility Check, which calculates if the selected resources can
achieve an acceptable quality (SIR) without disturbing the existing users; Initial
power algorithm, which decides what transmitter power the new and existing
connections should have.

2.2.1 RAU Selection

The first part in the allocation process is the selection of the Remote Antenna
Unit, RAU. The mobiles measure on the beacon channels prior to the first contact
with the system. These values are reported and are used in the selection process.
In this study, we consider only the case when the terminals are connected to the
strongest RAU. Even if the use of wireless equipment is likely to be stationary in
general, handover needs to be considered. A terminal must be served by different
RAUs when moving from one area to another within the bunch. An intra-bunch
handover of the connection is then performed in some way. The handover
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decision in made centrally with the use of measured data reported by the mobile
terminals. In a system with a dense indoor architecture, the intra-bunch handover
rate may become a problem if not dealt with properly. Handover is not
considered in the thesis and left as a topic for future studies.

2.2.2 Channel Selection

The Channel Selection determines the order in which to test the available
channels in an RAU for feasibility. More or less complex algorithms can be used
to find a channel. They can for instance be based on measurements, central
calculations or just picked at random.

Several channel selection strategies is later investigated in chapter 4.1, such as:
random, least interfered first, most interfered first and lowest number first. The
performance investigations of the different selection methods will be done with
both single and multiple bunches.

If no channels are available at the selected RAU, the resource request is blocked.
A future study could be to analyze different methods of channel borrowing from
neighboring RAUs.

2.2.3 Feasibility Check

The task of the Feasibility Check is to protect the existing links and users in the
system from a quality drop when a new resource is allocated. This is done by
calculating the effect of an allocation before it is actually performed. Data of the
current system situation is continuously gathered and stored centrally. From these
data, all link gains are calculated from all RAUs to every terminal in the system
and the result is stored in the link gain matrix (see sub-chapter 2.3). This matrix
is used in the calculations to ensure that the selected channel is feasible. A
channel is feasible if both existing and new links can meet their specified SIR
targets.

2.2.4 Initial Power

If a channel was found feasible, we determine the transmitter powers to use for
all co-channel users in order to ensure that their quality needs are met. The users
that are affected by the allocation are notified of this and the transmitter powers
can be adjusted to the levels calculated. Another way of protecting the already
admitted users can be to broadcast a “boost factor” to them [5], [7]. The powers
are raised by a factor to increase the SIR and the new user gets an initial power
that is sufficiently low not to interfere with the previously admitted.
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2.3 Link Gain Matrix

Within the bunch, we base our RRM decisions on the link gain matrix G [63]. It
is constructed from downlink path loss measurements on the beacon channel that
all RAUs broadcast. An example of G-matrix construction is shown in Figure 2.2
where the link gain from terminal i to RAU j is denoted with gij.
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Figure 2.2 The link gain matrix G.

The beacons contain the RAU/bunch identity and are transmitted so that the
mobiles can listen to all RAUs within range. All RAUs in the figure are within
the same bunch. Powerful error control coding is used which permits the
decoding even in case of very low SIR. The mobiles measure the signal strength
and report this to the CU together with the decoded RAU identity. Ideally, with
complete knowledge of the gain matrix and all transmitter powers within the
bunch, we would be capable to determine if a new allocation is feasible or not,
i.e. if all co-channel users can achieve their SIR target. If the channel is feasible,
the new allocation is performed.

2.4 Bunched Resource Management

After the user has been connected to an RAU the user requests a resource and a
channel is first selected by the channel selection method, e.g. random selection or
least-interfered first. The powers and gain values are then used in the feasibility
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check as follows: In a system with m co-channel users, the SIR for mobile i is
given by
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γ , i ∈{1,2,…m}, (Eq. 2.1)

where gij is the link gain from mobile i to the RAU used by mobile j, pi is the
transmitter power and Ni is the thermal noise in receiver i plus any measured
inter-bunch interference. The objective of the bunch RRM is that all admitted
users should achieve the SIR target, γ0. One way of finding the powers is to solve
the matrix equation system resulting from

ii ∀≥ ,0γγ (Eq. 2.2)

for the power vector P by Gaussian Elimination in order to see if admission was
feasible and to get the initial power levels. One problem with this approach is
that there is no straightforward way of handling the case when the power control
dynamic range is not infinite. If some of the calculated powers are above the
maximum (Pmax) we know that the connection is not supported and if some of
them are below the minimum (Pmin) we can not be sure that simply raising them
to Pmin still gives a feasible solution. To cope with the problems mentioned, we
use an iterative method to find the power levels [9]. The main idea is to run the
distributed constrained power control algorithm (DCPC [24]) within the CU
before the new channel is allocated. DCPC is of course suitable for distributed
use, but since the algorithm converges fast and is very simple, it is perfect for
feasibility check and initial power setting.
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i

i ∈−=
γ
γ (Eq. 2.3)

The power control test-runs with all the co-channel users to find out if all their
SIRs can be maintained. If the channel was feasible, all the powers of the
affected users are adjusted and the new user can be admitted, otherwise another
channel is tested with the procedure repeated.
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Chapter 3 

Models and Assumptions

The models for our investigation the bunch concept in an indoor environment are
the similar to the office models given by ETSI [60] to evaluate the different
UMTS proposals. One difference with the ETSI models and ours, is the use of
mobility for the terminals. We assume that the advantage of high-speed wireless
access to a fixed network is more a matter of freedom of location than freedom of
mobility so no mobility will be modeled in our work.

Our investigations are done with snapshot simulations using MATLAB and will
in this chapter describe the models and performance measures used in these
simulations.

3.1 Indoor Office Scenario

The scenario is a multi-story building with offices and corridors in an open floor
plan. The office cubicles are separated by conducting movable partitions. One
office is 10 by 10 by 3 meters and the corridors are five meters wide. An RAU is
placed in every second office as can be seen in Figure 3.1. The RAUs are
installed at the ceiling level and the terminals are assumed to be on 1.5 meters
above floor level.



26          MODELS AND ASSUMPTIONS

0 10 20 30 40 50 60 70 80 90 100
0

10

20

30

40

50

Meters

M
et

er
s

Figure 3.1 One floor in the indoor office environment with 20 RAUs
represented by the filled circles.

Generally, we will use a three-story building in our simulations (Figure 3.2). A
few exceptions will be in the investigation of sector antennas. For some
simulations with sectoring, only one floor is used in order to simplify the
calculations in the allocation procedure of new users. If we have three floors with
20 RAUs and a system with a six-sector configuration, the number of RAUs
increases from 60 to 360. Considering sector antennas as a tool for two-
dimensional operation, one floor will be sufficient. The antenna patterns are
described in connection to the investigations later in the thesis.

Figure 3.2 The three-story building with the RAUs installed at the ceiling.
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3.2 Radio Wave Propagation

The path loss model is based on the COST 231 model and is simplified as [60]:

LP [dB] = 37 + 30log10(R) + 18.3 ⋅ n
((n+2) / (n+1) - 0.46)

  + Xσ, (Eq. 3.1)

where R is the transmitter-receiver separation given in meters, n is the number of
floors in the path between them and Xσ is the added shadow fading. The shadow
fading has a log-normal distribution with a standard deviation of 12 dB. The high
standard deviation of the shadow fading is a result of the partitions that are
separating the offices. These partitions create a large degree in signal variation.
We also assume perfect knowledge of the link gain matrix, i.e. all the path losses
between the base stations and mobiles are known.

3.3 Traffic Model

We use a very simple traffic model for our investigations with a constant number
of active users in the building. The number of users equals the load times the
number of RAUs and the number of available channels in the system. This
generates a binomial distribution of the number of users per cell. Since all users
are active in the system and the number of cells is relatively large, the number of
active users per cell can be approximated with a Poisson distribution. Poisson
distributions are often used to model the traffic with speech communication in
cellular systems. Even if the traffic in future wireless high-speed networks will
be dominantly data traffic, the model is adequate for snapshot simulations. Other
traffic models are for future studies.

3.4 Performance Measures

In most cases, the relative load, ϖC, is used to present the different performances.
The relative load is defined as the fraction of C requested channels in a cell,
which results in C⋅ϖC. users per cell on average. The assignment failure rate ν is
the fraction of users that did not get a feasible channel (blocking) or got a
channel that had to low quality (outage) to meet the specified SIR-target [63].

The instantaneous capacity ω*(νo) is defined as the maximum allowed load in
order to keep the assignment failure below a specified threshold ν0 [63]:

ω*(νo) = {max ω : ν ≤ νo } (Eq. 3.2)

We define capacity ω* as the load where νo = 0.02. The capacity in a
communication system is closely related to the income that can be generated to
make a profit for the investors. The investments made have to be paid for and
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more users mean in general more money. The selection of 2 percent assignment
failure is from the UMTS goal of 98 percent satisfied users. In the result graphs
through out the thesis, νo = 0.02 is drawn as a dashed line in the graphs
presenting the capacity. The capacity can then easily be read as the load where
the assignment failure plots crosses this line.

Another performance measure used in the thesis is the CDF of the transmitter
powers, where CDF is the Cumulative Distribution Function. The CDF is defined
as the probability of the event {P ≤  p}:

FP (p) = Pr [P ≤  p] for -∞ < p < ∞, (Eq. 3.3)

that is, it is the probability that the random variable P takes on a value in the set
(-∞, p].

The CDF of the transmitter powers, FP (p), is plotted for a specific load, which is
normally set to the center load in a simulation. Several benefits come from
transmitting with low powers. Wireless systems that operate in the same
frequency spectrum will interfere less with each other using lower powers. This
will enhance the coexisting capabilities of the systems. From the distribution, we
can also see the power control range that is needed to maintain the capacity. A
large dynamic power control range requires very advanced transmitters,
especially in the downlink. Transmitting multiple signals with different powers
requires linear amplifiers in order not to cause damaging intermodulation
products in the combined signal [15].

Computational complexity κ (ϖC ) is also measured. Complexity is considered as
the major drawback with centralized systems and must not be too large.
Centralized resource allocation that requires calculations has a time constraint to
take into account. The calculations have to be finished before the actual
allocation is performed. In a high capacity system, the number of co-channel
users may become large. Therefore, the complexity must be kept low since it is
closely connected to the number of co-channel users. We represent complexity in
this thesis by floating point operations per allocation attempt. The number of
floating point operations (flops) is obtained from MATLAB simulations and is
used in order to get a computer independent measure of the complexity.

3.5 Snapshot Simulations

As a basis for the performance evaluations lie snapshot simulations where only
the downlink is considered. For every simulation, the minimum number of users
is set to 30000 and the number of channels available at every RAU is 48 (with
reuse 1). At a load of 0.5, on average 48⋅0.5=24 users are requesting a channel on
every RAU. The adjacent channel interference is neglected. On three floors with
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a total of 60 RAUs, we then have 60⋅24=1440 users. To meet the minimum
30000 users that are required for every simulation, 21 iterations are used for the
load 0.5. All iterations are considered uncorrelated, i.e. the users are regenerated
and distributed over the building with new the link gains calculated. There is no
correlation between the different links in the system and we consider the path
loss from one RAU to one user to be the same for all possible channels. If sector
antennas are used, the sectors are treated as separate RAUs, i.e. the links from a
user to sectors located at the same place can have different shadow fading. A user
can therefor be connected to a sector that is not aimed directly at him.

The users are assigned the strongest RAU and they are requesting one channel
each. The channel requests are processed one by one until there are no requests
left. One by one, the available channels are tested for feasibility at the assigned
RAU. Once a feasible channel is found, that channel is assigned to the requesting
user and the next request is processed. In addition, when the allocation is made
the powers of all co-channel users are adjusted so that their SIR targets are
maintained. The SIR-targets are set to 10dB for all connections. Since an
iterative power control is used, the SIR will never get to 10dB when several users
are using the same channel. Therefore, a SIR of 9dB is considered enough for
feasibility. The transmitter powers are bounded between 2W and 2mW giving a
dynamic range of 30dB. If we could not find a feasible channel or if the RAU has
no available channels, the request is considered a failure. All assignment failures
are added up and used as a performance measure. There is no dropping of a user
from the system. Once a connection has been established, it is kept during the
current iteration of the simulation. The users are also considered static (no
mobility) during an iteration and they are distributed evenly over the area with
the exception that the probability is 0.85 of being located in the office and 0.15 in
the corridor.

The 95 percent confidence interval for the assignment failure ν can be
approximated with

( )
n

'1'96.1' νννν −⋅⋅±= , (Eq. 3.4)

where ν’ is the observed relative frequency and n is the number of users [54].
With ν’ = 0.02 and n = 30000, the assignment failure becomes 0.02 ± 0.00158.
The probability for ν = 0.02 to lie in the interval [0.018  0.022] is 95 percent. The
number of users used in the simulations is therefore considered large enough.

3.6 FCA Comparison

When we evaluate the bunch concept we compare the performance in some cases
with Fixed Channel Allocation (FCA).  To implement FCA, the feasibility check
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is ignored when assigning a new user. This means that a channel is used at the
selected RAU regardless of the interference the allocation might cause to other
users. In an FCA system the interference can be lowered by splitting the
resources between the base stations. In the FCA implementation, the power
control is still in use and the mobiles are still connected to the strongest RAU.

Two methods are used for splitting the channels with FCA. The first method is to
split the channels between the RAUs. The channels are split into clusters over the
area like in Figure 3.3. The second method is used when sector antennas are
implemented. In these cases, the channels are split between the sectors and not
between the RAUs. This split is also used for bunched DCA when sectoring is
investigated. Frequency reuse between sectors is for future studies.
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Figure 3.3 Channel group numbering showing the FCA reuse pattern with a
cluster size of 4. The figure shows two out of three building floors.

The RAU placement in our indoor model makes us see the cell as a square
instead of a more traditional hexagon. In Figure 3.3 we can see how the channel
groups are divided between the RAUs in a reuse 4 system. If the cluster size were
nine, we would get <1,2,3,1,2,3…> instead of <1,2,1,2…> on the diagonal. The
comparison with FCA is done for the investigation of channel selection strategies
in section 4.1.1.
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Chapter 4 

System Performance

This chapter studies the performance of single bunch systems. The whole area is
covered by a single bunch; i.e. one central unit is controlling all the allocation
requests made by the users in the building. With one bunch only, there is no
external interference present to affect the system performance. We will see an
optimistic evaluation that will give us an upper bound on what can be achieved
with the centralized RRM concept in an indoor environment. Previously, the
bunch concept has been studied in an outdoor Manhattan environment [9], [10],
[11], [12]. The results show that a capacity of almost 0.9 can be achieved with a
single bunch covering a twelve-by-twelve block Manhattan scenario. We should
not expect a capacity of 0.9 in our indoor investigations of the bunch concept.
The Manhattan environment has large buildings that shield and attenuate signals
from co-channel users compared with a very dense indoor environment where
interfering signals can propagate through the whole building. The outdoor
scenario can almost be considered one-dimensional since the major part of the
interference received by a user is originating from the same street while the
indoor building is three-dimensional with relatively short distances between all
the co-channel users.

In this chapter, we study the locally centralized bunch concept in a single bunch
scenario. The study is performed in an indoor environment using a three-story
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building with a highly dense network architecture. The performance of four
different channel selection strategies is presented with the capacity and the
distribution of the transmitter power as performance measures. Channel Selection
is one of the key RRM blocks and it can be done with or without the use of
interference measurements. The performance is compared with fixed channel
allocation and with a distributed system using interference measurements.

The first part of chapter 4 deals with the different channel selection strategies.
The second part studies beamforming as a tool to improve the system
performance. We look at both sector antennas and antenna pattern downtilting.

4.1 Channel Selection Strategies

Before a new channel can be used and allocated to a user, we must find out if it is
suitable or not. We need to know how the existing users are affected by the new
allocation. A channel is suitable if all the previously existing links and the new
one have a SIR above a specified minimum value after the allocation. The
Channel Selection with the Feasibility Check finds out if the channel can be
used. This look ahead mechanism is the core of our centralized system.

We will first investigate different channel selection strategies in the case when
one bunch covers the whole building. This gives a situation where there is no
external interference to the bunch system. Although this is an ideal and optimistic
scenario, it will give us a good indication of how the different strategies will
perform when there is little or no interference from external sources that are
using the same frequency band. The goal with this study is to find a selection
strategy that both gives high capacity and low transmitter power in the system. If
we cover the whole area or building with one bunch and select the channels
smart enough, we can expect a high capacity since we centrally control the co-
channel interference.

Four different channel selection strategies are investigated for use in a single
bunch system:

Random:  Select an available channel at random and check for feasibility.

Most-Internal-Interference (M-I-I): Select the available channel with the
highest intra-bunch interference first.

Least-Internal-Interference (L-I-I): Select the available channel with the
lowest intra-bunch interference first.

Lowest-Numbered-First (L-N-F): Select the channels in the same order
within the bunch.
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The channel selection strategies have different approaches in distributing the
channels to the users in the system. Both L-N-F and M-I-I tries to reuse the
channels as much as possible. L-N-F tests the channels one by one and in the
same order at every RAU. M-I-I uses the existing central knowledge about the
system and searches for the most internally interfered channel that is feasible.
L-I-I does the opposite; it searches for the least internally interfered channel that
is feasible. The goal for L-I-I is to avoid interference and therefore minimize the
effect that a new allocation has on the already existing allocations. Random
channel selection is a simple way of choosing channels. If you do not know how
to choose, pick one at random. The Random selection can stand as a kind of
reference method. If the performance for a selection strategy is worse than
Random, it is not so good and should not be used. These strategies are similar to
those investigated by Goodman et al [23] and Whitehead in [62]. The difference
is that those are performed in a distributed manner and not centralized.

The capacity was defined as the load where the assignment failure rate is 0.02.
Looking at Figure 4.1, we can see that all selection strategies perform well. With
Random channel selection, the achievable capacity is 0.46. Almost every second
channel can be used in the very dense indoor environment.
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Figure 4.1 Capacity for different channel selection strategies in a single
bunch scenario. The capacity is measured at the crossing of the dashed line.

The simple L-N-F presents the highest capacity in this single bunch scenario.
Testing the available channels one by one in an ordered fashion is apparently a
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good way of finding a feasible channel. The capacity is 13 percent higher for
L-N-F than for Random selection. This result is in accordance with [62].
Comparing L-I-I with Random, the capacity difference is 10 percent and M-I-I is
only marginally better than Random.

Later in the thesis, we will look at multiple bunch scenarios and investigate the
capability of coexistence. Low transmitter power is of great importance in a
multiple bunch scenario. Looking at only a single bunch, the dynamic range of
the transmitter powers is more interesting. With a large dynamic range, it is
difficult to maintain the transmitter linearity and a small dynamic range is
preferable. In Figure 4.2, the distributions of transmitter powers are shown at the
load 0.5. We clearly see the impact the different approaches have on the
transmitter powers. Both M-I-I and L-N-F uses a more interfered channel than
Random and L-I-I. This requires a larger dynamic range on the power control
since a more interfered channel requires higher transmitter powers to achieve the
SIR targets. With L-I-I, more than 35 percent of the users are transmitting with
minimum power. For M-I-I, less than 10 percent can transmit with minimum
transmitter power.
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Figure 4.2 Distribution of transmitter powers in a single bunch for different
channel selections.

Figure 4.2 also gives us an idea of how the different strategies will manage in a
multiple bunch scenario. A good guess is that L-I-I, with generally lower
transmitter powers, stands a better chance of handling multiple bunches. Multiple
bunches are considered in chapter 5.
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4.1.1 Comparison with FCA

To be able to value the result given in the last section we will compare them with
the performance of a system that uses Fixed Channel Allocation (FCA). In an
FCA system, the covered area is divided into clusters and the channels are split
between them. This will separate the co-channel users and thus decrease the
interference. The drawback is of course that fewer channels are available for use
at the RAUs. In the simulation with FCA, the power control is run with five
iterations prior to the control of which connections achieved their SIR targets
(PCU=5 in the title). It would be unfair to the FCA scheme not to use the power
control. Only regarding the noise level and not the current interference situation
produced by co-channel users sets the initial powers for connections using FCA.
This will very likely set the power to the minimum value. In Figure 4.3, we can
see the performance of an FCA system with different cluster sizes as well as the
performance of a bunch system, both using Random channel selection.
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Figure 4.3 Comparison between FCA and bunced DCA with random
channel selection.

The results show clearly that FCA is not a good RRM solution in this
environment with a dense architecture. Actually, we can have close to five times
the load with bunched DCA compared to FCA at 2 percent assignment failure.
FCA could be a candidate in the situations when fewer RAUs are covering a
smaller building or when the architecture is less dense. Although the



36          SYSTEM PERFORMANCE

performance will improve with bunched DCA in these environments, the
difference in performance is likely to be smaller compared with FCA.

4.1.2 Comparison with Distributed Systems

In the previous study, we made a comparison between bunched DCA and FCA
with random channel selection. As the results show, FCA does not perform very
well. If we would introduce interference measurements in the FCA system, the
comparison would be fairer in this highly interfered environment. If we let the
mobiles measure the interference on the channels and then choose the least
interfered one, we get a distributed system that is similar to DECT. The
difference between this DECT-like system and the bunch system is the usage of
the Feasibility Check. A comparison between these two systems will give us an
idea how the Feasibility Check affects the performance of a bunch system. The
channel selection for the bunch system is the same as for the FCA case, Least-
Internal-Interference (denoted L-I-I BDCA and L-I FCA). In Figure 4.4, we see
that the bunch system can carry almost twice the load as FCA with reuse 1. We
also see that the performance decreases with a larger cluster size.
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Figure 4.4 Capacity comparison between bunched DCA and FCA using
interference measurements.

The primary reason for the decrease in capacity for a larger cluster size is related
to the choice of RAU. The mobiles are connected to the strongest RAU and this,
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in combination with the selection of the least interfered channel, makes it more
beneficial to have all channels available at every RAU (reuse = 1).

The capacity for FCA with Random channel selection was shown less than 0.1 in
Figure 4.3. With interference measurements, the capacity is increased to 0.28.
This improvement is a clear indication that knowledge of the current interference
situation is very powerful. The next capacity improvement shown in Figure 4.4,
is the result of the Feasibility Check used in the bunch system. Calculations in
advance of the effect a new allocation has on the existing links increase the
capacity with a factor of two.

4.2 Beamforming

In a small pico-cell environment, the system will most probably be interference
limited. To further study interference suppression methods, we will now look
into beamforming. Beamforming is the use of directional antennas. Two different
methods are investigated as tools for capacity improvement. The first method is
antenna pattern downtilting and the second is sector antennas. With antenna
pattern downtilting, the antenna beams are focused and directed with all the
channels still available at the RAU site. The RAUs, which are located at the
ceiling, direct their antenna beams down toward the floor to reduce the system
interference.

With sector antennas, the cell is split into wedges and the channels are divided
between them. The two methods reduce the co-channel interference that the users
are subjected to in the system. The affect this has on the performance is presented
below.

4.2.1 Antenna Pattern Downtilting

When downtilting the antenna pattern, the covered area from a cell site is made
smaller and thus decreasing the overall system interference. Figure 4.5 shows a
schematic picture of two RAUs and one terminal. The antenna patterns of the
RAUs are parabolic in elevation and omni-directional in azimuth with the main
beam directed downward. This will attenuate the signals that a terminal receives
from RAUs far away more than signals transmitted from RAUs located closer to
the terminal. To attenuate the interfering signals that are transmitted on the same
channel will improve the capacity in the system. A problem with downtilting is
that the strongest RAU may not be the closest one for a user and a too narrow
antenna beam might cause less capacity. A too narrow beam can also cause
“blind spots” in the covered area. There is a balance between suppressing co-
channel interference and letting the central unit take advantage of the large
amount of information it has about the system.
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ΦHPB

Figure 4.5 Two RAUs mounted at the ceiling directing the antenna beams
downward to the floor. ΦΦΦΦHPB is the Half-Power-Beamwidth.

One of the parameters for the parabolic pattern is the Half-Power-Beamwidth
(ΦHPB). ΦHPB is the angle where the antenna gain has dropped to half of its beam
center value. Another pattern parameter is the front-to-back ratio and it is the
gain ratio between the front lobe and the back lobe. The front-to-back ratio is set
to 15 dB in our simulations and the antenna gain is normalized to 0 dB at the
beam center.

The patterns are similar to the ones used in [31] and [61]. In [31], Wang and
Wang uses the antenna pattern for sector antennas in a study of handover and
frequency reuse. In  [61], Kajiwara uses downtilting to improve the capacity.
Kajiwara shows that by suppressing outside co-channel interference, a denser
architecture with smaller cells can be installed which improves the capacity. The
mathematical formula of the elevation (vertical) antenna pattern is [61]:
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although it is turned 90 degrees, pointing downward as in Figure 4.6 (due to
MATLAB thinking). Two vertical antenna patterns are shown in the figure with
ΦHPB of 80 and 100 degrees. The dashed circle is the –3dB limit and ΦHPB is the
angle between the two intersections of this limit for a pattern. For example, the
solid pattern in the figure intersect the –3dB limit at 230 and 310 degrees,
making ΦHPB = 80 degrees.

Figure 4.7 shows the performance with downtilting for L-I-I channel selection.
There is a maximum in capacity around ΦHPB of 80 degrees with an improvement
from 0.51 to 056 compared with omni-directional antennas. This has to do with
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the signal attenuation between the building floors. The mobile users receive
signals from RAUs on other floors, but these signals are very seldom stronger
than the signals from RAUs located on the same floor. This means that the RAUs
on other floors are more or less producing co-channel interference. The
attenuation between floors should therefore be as high as possible for best system
performance.
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Figure 4.6 Downtilting pattern with ΦΦΦΦHPB = 80 and 100 degrees. ΦΦΦΦHPB is the
Half-Power-Beamwidth. The front-to-back ratio is 15 dB. The dashed circle
represents the –3 dB limit relative the gain in the beam center.

It is very likely that a user connects to an RAU that is further away than its
closest RAU. The shadow fading is very high and that makes the probability high
for connecting to an RAU at a distance. Looking at Figure 4.6 again, we see that
the pattern with ΦHPB = 80 combines a large attenuation to mobiles on floors
above with smaller attenuation to mobiles on the same floor.

Even if the downtilting pattern is not very realistic, the study tells us a few
things. It is preferred to have a high attenuation between floors to limit the co-
channel interference and to let the centralized system make use of the RAUs on
the same floor. A too narrow beam limits the coverage and produces blind spots
between RAUs. The probability of attenuating a strong RAU increases when the
beam is narrowed. This reduces the overall system capacity and is of course
something we want to avoid.
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Figure 4.7 Downtilting with L-I-I channel selection.

4.2.2 Sector Antennas

We will now investigate sector antennas as a means to reduce the co-channel
interference. The cell is broken into wedges and the available channels are split
between them. This split reduces the trunking efficiency compared to non-
sectoring. The investigation will find out if this decrease is compensated by the
fact that the number of interfering co-channel users is reduced at the same time.
Reduction in the number of co-channel users will increase SIR and therefore
lower the transmitted power. Frequency reuse between sectors could be
implemented but left for future studies. The available channels are divided
between the sectors, e.g. the 48 channels in a non-sector system are split into 24
channels per sector in a two-sector system. This will reduce the trunking
efficiency of the system but also the number of strong co-channel users that
produce interference. The investigation will be made with one floor due to
limited computer power for the simulations.

We use an ideal sector pattern, i.e. non-overlapping and with constant gain as in
Figure 4.8, for our study of sector antennas. This is to separate the effect that
sectoring has on the system behavior and performance from special antenna
patterns. The pattern in the figure is for one sector in a four-sector scenario. The
patterns are omni-directional in elevation. With a constant gain pattern, the
position of a mobile determines which sector it is located in. The antenna gain is
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normalized to zero dB for the main lobe and the front-to-back ratio is set to 15
dB as in the downtilting investigation previously. In for example a four-sector
system, we will have four possible links from a mobile to a site with sector
antennas. In the simulations, these links are independent and treated as if
transmitted from different RAUs located at the same position. The only
difference is that the load is related to the whole site, i.e. there are an equal
number of users in systems both with and without sectoring at a specific load.
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Figure 4.8 One azimuth (horizontal) sector antenna pattern in a four-sector
antenna site. The outer circle on the diagram represents 0 dB and the inner
circle represents –15 dB, i.e. we have a constant gain in the main and back
lobes.

In Figure 4.9, the capacity for systems with different number of sectors are
shown for Random channel selection. There is a large capacity increase for a
two-sector system compared with a non-sector system. The capacity is 0.65
compared with 0.50, a 30 percent improvement.

A further increase in the number of sectors does not improve the capacity. As we
have seen before, a narrower antenna beam does not necessarily mean a better
performance in a single bunch system. This was shown in the previous section
dealing with pattern downtilting. With downtilting we lose capacity because of
attenuation of strong RAUs with too narrow beams, with sector antennas we lose
capacity because of trunking loss. What does improve though, is the distribution
of transmitter powers. More sectors result in lower transmitter powers. Figure
4.10 shows the CDF of transmitter powers for different number of sectors at the
load 0.6. Clearly, increased number of sectors reduces the power control range
needed for serving the users. Close to 80 percent of the users transmit with
minimum power when using six sectors while only 30 percent when no sectors
are used.
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Figure 4.9 Capacity for systems with sector antennas and Random channel
selection.

0 5 10 15 20 25 30 35
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

TX power [dBm]

P
ro

ba
bi

lit
y

CDF of TX-Power, Rand BDCA, 1x1 Floors, Load=0.6

Nsec = 6
Nsec = 4
Nsec = 3
Nsec = 2
Omni

Figure 4.10 CDF of the transmitter power. Random channel selection is
used.
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Figure 4.11 the same study when L-I-I channel selection. The capacity increase is
not as high compared with the Random case. For Random selection, the capacity
increase is 30 percent with the use of sector antennas compared to omni-
directional antennas. Since L-I-I makes a better allocation with lower transmitter
powers in the first place, the gain is not equally large. Still, we can have 20
percent higher capacity with sectoring using L-I-I compared to L-I-I without
sector antennas.
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Figure 4.11 Capacity for systems with sector antennas and L-I-I channel
selection.

In Figure 4.12 and Figure 4.13, the capacity improvements for FCA and
distributed systems are shown. For FCA, the increase is large because of the poor
performance without sectoring. The co-channel interference is reduced with
increased number of sectors and the trunking loss, due to fewer channels per
sector, is lower than the gain from the reduction in interference. Even for twelve
sectors this is true. The capacity is increased from 0.06 to 0.35, i.e. more than
480 percent, with a twelve sector-antenna system compared with an omni-
directional system. This improvement really marks out the problem FCA has
with the co-channel interference without using sector antennas. For the
distributed system in Figure 4.13, the improvement is smaller but still quite
significant. The load can be 50 percent higher with maintained assignment failure
if a six-sector system is used compared with omni-directional antennas. The
maximum performance is with the use of six sectors. With more sectors the
number of channels is too small and the performance is reduced when is comes
to capacity.



44          SYSTEM PERFORMANCE

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
10-3

10-2

10-1

100
Random FCA, 1x1 Floors, PCU=5

Relative load

A
ss

ig
nm

en
t f

ai
lu

re

Omni
Nsec = 2
Nsec = 3
Nsec = 4
Nsec = 6
Nsec = 12

Figure 4.12 Capacity for fixed channel allocation system without
interference measurements using sector antennas.

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
10-3

10-2

10-1

100
L-I FCA, 1x1 Floors, PCU=5

Relative load

A
ss

ig
nm

en
t f

ai
lu

re

Omni
Nsec = 12
Nsec = 2
Nsec = 3
Nsec = 4
Nsec = 6

Figure 4.13 Capacity for a distributed system with interference
measurements and sector antennas.
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One conclusion we can draw from these comparisons is that sector antennas
improve the capacity for all the studied systems. The improvement is larger for
systems that do not handle the co-channel interference well enough without
sectoring. We also see that the bunch system still outperforms the other systems.
The peak performance for the bunch system is with two sectors. This would
change if the number of channels per RAU were changed.

4.3 Summary of Results

The channel selection strategy that gives the highest capacity in a single bunch
scenario is L-N-F, Lowest-Numbered-First. With L-N-F, the available channels
are checked for feasibility one by one in the same order at every RAU before a
new allocation is performed. The capacity is defined as the load where the
assignment failure is 0.02. The capacity for L-N-F is 0.52 compared with 0.46 for
random channel selection, which is the strategy that gives the lowest
performance when it comes to capacity. A larger difference can be seen in the
distribution of the transmitter powers. The SIR based power control sets the
transmitter powers so that the SIR targets of the user can be met. Selecting the
channels in the same order at every RAU will make the number of co-channel
users larger than when the least interfered channel is checked first. The strategy
Least-Internal-Interference (L-I-I), results in a better power distribution
compared with the other strategies. A smaller dynamic power control range is
needed with L-I-I and the amount of users transmitting with minimum power is
increased. This will affect the performance in a multiple bunch scenario, which is
investigated in the next chapter. The worst power distribution has of course
Most-Internal-Interference (M-I-I).

The system performance was also compared with Fixed Channel Allocation
(FCA). FCA with random channel selection and without interference
measurement can have a capacity of less than 0.1. If we instead let the FCA
system select the channel with the lowest interference in a distributed manner,
the performance increases to 0.28.

The last two sub-chapters investigated beamforming as a tool for capacity
improvement. The results say yes, the capacity can be improved. With antenna
pattern downtilting, the capacity is increased from 0.51 to 0.56 using L-I-I and
with ΦHPB of 80 degrees. An improvement of 10 percent may not be worth the
trouble fighting for. The capacity increase is larger with sector antennas. On a
single floor, the capacity is improved 30 percent with random channel selection
and 20 percent with L-I-I. Both Random and L-I-I has the best performance with
a two-sector implementation. The real benefit is the reduced transmitter powers
that sector antennas result in. More sectors mean fewer co-channel users and
therefore lower transmitter powers. The necessary dynamic range of the power
control can therefore be kept smaller.
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The capacity improvement is very large for FCA with sector antennas due the
lack of co-channel interference handling without sectoring. All the systems
improve their performance but FCA presents a matchless increase of 480 percent
because of the bad performance in the first place.



47

Chapter 5 

Coexistence with Multiple Bunches

It is quite clear that by avoiding interference, the system capacity can be
improved. In an indoor environment where the signals easily propagate
throughout the building, a lot of co-channel interference is generated. The bunch
concept has mechanisms and algorithms that try to control the interference within
the coverage area of a bunch. In this chapter, we investigate the system
performance when external and uncontrolled interference is present. This is
important if the capability of coexistence in a wireless network is desirable.
Instead of having one single bunch covering the building, three bunches are used
to cover one floor each. In a system with only one bunch, the whole interference
situation is assumed to be known. This is not the case when several bunches are
used to cover the service area. When allocating a new user in a bunch we cannot
be sure how this will influence users in other bunches. We assume that all
bunches use the same channels in our investigations.

5.1 Multiple Bunch Scenario

By covering the area with one bunch, all interference can be controlled and no
external interference is present. If other wireless networks are in the vicinity
operating in the same frequency range, this is not the case. The external
interference will affect the performance of the networks. Comparisons of the two
different scenarios are done by covering the three-story building, which are used
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in our simulations with either one or three bunches. In Figure 5.1, the two
different scenarios are shown. The left part of the figure shows the case when a
single bunch cover the whole building as in the previous chapter. The right part is
describing the case when three bunches cover one floor each. The gray area
represents one of these bunches covering the middle floor.

The reason for splitting the building into three smaller parts instead of increasing
the number of floors from three to nine is twofold. Firstly, the actual simulation
efforts become smaller and secondly, the multiple bunch performance can be
compared with the distributed and FCA systems directly from previous results.

    

Figure 5.1 Two buildings with different bunch scenarios. In the left figure,
one bunch covers all three floors in the building. In the right figure, the
bunches cover one floor each. The grey area represents the bunch size.

The difference between the two scenarios from an RRM point of view is the use
of the link gain matrix in the feasibility check. We assume that the terminals can
only measure the beacon channels from RAUs within the same bunch. The
central knowledge in the bunch can therefore only be used to protect the existing
users within the bunch. We can not guarantee that an allocation does not interfere
with users in other bunches. We can measure the interference on a traffic channel
before an allocation and assume that it is constant during the transmission. This
will be true if the external interference is produced from longer sessions and not
short packets.

The user distribution and the RAU selection are the same as before. A user still
connects to the strongest RAU in the building. This may result in the fact that a
user can become connected to an RAU on a different floor than the user itself is
located on.

The power control is operating on the total interference in the system and it runs
for five iterations before the assignment failure is calculated in the simulations.
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This is indicated in the result figures with the notation PCU = 5. The notations
3x1 Floors and 1x3 Floors describe the different bunch scenarios. 3x1 Floors
mean: 3 floors per bunch times 1 bunch in the building. 1x3 Floors mean: 1 floor
per bunch times 3 bunches in the building.

5.2 Channel Selection using Internal Interference

The first study will investigate how the channel selection strategies that use the
interference produced by users from within the bunch perform. These strategies
are the same ones that were studied in the previous chapter. The feasibility check
is only performed using the internal interference measured by the mobiles on the
internal beacon channels and reported to the central unit. We can sort the
channels with external interference included in the calculations but not use the
information in the feasibility check since we do not know the transmitter powers
used in other bunches. This section will only use internal information in the
channel selection. External interference is used in the next section.

In Figure 5.2, the performance of a multiple bunch system is shown. L-I-I has the
best performance when it comes to capacity. Choosing the channel with the
lowest interference will give a lower transmitter power and therefore produce
less external interference than M-I-I and L-N-F do (Figure 5.3).
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Figure 5.2 Capacity comparisons for channel selection strategies in a system
with one bunch per floor.
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If we would use L-N-F (lowest number first) in a multiple bunch situation, the
numbering of channels must be different between bunches. Testing the channels
in the same order would be a disaster. Even if there would be only one user in
two neighboring bunches they end up using the same channel and a collision
occur. This is the case with Equal L-N-F but not in Random L-N-F. In Random
L-N-F, the channels are permuted randomly within a bunch before given a
number. This means that channel number 1 in one bunch most likely is not
number 1 in another bunch.

L-I-I outperforms the other strategies, as shown in Figure 5.2. The capacity is for
example 40 percent higher for L-I-I than for Random channel selection. M-I-I
and L-N-F have no chance in competing with capacity. Too much external
interference is produced with these strategies. This can be seen in Figure 5.3.
Close to 80 percent of the terminals are transmitting with the lowest possible
power in the L-I-I case.

Using the simple L-N-F that was successful in the single bunch scenario, give
problems with the transmitter powers. With L-N-F, the amount of users
transmitting with minimum power is slightly above 5 percent. This is a very large
difference compared with L-I-I. The power control is trying to reach the SIR
target for all the users and this results in increased transmitter powers. A higher
transmitter power produces even more external interference and therefore we
loose capacity.
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Figure 5.3 Transmitter power distribution in a multiple bunch scenario for
different channel selection strategies.
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Note that the performance of L-I-I is worse than the distributed DECT-like
system presented in sub-chapter 4.1.2. The distributed system can provide a
capacity of 0.28 and the same figure for L-I-I is 0.21. The difference is that the
centralized system makes decision on erroneous information. Interference
calculations are made with only internal interference while the distributed system
uses interference from all RAUs. In the next section, we will study the
performance when the interference from all RAUs is considered in the
centralized system as well.

Figure 5.4 explains the difference in capacities and transmitter powers for the
investigated selection strategies. L-I-I selects the channel that has the lowest
internal interference in a bunch. This channel choice will, in combination with
the fact that the user is connected to the strongest RAU, give a connection with
low transmitter power and thus produce low external interference. The number of
users that have a SIR higher than 9dB is significantly larger for L-I-I than for
M-I-I and the L-N-F methods. More than 98 percent of the users have higher SIR
than 9dB with L-I-I at the load of 0.2. The corresponding figure for M-I-I is less
than 70 percent.
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Figure 5.4 CDF of SIR with multiple bunches. The vertical line at 9dB is the
limit for feasibility.

The conclusion from Figure 5.4 is that we can not guarantee the quality by
reaching the SIR target for all users considering only interference produced from
RAUs internally only if the external interference is too large.



52          COEXISTENCE WITH MULTIPLE BUNCHES

5.3 Channel Selection using External Interference

We must be careful with the selection strategy if we have several but smaller
bunches covering a building (to reduce the overall complexity of the system)
instead of having one bunch. If for example the channels are tested in an ordered
manner, the order must not be the same in different bunches. To search for a
feasible channel in the same order would drastically reduce the performance in a
multiple bunch system.

In a system with only one bunch, we assume that we know the whole interference
situation. This is not the case when several bunches are next to each other. So
when allocating a new user in a bunch we cannot be sure how this will influence
users in other bunches. One way of dealing with this situation is to measure the
interference in the downlink and calculate the contribution from external sources.
Since we know the interference created within the bunch, the difference between
the measured and created interference is therefore externally produced. With this
information, we can sort the channels taking for example the Least-External-
Interference (L-E-I) first or Least-Total-Interference (L-T-I) first. L-E-I uses only
the external interference while L-T-I uses the sum of internal and external
interference. Sorting the available channels according to external interference can
not be used for fast real-time allocation in a scenario with very short and bursty
traffic.

The measurements made on external interference are likely to be used with a
delay. In a situation with bursty traffic and short data packets, the interference
information may be too old. The results will be too optimistic in this case but will
serve as an upper limit on what is possible to achieve. This is of course the case
for the distributed DECT-like system as well.

In Figure 5.5, simulation results are shown for these special channel selection
methods. Not surprisingly, the Most-Interfered versions have a lousy
performance. Choosing the most interfered channel in a multiple bunch scenario
produces a lot of external interference. There is quite an improvement in capacity
for L-E-I and L-T-I compared with L-I-I. The L-E-I channel selection can give
more than 70 percent higher capacity than L-I-I (from 0.21 to 0.36). Recalling
the comparison with the distributed system selecting the least interfered channel
in chapter 4.1.2, we can note the increase in capacity. With a totally distributed
system, the maximum load is 0.28 with an assignment failure of less than 0.02.
The same figure is 0.36 for L-T-I.

Figure 5.6 illustrates what happens with the transmitter powers in this case and
we can see a dramatic difference in the distribution of the powers. More than 80
percent of the users that use L-T-I transmit with minimum power at the load 0.2.
Less than 40 percent do that using L-E-I.
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Figure 5.5 Capacity for systems with channel selection strategies using
external interference. Three bunches covering one floor each.

0 5 10 15 20 25 30 35
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

TX power [dBm]

P
ro

ba
bi

lit
y

CDF of TX-Power. 1x3 Floors,PCU=5, Load=0.2

L-T-I
L-E-I
M-T-I
M-E-I

Figure 5.6 Transmitter powers for systems with channel selection strategies
using external interference. Three bunches covering one floor each.
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The result shows clearly that interference need to be avoided and handled in a
good manner. The next section of the thesis will investigate sector antennas as a
way of handling the interference and of improving the system performance when
external interference is present.

5.4 Sector Antennas

We have seen the effect multiple bunches have on capacity when only internal
information is used. The capacity with Random channel selection is three times
lower with one bunch per floor compared with a single bunch covering all the
floors. With sector antennas, the capacity loss may be regained. Sector antennas
lower the co-channel interference but also increase the trunking loss since no
frequency reuse between sectors is applied.

5.4.1 Three Floors - Three Bunches

The single bunch study showed an initial increase in performance with several
sectors. More sectors resulted in a lower capacity when all link gains are known
and processed centrally. Figure 5.7 shows a similar behavior with external
interference although the peak performance is achieved for six sectors instead of
two.
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Figure 5.7 Capacity for one bunch per floor with sectoring and Random
channel selection.
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The capacity for the best system with six-sector antennas is even better than the
single bunch system without sector antennas covering all three floors. A load
close to 0.5 can be carried with 2 percent assignment failure compared with 0.45
for the single bunch system with Random channel selection. By transmitting in a
specific direction, the external interference is reduced and the benefit is larger
than the effect of fewer available channels due to the frequency split between
sectors, at least up to six sectors per RAU.

The number of channels is 48 for every RAU in the simulations. With twelve
sectors, only four channels are available for use per sector. With as little as four
channels, the probability of blocking is high and the performance does no longer
improve with more sectors. This phenomenon is shown with the SIR curves in
Figure 5.8. Despite the improved SIR for increased number of sectors, the
capacity peaks at six sectors. The assignment failure is the sum of the number of
users that did not get a channel and the number of users that got a SIR less than 9
dB. The fraction of users that have a SIR below 9 dB is less than 10-3 with twelve
sectors. The rest of the assignment failure at the load 0.4 is the result of blocking,
i.e. lack of channels to allocate.
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Figure 5.8 CDF of SIR for a system with one bunch per floor with sectoring.
The vertical dashed line is the feasibility limit of 9 dB.

From the promising increase in capacity, one question arises: can we have
several bunches on the same floor? This will really test the idea of sector
antennas.
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5.4.2 One Floor – Two Bunches

One building floor is divided and covered by two bunches. Of the twenty RAUs
located on the floor, the ten leftmost RAUs belong to one bunch and the ten
rightmost RAUs to another bunch. This system performs lousy without sectoring
as can be seen in Figure 5.9. Considering the propagation model of our indoor
environment, this is not very surprising. The signals from one end of the building
do easily propagate to the other end of the building. This interference is
uncontrolled and only handled by the power control in a distributed manner
between the two bunches. The figure shows an impressive increase in capacity
for multiple sectors. With six sectors, almost 4 times the load can be carried at 2
percent assignment failure compared with a one-sector system. Although the
number of channels is reduced in a sector, the capacity is increased due to less
uncontrolled co-channel interference.
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Figure 5.9 Capacity comparison with sectoring. One floor with two bunches
using Random channel selection.

Again, we see the effect of channel blocking when too many sectors are used at
the base stations. The peak performance is for six sectors with a capacity slightly
above 0.45. This is an increase of nearly 400 percent with our simplified models.
The capacity we can achieve for the bunch system with Random selection is the
same as the distributed system that uses interference measurement. From Figure
4.13 we see that the capacity is 0.45 for the distributed system in the same
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scenario. To compare the performance of the bunch system better, the L-T-I
selection method is used in Figure 5.10. L-T-I, Least-Total-Interference uses the
external as well as the internal interference. In the distributed system, there is
only external interference present. With L-T-I, the capacity is increased to 0.52
compared with 0.45 with Random selection.
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Figure 5.10 Two bunches on the same floor with L-T-I channel selection.

5.5 Summary of Results

The first investigation studied the channel selection strategies that use
measurements on beacon channels within a bunch. As expected, the strategy that
uses the least interfered channel out performs the others. The capacity of L-I-I is
40 percent higher than Random and the other selection strategies have very low
capacity. A comparison with the single bunch case without external interference
shows that the capacity drops from 0.51 to 0.21 using L-I-I. The success story of
L-N-F is gone. Choosing the channels in an ordered manner without considering
the external interference is not a good idea. The reason is the high transmitter
powers. Packing the users as M-I-I and L-N-F increases the transmitter powers as
well as the external interference and therefore reduces the performance in form of
capacity.

The second investigation looked at channel selection with measurement of the
total interference, not only the power of the transmitted beacon channel. The
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difference of internally and externally created interference is calculated and used
in the decision of which channel to use. With Least-Total-Interference (L-T-I),
increases from 0.21 to 0.36 compared with the best “internal” strategy L-I-I.

The ending investigation studied sector antennas as a tool for co-channel
interference reduction in a multiple bunch scenario. The result is impressive with
large capacity improvements. With three bunches covering one floor each, the
capacity increases from 0.15 to 0.5 using six sectors per RAU and Random
channel selection. This is even higher than for the single bunch case. A very high
capacity can also be achieved with sector antennas for two bunches on the same
floor. The performance peaks at six sectors again. This is due to the increased
blocking probability with more sectors, which affects the trunking efficiency. On
a single floor with two bunches, the capacity is 0.45 with Random selection. This
capacity is the same for a distributed system selecting the least interered channel
for the allocations. If we use information about the external interference in our
centralized system as well, the capacity increases to 0.52.
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Chapter 6 

Implementation Aspects

Wireless communication systems must not only provide high capacity and be
able to coexist with other networks, they must also be possible to implement.
This chapter considers implementation aspects such as computational complexity
and installation sensitivity of the RAUs. The centralized algorithms can not be
too complex to perform since one of the constraints of fast allocation is time. All
calculations must be done before a specified time limit and fast computers are
expensive. We investigate if the computational complexity can be controlled with
multiple bunches instead of one single bunch covering the whole building.

We also perform a sensitivity analysis of the installation of remote antenna units.
The locations of the RAUs are checked for sensitivity by placing them randomly
within a specified limit. We also study offset in direction for the sector antennas.

6.1 Computational Complexity

To gain from the information that is gathered centrally, it needs to be processed
in some way. There is a cost involved in this process. Large matrices take time
and memory to handle. The computational complexity is often considered as one
of the major drawbacks of centralization. Calculations generally require
computers. If the calculations are time critical, the computers have to be fast and
may be expensive. The matrix storing all the link gains grows with the bunch
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size. To limit the complexity, previous research has shown that multiple bunches
can be used in a Manhattan environment [12]. A similar study for the multi-story
building is presented here. Our results on computational complexity presented in
this sub-chapter can be found in the papers [49] and [50]. Even if the algorithms
that are used for allocation are optimal in some way, they can not be too complex
to execute. For fast allocation, there is a time constraint connected to the frame
length. The complexity of a selection strategy is related to the time that it takes to
find a feasible channel. This time is computer dependent and a faster computer
will of course find a channel in less time, so the performance measure we use is
floating point operations per allocation attempt. The number of flops necessary
for all allocation attempts are recorded and averaged for every load in the
simulation.

6.1.1 Multiple Bunches

The channel selection strategies add to the complexity in different ways. L-N-F
and Random does not have to calculate the co-channel interference from the link
gain matrix and the used transmitter powers. M-I-I and L-I-I have to make the
calculations and sorting, but they differ in how many attempts that needs to be
made before a feasible channel can be found among those that are available.
Normally, M-I-I and L-N-F have to search more channels before a feasible one
can be found. In Figure 6.1, we can see the computational complexity for the four
strategies when a single bunch covers the three building floors.
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Figure 6.1 Computational complexity for different channel selection
strategies in a single bunch scenario.
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M-I-I and L-N-F have almost identical complexity that is much higher than for
Random and L-I-I. For example, M-I-I has a complexity that is more than 20
times higher than Random at the load 0.35. M-I-I and L-N-F have to test more
channels before a feasible one can be found and therefore have the highest
complexity of the studied strategies. The opposite can be said about L-I-I, which
more often finds a channel on the first attempt. For load above 0.4, L-I-I has the
lowest complexity. L-I-I finds a feasible channel faster than the other strategies.

In a centralized system, the resulting complexity may become cumbersome if the
number of base stations and users is too large. The path gain matrix grows
rapidly with the number of bases and mobiles. To avoid this we can cover the
area with several bunches instead of a single bunch. If we divide the coverage
area between multiple bunches, the number of co-channel users is reduced within
each bunch. This reduction will also reduce the calculations needed in the
feasibility check that is made for every attempt of allocation. The drawback is
that we cause uncontrolled interference and loose capacity.  Figure 6.2 shows
what happens with the computational complexity when three bunches cover one
floor each.
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Figure 6.2 Complexity of CSS in a multiple bunch system.

So, how much of the complexity is actually reduced with a multiple bunch
scenario compared to a single bunch scenario? This depends, of course, on how
the comparison is made between the two scenarios. Looking at the same load is
perhaps not so useful. The assignment failure rate is very high for higher loads



62          IMPLEMENTATION ASPECTS

when using multiple bunches. Several bunches will reduce the complexity but
unfortunately, capacity will be lost.

We define the capacity loss LC as the capacity for the single bunch ωS
* divided

by the capacity for the multiple bunch scenario ωM
*, i.e.
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= . (Eq. 6.1)

We define the complexity reduction Lκ as the quotient between the number of
flops for the single bunch (κS) and the number of flops for the multiple bunch
scenario (κM) at the loads where the assignment failure is 0.02, i.e.
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In Table 6.1, the different channel selection strategies are compared. For Random
channel selection the capacity with a single bunch is 0.45 (Figure 4.1) and the
number of flops is around 16000 (Figure 6.1). Using three bunches instead, the
capacity drops to 0.15 (Figure 5.2) and the complexity is reduced to 145 (Figure
6.3). The capacity loss is then 0.45 / 0.15 = 3.0 and the complexity reduction
16000 / 145 = 110. Numbers that are more accurate have been used in the
calculations presented in the table.

Table 6.1 Complexity reduction and capacity loss when three bunches
instead of one are used to cover three building floors.

Strategy Complexity
reduction, Lκ

Capacity loss, LC

Random 110 3.0

L-I-I 7.0 2.4

M-I-I 31 9.4

Random L-N-F 170 9.5

Using multiple bunches with Random channel selection, the complexity is
reduced 110 times and the capacity is one third of what it was with a single
bunch. For L-I-I, the complexity reduction is 7.0 and the capacity loss is 2.4.
Picking the channel with the lowest interference is more suitable for a multiple
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bunch scenario than the other investigated strategies. It is clear that choosing the
most interfered channel is not a good idea. Almost 90 percent of the capacity is
lost when using Random L-N-F and M-I-I. Equal L-N-F is off the scale, which is
not so surprising.

6.1.2 Multiple Bunches with Sectoring

One result from the previous study showed that the complexity of a single bunch
system can be reduced with multiple bunches. The price for this complexity
reduction is capacity loss. The results from sub-chapter 5.4 tell us that sector
antennas can be used to improve the capacity in a multiple bunch system. The
idea here is to reduce the computational complexity with maintained high
capacity in the system. Looking at Figure 6.3, we see that the complexity is
actually reduced with the number of sectors. The explanation is that even if more
sectors mean a larger gain matrix, sectoring also results in fewer co-channel
users. The number of co-channel users has a major impact on the complexity of
the feasibility check. The reduced interference speeds up the process in finding a
channel that can meet the SIR targets.
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Figure 6.3 Complexity for one bunch per floor with sectoring.

To compare the effect sector antennas have on complexity and capacity, the
definition of capacity is used as before. The assignment failure is held constant
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with the load and number of flops recorded for the two cases. Table 6.2 collects
the results and presents the complexity reduction and the capacity loss for
different number of sectors with Random channel selection. The complexity
reduction and capacity loss is defined as before.

Table 6.2 Complexity reduction and capacity loss with sectoring and
Random channel selection.

Number of
sectors

Complexity
reduction, Lκ

Capacity loss, LC

2 78 1.7

3 49 1.2

4 39 0.98

6 41 0.92

12 43 1.2

The table shows that the largest reduction in capacity is obtained with two sectors
per RAU. The reduction factor for this case is 78. At the same time, we lose 1.7
times in capacity. Previously, the peak performance has been for the six-sector
system that shows in the capacity increase from 0.45 to 0.49. The complexity
reduction is still quite significant with a factor of 41 times compared with the
non-sectored system. The non-sectored system with Random channel selection
obtained a complexity reduction of 110 and a capacity loss of 3.0 when multiple
bunches where used. With sectoring, the figures are 41 and 0.92 respectively.

6.2 Sector Direction Offset

In the investigations with sector antennas so far, the positions and the directions
of the antenna elements are ideal and fixed for all sites. Since the user
distribution is not uniform over the whole area in our model (85 percent in the
offices and 15 percent in the corridors) we will check if a sector rotation have
impact on the overall performance. It is also very likely to have small errors in
both the position and the direction due to the physical installation of an RAU.
This section will study direction offset and the next will study location offset.

The rotation is separately done for every base station on the floor as illustrated in
Figure 6.4. The antenna pattern is the same as the one used before with 0 dB gain
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in the main lobe and with a front-to-back gain of 15 dB. The rotation is made
randomly with a uniform distribution within a specified interval. A maximum
offset is defined for every simulation. If the offset is 20, the sectors can be
rotated between +10 degrees and –10 degrees relative the original position,
which is the same for all RAUs.

Figure 6.4 Sector direction offset. The sector antennas are rotated
individually and randomly for every RAU.

As shown in Figure 6.5, there is apparently no difference in performance with
sector rotation with L-I-I channel selection. The same study has been made for
other selection strategies with similar results. The reason is very likely the even
user distribution over the coverage area. The shadow fading is also high and the
effect from the direction offset is drowned in the effect from the fading.
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Figure 6.5 Capacity impact with sector rotation.
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6.3 RAU Location Offset

The RAUs are located in the center of the offices in our indoor model. A
sensitivity analysis of these locations is motivated by the possible mistakes done
with the installations. The offices may also prohibit an installation at a specific
location due to lighting fittings etc. In [58], the authors propose a communication
system with relay stations on the ceiling. The relay stations receive the signals
from the base stations using pencil beams. The base stations are connected to the
fixed network and mounted on the wall. The relay stations then redistribute the
signal with multi-beam antennas to the terminals. The relay stations are actually
located in the standard fluorescent tube sockets from where they receive their
power supply. With a solution like this, the location offset is obvious.

This analysis will tell us how important it is to place the bases exactly in the
center of the offices. Different uniform distribution will be used. We vary the
maximum distance that an RAU can be misplaced, both in x and y direction. The
RAU location is uniformly distributed within a limit. This limit is denoted
BxyUni in the performance graphs, and is showing the width of the possible
deviation from the office center. For example 2+2i (x+yi) means that the RAU is
randomly placed in an area which is 2x2 square meters. 10+10i correspond to the
case where the RAUs are uniformly distributed over the whole office area.

2m

2m

10m

10m

Figure 6.6 One office with an RAU in the center. The gray square represents
BxyUni=2+2i.  The RAU are randomly located within the square with a
uniform distribution.

In Figure 6.7 and Figure 6.8, the assignment failure is plotted for Random and
L-I-I channel selection strategies. There is no alarming difference in capacity
with the RAUs placed off center, although we can see a slight increase in
capacity for the 2 and 5 meter case. This effect can be explained by looking at the
layouts of the building floors and the user distribution. The users are located in
the offices with a probability of 0.85 and the rest of the users are in the corridors.
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Figure 6.7 RAU location offset sensitivity for the Random channel selection
strategy.
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Figure 6.8 RAU location offset sensitivity for the L-I-I channel selection
strategy.
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The uneven distribution of users and the RAU locations have impact on system
performance. In a layout without corridors (academically speaking) and with all
users located in the offices, the best performance would be with the RAU placed
at the office center.

6.4 Summary of Results

A complexity reduction is obtained for all channel selection strategies that have
been studied. With Random selection and one bunch per floor, a reduction factor
of 110 is presented which is the largest of them all. The price for complexity
reduction with multiple bunches is capacity loss. The capacity loss for Random
selection is a factor of 3.0. The loss is smaller for L-I-I but the reduction in
complexity is limited.

The capacity loss can be reduced with sector antennas. Actually, with four- and
six-sector implementations in our study the capacity is increased and the
complexity reduced with a factor around 40. The complexity is reduced with
sector antennas even in a single bunch situation. A major part of the feasibility
check complexity is the number of co-channel users. The number of co-channel
users is lowered with sector antennas and because of that, the complexity
becomes smaller as well.

The last two investigations looked at installation sensitivity of the remote antenna
units. Perfect physical installations can not assumed in a real deployment of a
wireless network. The investigation sets no alarming flags when it comes to
either direction offset of sector antennas or location errors.
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Chapter 7 

Discussion and Conclusions

In the future, wireless indoor communication systems will provide services with
at least the same speeds as today’s wired networks. These high-speed wireless
networks will be located at hot spots, like downtown business centers, where the
user density is very high. To support all the users that want access to the wireless
services, the system capacity needs to be high as well. Multiple operators will
likely offer their services in areas close to each other. This requires that the co-
channel interference is handled in good manner and that the network has the
capability of coexisting with other networks in the vicinity. This can only be
done with efficient radio resource management. An important task of the RRM
techniques is to bridge the unreliable radio medium to deliver the service a user
request from a fixed network or from other wireless users in the network. The
communication system must also be insensitive to errors in the installation
process of the physical architecture.

In this thesis, we have investigated a locally centralized RRM concept (the bunch
concept) in an indoor environment. The investigations included performance
comparisons with distributed systems and systems using fixed channel allocation
(FCA). The aim is to investigate our novel RRM concept and present the
improvements we can obtain with it. We have also studied some implementation
aspects such as computational complexity and installation sensitivity of the
RAUs.
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Centralized RRM is a promising alternative for wireless communication with
quality-of-service (QoS) guarantees. A user needs to negotiate with the network
to get the service and support it wants. The negotiation part is for protection of
the already existing users in the system. A new user allocation can not jeopardize
the quality of the other users. A drawback with centralized systems is their
complexity. Prior to a new allocation, calculations are needed to ensure that the
quality can be maintained. The calculations take time and computer power. To
reduce this problem, we can split the coverage area into smaller areas. The
smaller areas are then covered with separate centralized system and the
complexity can therefore be reduced. A number of RRM techniques and the idea
of multiple bunches is what constitute the bunch concept.

To design a wireless communication system using the bunch concept, we are
dependent on what we want to achieve. If a very high capacity is needed, the area
should be covered with one single bunch instead of multiple bunches. Results
from chapter 4 shows that our bunch system outperforms systems using
distributed solutions and fixed channel allocation, FCA. FCA is not suitable for
resource management in the studied indoor environment. If the channels are
picked randomly, the co-channel interference becomes a major problem and the
necessary frequency reuse distance reduces the capacity for fixed channel
allocation. If interference measurements and channel selections are allowed in a
distributed manner, the capacity is increased compared with FCA. Still, we can
have twice the capacity with the centralized bunch system using the same
channel selection.

The channel selection strategies investigated in chapter 4 and chapter 5 behave
differently in single and multiple bunch environments. We should choose a
channel selection strategy that produce as little external interference as possible
for high coexistence capabilities. The simple Lowest-Number-First, perform very
well in a stand alone network but really bad in coexistence with other networks.
If an overall winner should be chosen among the investigated selection strategies,
L-I-I (Least-Internal-Interference) stands the best chance of winning. L-I-I yields
the best performance when it comes to capacity if external and uncontrolled
interference is present. The reason is that the strategy of selecting the least
interfered channel results in low transmitter powers, which is a key to good
capabilities of coexistence.

We have also shown that beamforming is effective for capacity improvements.
Pattern downtilting increases the capacity with 10 percent and sector antennas
even more. Sectoring of the studied system also reduces the transmitter powers
very effectively and is therefore very suitable in environments with several
bunches located in a nearby area. Sectoring does also give us an opportunity to
lower the system complexity by covering the area with multiple bunches. Sector
antennas are reducing the transmitter powers and lowering the produced external
interference, they can therefore be used for system complexity reduction since a



71

smaller bunch is less complex. The link gain matrix that is used in the
calculations becomes smaller. Without loosing too much in capacity, the number
of floating point operations needed in the allocation process can be reduced with
a factor of 40. The major benefit from sector antennas is the reduced transmitter
powers and increased performance in a scenario with multiple bunches. Our
result show that we can even have two bunches on the same floor.

There is a limit to how much we can gain with increased number of sectors. With
to few channels per sector, the performance decreases because of higher blocking
probability. The ability of reducing the external interference with sectoring result
in a large improvement in capacity for the FCA system compared with. The FCA
system improves the capacity with almost 500 percent. The same number for the
bunch concept with L-T-I channel selection is 50 percent. This is more an
indication of how well the bunch systems perform with high co-channel
interference that on how bad the FCA system works in the same environment.
Peak performance regarding the capacity for the FCA system is 0.35 and 0.52 for
the centralized system using the Least-Total-Interference, L-T-I, on one floor
with two bunches.

Two investigations on installation sensitivity were made in the thesis, RAU
location and sector rotation sensitivity. It is not likely that all antenna elements
can be placed exactly as intended. Therefore, we need to know the effect
installation errors have on the performance. The results show that no alarming
capacity implications occur if the RAUs are misplaced or rotated. The sensitivity
investigations are indicating a robust behavior when it comes to physical
installation. Only a small difference in capacity can be seen as a result of uneven
user distribution. The obvious conclusion from this is to install the bases where
the users are. A more thorough study needs to be performed if we want to know
detailed effects of uneven user distributions.

No sensitivity investigations of the actual analysis methods are presented. A
number of topics should therefore be further investigated to answer questions
about the models and assumptions used in the thesis. The propagation model is
fairly simple and a location and direction dependent correlation between
terminals should be added. It is likely that the performance will drop if a location
dependent correlation is included in the simulations. A higher path loss from all
RAUs raises the transmitter power and with bounded power control, the
probability of blocking increases. If the correlation is direction dependent
instead, the performance may very well increase. A larger difference in the link
gains is improving the performance since the terminals always select the
strongest RAU. Preliminary results show that by choosing the closest RAU
instead of the strongest one, the capacity drop is very large. This phenomenon is
questioning the choice of the high shadow fading in the used indoor model. A
smaller value on the log-normal shadow fading will reduce the system capacity.
The high shadow fading is likely a result of the fact that the simple indoor model
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does not consider the number of walls in the signal propagation path. How the
performance will be affected with smaller shadow fading and wall attenuation is
not clear. A more detailed indoor model should be investigated in the future.

If the capacity is largely dependent on which RAU that a terminal is connected
to, the intra-bunch handover (RAU selection) rate may set a limit on the system
performance. Even if the mobility is assumed low, the handover rate can be high
if sector antennas are used in an indoor environment. A sensitivity study of the
RAU selection will provide information on how to design the necessary handover
algorithm. Reallocation of a connection to a different RAU can also improve
capacity in some cases. The interference to other terminals may be larger from a
stronger RAU, at least with correlation depending on location. By reallocating a
user to a different RAU, the interference can be reduced in some cases. A user
that transmits with a high transmitter power may produce less interference if the
RAU is changed. By selecting a different RAU, we may also improve the
capacity in a scenario with an uneven user distribution. Resources can be
available in a close by area with fewer users. A user can of course be reallocated
to another channel using the same RAU as well.

Maybe the most important sensitivity analysis is with errors in the gain matrix.
The assumption that all link gains are known and accurate is not very realistic. In
a dynamic environment, the rate of measurements must be very high if we want
to neglect the link gain errors. Berg shows in [10] that the high performance of a
bunch system can almost be maintained in a Manhattan environment. There is a
risk that the performance drop will be larger in an indoor environment due to the
difference in signal propagation. In the Manhattan environment, a terminal needs
only four beacons to measure on to reach top performance. This is not the case in
the indoor scenario. A terminal can often receive signals from every RAU in the
building.  We can therefore assume that a bunch system implemented with a
dense indoor architecture will suffer more from errors in the link gain matrix.
This problem needs to be addressed and investigated further.

The integrated RRM structure with quality based power control, dynamic
channel selection, and feasibility check show very promising results. The overall
conclusion from this thesis is that a bunch system can be designed to give a
robust RRM solution for future wireless indoor communication systems with
QoS guarantees. The capacity comparisons show that the investigated bunch
system outperforms both the FCA system and the distributed system with
interference measurements.



73

References

[1] ACTS Project FRAMES, Radio Network Aspects, CEC Deliverable,
AC090/SM/RN/DS/I/49/b1, January 1999.

[2] ACTS Project FRAMES, Radio Resource Management Schemes, Issue 1, CEC
Intermediate Deliverable, AC090/SM/RN0/DS/R/016/b1, August 1997.

[3] Anastasi, G.; Lenzini, L.; and Mingozzi, E., “Stability and Performance of
HIPERLAN”, Proc. IEEE INFOCOM’98, SanFransisco, March-April 1998.

[4] Anastasi, G.; Lenzini, L.; Mingozzi, E.; Hettich, A.; and Kramling, A., “MAC
protocols for wideband wireless local access: evolution toward wireless ATM”,
IEEE Personal Communications, Vol 5, pp. 53-64, Oct. 1998.

[5] Andersin, M.; Roseberg, Z.; and Zander, J., “Soft Admission in Cellular PCS with
Constrained Power Control and Noise”, Proc. 5th WINLAB Workshop on Third
Generation Wireless Information Networks, New Brunswick, NJ, 1995.

[6] Apostolas, C.; Tafazolli, R.; and Evans, B.G, “Comparison between elimination
yield non pre-emptive priority multiple access (EY-NPMA) and dynamic TDMA
(D-TDMA)“, Seventh IEEE International Symposium on Personal, Indoor and
Mobile Radio Communications, PIMRC'96, Vol 2, pp. 663 –667, 1996.

[7] Bambos, N.; Chen, S. C.; and Mitra, D., “Channel probing for distributed access in
wireless communication networks”, Proc. GLOBECOM ’95, Singapore, Nov.
1995.

[8] Beck, R.; and Panzer, H., “Strategies for Handover and Dynamic Channel
Allocation in Micro-Cellular Mobile Radio Systems”, VTC’89, pp. 668-672, May
1989.

[9] Berg, M., "A Concept for Hybrid Random/Dynamic Radio Resource
Management", PIMRC´98, Sep 1998.

[10] Berg, M., “Capacity, Robustness; and Complexity of Radio Resource Management
in Bunched Personal Communication Systems”, ISRN KTH/RST/R--99/07--SE,
1999.

[11] Berg, M., “Maintaining high Capacity for Centralized DCA with Limited
Measurement and Signaling”, PIMRC’99, Osaka, Japan, 1999.

[12] Berg, M.; Pettersson, S.; and Zander, J., ”A Radio Resource Management Concept
for ‘Bunched’ Personal Communication Systems”, Multiaccess, Mobility and
Teletraffic for Personal Communications Workshop, MMT’97, Melbourne, Dec
1997.

[13] Black, U., ATM: Foundation for Broadband Networks, Prentice Hall, 1995.
[14] Broddner, S.; Lilliestråhle, M.; and Wallstedt, K., "Evolution of Cellular

Technology for Indoor Coverage", ISSLS’96, Melbourne, Feb 1996.
[15] Carson, R. S., Radio Communications Concepts: Analog, John Wiley & Sons,

1990.
[16] Chuah, M. C.; Nanda, S.; and Wong, W. S., “Squeezing Out Capacity with Joint

Power-Control and Channel Assignment”, Fourth WINLAB Workshop on Third
Generation Wireless Information Networks, Workshop Record, Rutgers University,
Piscataway, NJ, USA, 1993.

[17] Crow, B. P.; Widjaja, I.; Geun Kim, J.; and Sakai, P. T., “IEEE 802.11 Wireless
Local Area Networks”, IEEE Communications Magazine, Sept. 1997.



74          REFERENCES

[18] Dropmann, U.; Lagrange, X.; and Godlewski, P., "Architecture of a Multi-Cell
Centralized Packet Access System", PIMRC'95, pp. 279-283, Toronto, Sept 1995.

[19] EN 300 652 v1.2.1, Broadband Radio Access Networks (BRAN); High
Performance Radio Local Area Network (HiperLAN) Type 1; Functional
specification, July 1998.

[20] Eriksson, H.; and Bownds, R., “Performance of Dynamic Channel Allocation in the
DECT System”, VTC’91, pp. 693-698, May 1991.

[21] Everitt, D.; and Manfield, D., “Performance of Cellular Mobile Communication
Systems with Dynamic Channel Assignment”, IEEE Journal on Selected Areas in
Communication, pp. 1172-1180, Vol. 7, No. 8, Oct 1989.

[22] Gfeller, F. R.; and Bapst, U., "Wireless in-house data communication via diffuse
infra-red radiation", Proc. IEEE, Vol. 67, No. 11, pp 1474-1486, Nov. 1979.

[23] Goodman, D. J.; Grandhi, S. A.; and Vijayan, R., “Distributed Dynamic Channel
Assignment Schemes”, VTC’93, May 1993.

[24] Grandhi, A.; Zander, J.; and Yates, R., “Constrained Power Control”, Wireless
Personal Communications, (Kluwer) vol 2, no 3, Aug 1995.

[25] Halford, K.; Halford, S.; Webster, M.; and Andren, C., “Complementary Code
Keying for RAKE-based Indoor Wireless Communication”, IEEE International
Symposium on Circuits and Systems, ISCAS '99, Vol 4, pp. 427–430, July 1999.

[26] Halls, G. A.; and Davis, G. C., “The application of the Digital European Cordless
Telecommunications (DECT) Standard to Local Area Netorks (LANs)”, IEE
Colloquim on Radio LANs, Colloq. Digest No. 1992/104, May 1992.

[27] Hayes, V., “Radio-LAN Standardization Efforts ”, IEEE Conference on Wireless
LAN Implementation, Sept 1992.

[28] Hayes, V., “Standardization Efforts for Wireless LANs”, IEEE Network Magazine,
Nov 1991.

[29] Hollemans, W.; and Verschoor, A., “Performance study of WaveLAN and Altair
Radio-LANs”, Proc. 5th IEEE International Symposium on Personal, Indoor and
Mobile Radio Communications, PIMRC94, Vol 3, pp. 831 –837, Netherlands,
1994.

[30] IEEE Std 802.11-1997, Wireless LAN Medium Access Control (MAC) and Physical
Layer (PHY) specifications, Approved 26 June 1997.

[31] Kajiwara, A., “Effects of Cell Size, Directional Antennas, Diversity and
Shadowing on Indoor Radio CDMA Capacity”, VTC’94, 1994.

[32] Katzela, I.; and Naghshineh, M., “Channel Assignment Schemes for Cellular
Mobile Telecommunication Systems: A Comprehensive Survey”, IEEE Personal
Communications, June 1996.

[33] Kleinrock, L.; and Tobagi, F., "Packet Switching in Radio Channels, Part II - the
Hidden Terminal Problem in Carrier Sense Multiple Access and the Busy Tone
Solution", IEEE Trans. Comm, Vol COM-23, No 12, pp. 1417-1433, Dec 1975.

[34] Kronestedt, S.; Frodigh, M.; and Wallstedt, K., “Radio Network Performance for
Indoor Cellular Radio Systems”, ICUPC’96, 1996.

[35] Kruys, J., “HIPERLAN, Application and Requirements”, PIMRC’92, Boston,
October 1992.

[36] LaMaire, R. O.; Krishna, A.; Bhagwat, P.; and Panian, J., “Wireless LANs and
Mobile Networking: Standards and Future Directions”, IEEE Coomunications
Magazine, Aug. 1996.



75

[37] Lee, W. C. Y., “Smaller Cells for Greater Performance”, IEEE Communications
Magazine, pp. 19-23, Nov 1993.

[38] Macedo, A. S.; and Sousa, E. S., “Antenna-Sector Time-Division Multiple Access
for Broadband Indoor Wireless Systems”, IEEE Journal on Selected Areas in
Communication, pp. 937-952, Vol 16, No 6, Aug 1998.

[39] Marcus, M., "Regulatory Policy Considerations for Radio Local Area Networks",
IEEE Communications Magazine, Vol. 25, pp. 95-99, July 1987.

[40] Mihailescu, C.; Lagrange, X.; and Godlewski, Ph., “Dynamic Resource Allocation
for Packet Transmission in UMTS TDD-CDMA Systems”, IEEE VTC’99, Vol 2,
pp. 1737-1741, Sept 1999.

[41] Mihailescu, C.; Lagrange, X.; and Godlewski, Ph., “Dynamic Resource Allocation
in Locally Centralized Cellular Systems”, VTC’98, Vol 3, pp 1695-1699, May
1998.

[42] Mihailescu, C.; Lagrange, X.; and Godlewski, Ph., “Locally Centralized Dynamic
Resource Allocation Algorithm for the UMTS in Manhattan Environment”,
PIMRC’98, Vol 1, pp. 420-423, Sept 1998.

[43] Mikkonen, J.; and Nenonen, L., “Wireless ATM MAC performance evaluation, a
case study: HIPERLAN type 1 vs. modified MDR”, Proc. 2nd International
ACME/MOBICOM, Vol. 3, pp. 247-259, Rye, New York, 1996.

[44] Moh, W. M.; Yao, D.; and Makki, K., ”Wireless LAN: Study of Hidden-Terminal
Effect and Multimedia Support”, Proc. 7th International Conference on Computer
Communications and Networks, pp. 422 –431, Oct. 1998.

[45] Nettleton, R. W.; and Schloemer, G. R., “A High Capacity Method for Cellular
Mobile Telephone Systems”, VTC’89, pp. 359-367, May 1989.

[46] Pahlavan, K.; Zahedi, A.; and Krishnamurthy, P., “Wideband Local Access
Wireless LAN and Wireless ATM”, IEEE Communications Magazine, Nov. 1997.

[47] Passas, N.; Paskalis, S.; Vali, D.; and Merakos, L., “Quality-of-Service-Oriented
Medium Access Control for Wireless ATM Networks”, IEEE Communications
Magazine, Nov. 1997.

[48] Peterson, R. L.; Ziemer, R. E.; and Borth, D. E., Introduction to Spread Spectrum
Communications, Prentice Hall, 1995.

[49] Pettersson, S., “A Comparison of Radio Resource Management Strategies in
Bunched Systems for Indoor Communication”, VTC’99, Houston, Texas, May
1999.

[50] Pettersson, S., “Sectoring of a Locally Centralized Communication System in an
Indoor Environment”, To be presented at IEEE VTC’2000, Tokyo, May 2000.

[51] Povey, G. J. R., “Time Division Duplex – Code Division Multiple Access for
Mobile Multimedia Services”, PIMRC’97, pp. 1034-1037, Sept 1997.

[52] Prasad, N. R., “GSM Evolution towards Third Generation UMTS/IMT2000”, IEEE
ICPWC’99, Piscataway, USA, pp. 50-54, 1999.

[53] Rom, R.; and Sidi, M., Multiple Access Protocols – Performance and Analysis,
Springer-Verlag, 1990.

[54] Råde, L.; and Westergren, B., Mathematics Handbook for Science and
Engineering, Studentlitteratur, Fourth ed., 1998.

[55] Sköld, J.; Gudmundson, B.; Schramm, P.; Anderson, P-O and Gudmundson, M.,
“Cellular Evolution into Wideband Services”, IEEE VTC’97, pp.485-489, vol.2,
New York, USA, 1997.



76          REFERENCES

[56] Traynard, J-M.; Wiesen, M.; Pettersson S.; Lagrange X.; Salonaho O.; Rinne M.;
Ahmavaara K.; and Persson, M., “Radio Resource Management Algorithms and
Interaction with RLC/MAC Protocols for FRAMES Multiple Access Scheme”,
ACTS Mobile Communications Summit’97, Aalborg, Denmark, Oct 1997, pp.
684-689.

[57] Tuch, B., "Development of WaveLAN, an ISM Band Wireless LAN", AT&T
Technical Journal, pp. 27-37, July/August 1993.

[58] Uehara, K.; Seki, T.; and Kagoshima, K., “New Indoor High-speed Radio
Communication System”, IEEE VTC ’95, Vol.2, pp. 996-1000, New York, USA,
1995.

[59] Unawong, S.; Miyamoto, S.; and Morinaga, N., “Effects on Microwave Oven
Interference on the Performance of ISM-band DS/SS System”, IEEE Symposium
on EMC, Denver, USA, 1998.

[60] Universal Mobile Telecommunications System (UMTS); Selection procedures for
the choice of radio transmission technologies of the UMTS, UMTS Technical
Report 30.03, 1997.

[61] Wang, S-W.; and Wang, I., “Effects of Soft Handoff, Frequency Reuse and Non-
Ideal Antenna Sectorization on CDMA System Capacity”, 43rd IEEE Vehicular
Technology Conference, New York, 1993.

[62] Whitehead, J. F., “Performance and Capacity of Distributed Dynamic Channel
Assignment and Power Control in Shadow Fading”, Proceedings of International
Conference on Communication, ICC’93, pp. 910-914, Geneva, May 1993.

[63] Zander, J., “Radio Resource Management – an overview”, Proc VTC’96, Atlanta,
May 1996.



77

Appendix A

Acronyms and Abbreviations

AMPS Advanced Mobile Phone Service
AP Access Point
ATM Asynchronous Transfer Mode
BDCA Bunched Dynamic Channel Allocation
CAC Channel Access Control
CCK Complementary Code Keying
CDF Cumulative Distribution Function
CDMA Code Division Multiple Access
CSMA/CA Carrier Sense Multiple Access with Collision Avoidance
CTS Clear To Send
CU Central Unit
DCA Dynamic Channel Allocation
DCF Distributed Coordination Function
DCPC Distributed Constrained Power Control
DECT Digital Enhanced Cordless Telecommunications
DFS Dynamic Frequency Selection
DSSS Direct Sequence Spread Spectrum
EDGE Enhanced Data rates for GSM Evolution
ETSI European Telecommunications Standard Institute
EY-NPMA Elimination Yield – Non preemptive  Priority Multiple Access
FCA Fixed Channel Allocation
FCC Federal Communications Commission
FDD Frequency Division Duplex
FDMA Frequency Division Multiple Access
FHSS Frequency Hopping Spread Spectrum
Flops Floating point operations
FRAMES Future Radio Wideband Multiple Access Systems
GA Generic Allocation
GD Generic Deallocation
GHz Giga Hertz
GPRS General Packet Radio Service
GSM Global System for Mobile communication
HiperLAN HIgh PErformance Radio Local Area Network
HO Inter-bunch Handover
HPB Half Power Beamwidth
HSCSD High Speed Circuit Switched Data
Hz Hertz
IEEE Institute of Electrical and Electronics Engineers
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IR Infrared
IRM Intra-bunch Resource Manager
ISM Industrial, Scientific and Medical
kbps kilo bits per second
LAN Local Area Network
L-E-I Least-External-Interference
L-I-I Least-Internal-Interference
L-N-F Lowest-Number-First
L-T-I Least-Total-Interference
MAC Medium Access Control
Mbps Mega bits per second
M-E-I Most-External-Interference
MHz Mega Hertz
M-I-I Most-Internal-Interference
MMAC Multimedia Access Communications Promotion
M-T-I Most-Total-Interference
NAV Network Allocation Vector
NMT Nordic Mobile Telephone
OFDM Orthogonal Frequency Division Multiplex
PC Power Control
PCF Point Coordination Function
PCU Power Control Updates
PHY PHYsical layer
QoS Quality of Service
RAU Remote Antenna Unit
RRM Radio Resource Management
RTS Request To Send
SIR Signal to Interference and noise Ratio
TDD Time Division Duplex
TDMA Time Division Multiple Access
UMTS Universal Mobile Telecommunications System
U-NII Unlicensed National Information Infrastructure
WATM Wireless Asynchronous Transfer Mode
WCDMA Wideband Code Division Multiple Access
WLAN Wireless Local Area Network
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