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Abstract

NOVEL POWER CONTROL AND ADAPTIVE RATE
TRANSMISSION IN W-CDMA MOBILE SYSTEMS

©Gang Luo 2006

Master of Applied Science
Department of Electrical and Computer Engineering
Ryerson University

Radio resource management (RRM) plays an extremely important role in efficient utilization
of the limited radio resources to provide guaranteed quality of service (QoS). Power and
transmission rate control are considered as two primary RRM components in mobile cellular
systems. The former method is well-known for upholding required signal quality and reducing
the energy consumption, while the latter is used to maximize the system throughput.

In this thesis, the algorithm of simultaneously adapting transmission power and data
rate to maximize system throughput and minimize the power consumption for W-CDMA
systems is proposed [1]. The greedy rate packing (GRP) allocation scheme is applied in
the rate adaptation, where the higher transmission rate is assigned to the users with better
channel conditions meanwhile minimizing the transmission power. It can be interpreted that
more resources, such as power and transmission rate, are allocated at time instants when
channel conditions are favorable. As a result, the resource allocation will be working in an
efficient way. Another problem in power control is that using fixed stepsize power control
(FSPQC) can not fully react to the changing of the fading fluctuations when mobile speed
changes. A novel dynamic stepsize power control (DSPC) algorithm [2] is presented as well,
so as to enhance the system performance.

The performance of the proposed algorithms are evaluated through computer simulations,
and compared with the traditional approaches from the literature. We model and simulate all
major components of the system within an accurate frame/time slot structure specified in the
UMTS W-CDMA system. Numerical results verify that significant performance improvement

can be achieved with the proposed algorithms.
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Chapter 1

Introduction

Wireless cellular communication systems have experienced tremendous growth over the last
decade, and this growth continues unabated worldwide. The first-generation (1G) systems
were analog and provided wireless speech service. The major improvement in the transition
to second-generation (2G) systems was the digital transmission technology, which enables the
use of error correction coding and increases service quality and capacity. The 2G systems, like
either the Global System for Mobile Communications (GSM) or narrow-band code Division
Multiple Access (CDMA) system, have evolved further to provide the packet-switched data
service in addition to the conventional circuit-switched services such as speech services.
The new infrastructures which are called third-generation (3G) systems are suitable for
the transmission of high-speed wireless data, so as to provide multimedia communications,
exploring the unlimited information of the Internet, watching TV channels, and many other
services on small and handy mobile phones. Standardization of 3G mobile communication
systems is now rapidly progressing in all major regions of the world. These systems that
go under the European Telecommunications Standards Institute (ETSI) name of Universal
Telecommunications Mobile System (UMTS) will extend the services provided by current
2G systems (GSM, 18-136, and 1S-95) [3, 4]. To reach these novel services, the first step is to
use a multiple access method that can support high data rate transmission over wireless and
mobile channels. Wideband CDMA (W-CDMA) has been chosen to be the multiple access

technique for 3G mobile communications [5, 6]. The reasons for this choice are discussed in



Section 1.2.

In a cellular system, the base stations (BS) represent the access points of the mobile sta-
tions (MS). The inherent limitations of the wireless networks include scarce radio spectrum,
a highly erratic and essentially stochastic channel, and user mobility. One lesson of cellular
telephone network operation is that effective radio resource management (RRM) is essential
to promote the quality and efficiency of multi-user communication systems, see for example
(7, 8, 9]. RRM regulates the sharing of the radio resources between users. In a W-CDMA
network, there are two primary controllable radio resources: transmission power and data
rate. Transmission power should be adjusted to the minimum power required to achieve the
target Quality of Service (QoS). The system resource a user occupied can be related to the
generated interference spectral density level, which is generally proportional to the received
power level and therefore the date rate. Consequently, a large received power implies that
the mobile user occupies a large portion of the system resources. The problem formulation
for the classical fixed-rate power control is usually considered to find the minimum power
assignment that supports the target carrier-to-interference ratio (CIR) for as many users
as possible, see for example, [10, 11, 12, 13, 14]. Power control is not an easy task due to
the time-varying fluctuation in the channel gain as well as the delay of the channel state
information.

On the other hand, W-CDMA systems have intrinsic support for dynamic rate trans-
mission, see for example, [15, 16, 17] and the references cited in. It means that users are
allowed to transmit different data rates in the fixed-length time frames. Thus, combining
the transmission power control and data rate control in an optimum way is an important
approach for efficient RRM [18, 19, 20]. One of the important goals of the multiple access
systems is to maximize the number of simultaneous users. If each mobile station is assigned
the minimum resources just high enough for meeting its QoS requirement, the capacity of
the system will be maximized. Another important goal for non-voice users is to maximize
their data rates. All these issues will be discussed in Chapter 3.

Another problem in power control is that using fixed stepsize power control (FSPC)



algorithm can not fully react to the changing of the fading fluctuations when mobile speed
changes. It needs a long tracking time when the difference between the target CIR* and the
received CIR is much large than the stepsize, and can not control the power of MS efficiently
under the deep fade, see e.g. [21, 22, 23]. Hence, it is necessary to use variable stepsize to
improve the system performance and throughput [24, 25, 26].

In this thesis, we focus on developing a combined power control and adaptive rate trans-
mission algorithm. Since uplink (MS to BS) power control in CDMA cellular systems is the
single most important requirement, in order to minimize the effects of relative multiple access
interference (MAI), and hence, maximize the system capacity, only the uplink is considered
in this work. The greedy rate packing (GRP) allocation scheme [27] is applied in the rate
adaptation, where the higher transmission rate is assigned to the users with better chan-
nel conditions (higher channel gains) meanwhile minimizing the transmission power based
on the power constraints. It can be interpreted that more resources, including power and
transmission rate, are allocated at time instants when channel conditions are favorable. The
link which is in deep fading will be assigned lower rate, or even be turned off when fading
is lower than a predefined threshold. As a result, the resource allocation will be working
in an efficient way. In addition, a novel dynamic stepéize power control (DSPC) algorithm
is proposed in this work as well. The DSPC algorithm is based on the difference between
the target CIR* and the received CIR. During each power control cycle, the BS compares
the received CIR with the target CIR* to determine the current power control stepsize. If
the region in which the received CIR falls is farther from the target CIR*, a larger stepsize
will be chosen to adjust the transmit power with a larger degree to well track the channel
condition variation and to maintain the desired target value. Otherwise, a smaller stepsize
will be used when the received CIR is closer to the target CIR* to reduce the granular noise.
Simulation results demonstrate the effectiveness of the proposed algorithms when compared
with the traditional power control schemes. Although the topics are treated in a general

way, more attention is given to the UMTS air interface.



1.1 Network Architecture of 3G Mobile Cellular Sys-
tems

A simplified network architecture of the UMTS is shown in Fig. 1.1 [5]. As seen in Fig. 1.1,
the UMTS Terrestrial Radio Access Network (UTRAN) has two interfaces. The first interface
is with User Equipment (UE) using WCDMA. While the second interface is with the Core
Network (CN). The UTRAN consists of base stations and Radio Network Controllers(RNC).
The core network is the interface between UTRAN and the External Network (EN). It
contains two networks, the Circuit Switched Network (CSN), which is the same as the old
GSM switching network and the Packet Switched Network (PSN), which is based on Internet
Protocol (IP) address. The CSN is connected to the conventional switching systems, such as
Public Switched Telephone Network (PSTN) and Internet Service Digital Network (ISDN).
The PSN, on the other hand is connected to the Internet network.

Since the UTRAN proposal contains both frequency-division duplex (FDD) and time-
division duplex (TDD) modes of operation, power control for both cases is employed. The
general property of power control for the FDD mode is that power control consists of both
fast uplink (from MS to BS) and fast downlink (from BS to MS) schemes. While the power
control for TDD is slower than that for FDD mode [28]. It is well-known that the uplink
power control is more important than downlink power control in a CDMA system. The uplink
power control consists of a closed loop power control, an outer loop power control, and an
open loop power control. The closed (fast) loop power control regulates the transmission
power of all UE to minimize the interface between them. The control command is updated
at a rate of 1500Hz. The outer (slow) power control updates the target CIR*, which is
determined by the Radio Network Controller (RNC). While open loop power control is used
for the initial power setting. Detailed description of power control concept will be introduced
in Chapter 3. Furthermore, the data rate can be updated and more details will be presented

in Chapter 3.
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Figure 1.1: UMTS Network Architecture
1.2 Multiple Access Technology

In the multi-user environment, it is very important to separate the signals from different
users, so that they are not interfering with each other. Multiple access is a signal transmission
situation in which two or more users wish to simultaneously communicate each other by
sharing the same propagation channel. In the uplink, particularly, multiple users will want to
transmit information simultaneously. Without proper coordination among the transmitting
users, collisions will occur when two or more users transmit at the same time. Multiple access

strategies based on orthogonality among the competing transmissions are collision-free.



1.2.1 FDMA, TDMA and CDMA

Main techniques with built-in conflict resolution capability include frequency-division multi-
ple access (FDMA), time-division multiple access (TDMA) and code-division multiple access
(CDMA). Performance analysis and evaluation of these conflict-free multiple access methods
are described and discussed, e.g., in [29, 30, 31].

In FDMA system, the total bandwidth of the system is divided into narrow frequency
channels which are then allocated to the multiple users. The users of TDMA system are
separated by assigning certain time slot for each user. While CDMA is a spread spectrum
technology, where each user is assigned a pseudo-random spreading code. Thus, all users
simultaneously share the same bandwidth, but with different codes, as illustrated in Fig.

1.2.

frequency frequency frequency

time time

code code code
FDMA TDMA CDMA

Figure 1.2: Multiple Access Schemes: FDMA, TDMA, and CDMA

CDMA has many advantages over TDMA or FDMA technologies. First of all, CDMA
techniques are wideband in the sense that the entire transmission bandwidth is shared among
all the users at all times. This is accomplished by spféadihé the ‘baseband signals onto a
bandwidth which is much larger than its original bandwidth. As a result, CDMA offers more
bandwidth efficiency than plain FDMA or TDMA. Another benefit of employing CDMA is
the use of the RAKE receiver, which can constructively combine multipath components, thus

mitigating channel fading that afflicts narrowband systems. Furthermore, the use of voice



activity (reducing the transmission rate during silent period in a conversation) decreases
interference and thus enhances the system throughput. It is then possible in the CDMA
environment to provide unique benefits for cellular applications [32]. CDMA systems are
interference limited and suffer from a phenomenon known as the near-far effect where the
stronger received signal level raises the noise floor at the base station for the weaker signals.
Power control is used in CDMA system implementation to combat this problem. Some of

main features of CDMA are listed as follows:

e Several users use the same frequency with TDD or FDD mode.
e Unlike FDMA and TDMA, the CDMA system has soft capacity limits.
e Multipath fading is reduced due to the spreading of the message signal.

e The channel data rate of CDMA system may be high due to the fact that the bandwidth
is higher than that of the FDMA or TDMA system.

e The near-far problem limits the performance of the system, if power control scheme is

not correctly applied.

e Multi-access interference limits the performance of the CDMA system.

The second-generation CDMA cellular system is considered as a narrowband CDMA
system [33]. In the narrowband CDMA system the available wideband spectrum is divided
into a number of small bandwidth spectrums. Each of these sub-channels forms a narrowband
CDMA system where the processing gain (PG) is lower than that for the original wideband
CDMA system. Fig. 1.3 illustrates the spectrum of the narrowband and the wideband
CDMA system. This type of system is called TDMA/CDMA or FCDMA system. The
advantage of the FCDMA system is that different users can be allocated different bandwidth

depending on their requirement.



Spectrum of W—-CDMA

Narrowband ~ Narrowband Narrowband
Frequency #1 Frequency # 2 Frequency # N
Spectrum of Narrowband CDMA

Figure 1.3: Specrum of W-CDMA Compared to the Narrowband CDMA

1.2.2 Wideband CDMA System

In W-CDMA systems, the transmission bandwidth of a signal channel is much larger than
the coherence bandwidth of the channel. It offers significant improvements such as increased
coverage and capacity due to a higher bandwidth compared to the 2G narrow-band CDMA
system. Table 1.1, illustrates the key parameters of the W-CDMA system [5].

Multiple access scheme Wideband DS-CDMA
Duplex scheme FDD/TDD
Chip rate 4.096 Mcps
(8.192/16.384 Mcps)
Carrier spacing 4.4-5.0 MHz
Modulation scheme | Quadrature Phase Shift Key (QPSK)
Channel coding Convolutional and turbo codes
Multirate Variable spreading and multicode
Spreading factors 4-256 (uplink), 4-512 (downlink)

Table 1.1: Key Parameters of W-CDMA system

o W-CDMA physical channel structure:



W-CDMA defines two types of dedicated physical channels. One is the Dedicated Phys-
ical Data Channel (DPDCH) which is used to carry dedicated data generated at layer 2 and
above. The other one is the Dedicated Physical Control Channel (DPCCH) which is used
to carry layer 1 control information. In the uplink, the DPDCH and DPCCH are coded.
The In-phased and Quadrature bits are multiplexed within each radio frame. The uplink
DPDCH carries the control data while the DPCCH carries pilot bits, and Transmit Power
Control (TPC) commands [5]. In the basic operation, each physical channel is organized in
a frame structure. Each frame of length 10 ms is divided into 15 time slots of length 0.625
ms so that each slot consists 2560 chips each corresponding to one power control period.
Therefore, the power control and pilot symbol frequency is 1500 Hz. For the downlink (BS
to MS), pilot symbols are time-multiplexed with data symbols. Every slot starts with a
group of pilot symbols (4 or 8) that may be used to estimate or predict the channel and
perform synchronization. The frame/time slot structure for the uplink is shown in Fig. 1.4
where the transmitted data and control information such as TPC (transmit power control

command) and TFCI (transport format combination indicator) are code multiplexed.

10ms
Frame S#;t 7] K21 #15
" 0.667ms B

Pilot | TFCI | Data | TPC

Data

Figure 1.4: Uplink DPCCH/DPDCH Frame Structure of UMTS W-CDMA with 10ms Frame
Length

e Orthogonal variable-length code:

Improving the capacity of multimedia communications is one of the targets for W-CDMA

mobile communication systems. W-CDMA is designed to support a variety of data services

9



from voice to high-speed data and video. All users in the system have the same signal
bandwidth and spread to the same chip rate. Thus, multi-rate transmission requires pro-
grammable Spreading Factor (SF). ,

Let each bit of the lowest bit-rate service be R,;» and let it be spread by a code of length
M = 2™ when m = 1,2,---,logy Rmaz/2. Also, let us assume that another low bit-rate
service is transmitting at 2 - Ry, where the bit duration is half that for the previous case.
Then, we need a spreading code of length M /2 = 2"~! for spreading. In general a code length
of 2" * is needed for bit rate 2*R,.;n. A method to obtain variable-length orthogonal codes
that preserve orthogonality between users at different transmission bit-rates is presented in
(34].

The orthogonal variable spreading factor (OVSF) code or the signature sequence is used
to spread the data to the chip rate. The OVSF codes can be defined in a tree-like manner
illustrated in Fig. 1.5.

c,(1)=(1,1,1,1)__Cs(1)
C,(1)=(1,1) Cel2)
Cs(3)
Cqs(4)
C;(1)=(1) C,(2)=(1,1,-1,-1)
Cg(5)
C,(3)=(1,-1,1,-1) 0
C,(2)=(1,-1)
Cye(7)
C,(4)=(1,-1,-1,1 Cq(®)

Figure 1.5: OVSF Code Tree

Starting from C;(1) = 1, a set of 2* spreading codes with the length of 2k chips are
generated at the kth layer. Generated codes of the same layer constitute a set of Walsh
functions and they are orthogonal. In other words, a code can be selected in a system if

and only if no other code on the path from the specific code to the root of the tree or the
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sub-tree is selected in the same BS [35].

From this observation, we can easily find that if Cg(1) is assigned to a user, all {C1¢(1),
Ci6(2), C32(1), - -+, C32(4), Ces(1), - -+, Cpa(8), Ci28(1), - - -} generated from the code cannot
be assigned to other users requesting lower rates. The same provision applies for the mother
codes that cannot be assigned to other users requesting higher rates. Therefore, the total
number of codes is not fixed. However, it depends on the rate and spreading factor of each
physical channel. Smaller spreading factors are selected for higher transmission rates while

larger spreading factors are used for the lower transmission rate.

1.3 Cellular Radio System

The concept of cellular radio, which dates back to the 1960s [30], allows channels to be reused
over the geographical area having sufficient spatial separation. To cover a large area with
mobile communication services, the areas are divided into small subareas, called cells, each
of which is served by a base station. The sizes of the cells can vary depending on the type
of the area that they serve. For example, in a rural area with low density of users, the cells
can be quite large (say, several kilometers in radius). These cells are referred to as macro
cells. The cell sizes diminish when the number of potential users grows, like in cities and
their central parts, where the cell radiuses can range from a few hundred meters to tens of
meters (micro cells) or even meters (pico cells) covering, for example, a signal room in a
building.

If omnidirectional antennas are used in the base station, the cell shape is ideally a circle.
In practice, however, a cell takes a rather irregular shape due to the random effects. More-
over, for modelling and planning purpose, the circular form is not the most convenient one,
since a plane filled up with circles can exhibit overlapped areas or gaps. Therefore, the shape
of a cell is typically modelled as a regular polygon, such as an equilateral triangle, square,
or hexagon, the hexagon being the most widely used shape. Of these shapes, the hexagonal
array requires fewer cells for a given coverage area than a triangular and square array [32].

The beauty of the use of the cells instead of a signal base station is that the transmission
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power of the cells can be kept small; and, most importantly, the transmission frequency of
a particular cell can be reused in another cell, which increases the capacity of the system
tremendously. The cells using the same frequency must be located sufficiently apart so that
the co-channel interference is kept in tolerable limits. Fig. 1.6 shows an example of a
hexagonal cellular layout with reuse factor 7. It can be seen that each cell has its own base
station and users are randomly located in the system. The uniformly dispersed mobile users

are displayed by small squares in the figure. =~

1000

500

-1000

Figure 1.6: The Structure of Cellular Radio System

It is also possible to use directional instead of omnidirectional antennas at the base sta-
tions. Typically, the base station is equipped with three directional antennas, each covering a
120° sector. This can further increase network capacity, and decrease the cost of the system,

since the base station equipment is utilized more efficiently.
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1.4 Thesis Contributions

In this thesis, we focus on the power control and transmission rate adaptation techniques
employed in the UMTS W-CDMA system. This research work has some general contributions

that can be summarized as follows:
e Combined power control and transmission rate adaptation algorithm][1]:

Rate adaptation is first formulated as a maximum throughput problem. In the formu-
lation, dynamical behavior of the mobile communication channel is also taken into consid-
eration. A land mobile radio channel for urban areas is used for the channel model. In
addition, a mathematical model of multipath fading is also defined to study and discuss the
fading effects of wireless channels. More details can be found in Chapter 2. We apply the
greedy rate packing (GRP) algorithm [27] to allocate the data rate, and correspondingly,
the target CIR*, of the users with the aid of their channel state information. A set of
predefined target CIRs* are assigned to the users. The users’ transmission rate is based
on the channel condition. As a result, the rate assignment and target CIR* assignment
are interchangeable. Next, power control procedure starts in terms of the assigned target
CIR* and received CIR of every user. Furthermore, We apply our proposed algorithms to
a frame/time slot structure of UMTS W-CDMA systems. Consequently, the transmission
power is updated slot by slot, while the data rate is updated frame by frame. Simulation
studies show the superiority of the proposed algorithm over several other algorithms from

the literature. This topic is presented in Chapter 3, Section 3.3.
e Dynamic stepsize power control algorithm(2]:

A novel variable stepsize power control algorithm is proposed to enhance the system
performance. The dynamic stepsize is based on the difference between the target CIR*
and the received CIR. The proposed DSPC algorithm is also applied in a frame/time slot
structure. and examined by analytical methods and extensive computer simulations. The

system performance including throughput, BER, average transmission power consumption
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etc., is evaluated. Besides, the 2ms frame length is also applied in the simulations. Moreover,
some key parameters of the both FSPC and DSPC algorithms, such as loop delay (D), PCC
channel errors, are analyzed and examined as well. The details of our proposed DSPC

algorithm are covered in Chapter 4.

1.5 Thesis Outline

This thesis discusses two major topics in W-CDMA systems, namely power control and
adaptive data transmission techniques.

The remaining of the thesis is organized as follows: Chapter 2 presents wireless channel
characteristics. The mathematical model for multipath fading is studied and some main
channel models are illustrated. Power control and rate adaptation in CDMA cellular com-
munication systems are extensively discussed in Chapter 3, which gives the necessary back-
ground to understand the contributions made in the thesis. A literature survey of these topics
is provided as well. Our proposed combined power control and transmission rate adaptation
algorithm is also demonstrated. Furthermore, the numerical results and discussions will show
the effectiveness of the proposed algorithm. In Chapter 4, a novel dynamic stepsize power
control (DSPC) algorithm is introduced for the W-CDMA systems. It is shown that DSPC
algorithm outperforms the conventional fixed stepsize power control (FSPC) approach. Fi-

nally, our conclusions and remarks are given in Chapter 5.
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Chapter 2

Channel Characteristics of Mobile
Radio Systems

2.1 Properties of Mobile Radio Channels

Radio waves propagate from a transmitting antenna, and travel through free space under-
going absorption, reflection, refraction, and scattering. The behavior of a typical mobile
wireless channel is considerably more complex than that of an additive white Gaussian noise
(AWGN) channel. Besides the thermal noise at the receiver front end (which is modeled by
AWGN), the transmitted signals often experience channel fading and time dispersion due
to user mobility and multipath propagation. Channel fading can be divided into large-scale
fading and small-scale fading. Fig. 2.1 shows an overview of fading channel manifestations
[36]. Large-scale fading, characterized by path loss and shadowing, represents the average
signal power attenuation or path loss because of the motion over large area. While the small-
scale fading is a characteristics of radio propagation resulting from the presence reflectors
and scatterers that cause multiple versions of the transmitted signal to arrive at the receiver,

each distorted in amplitude, phase and angle of arrival [30].

e Path Loss: It describes the loss in power as the radio signal propagates in space.

e Shadowing: It occurs due to the presence of fixed obstacles in the propagation path

of the radio signal.
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e Multipath Fading: It accounts for the combined effect of multiple propagation paths,

rapid movements of mobile units (transmitters/receivers) and reflectors.

Fading channel
' |
Lager-scale fading Small-scale fading|
Mean Variations Time Time
signal about the spreading of variance of
attenuation| mean the signal the channel
Time-delay Frequency| Time Doppler—shift
domain domain domain domain
description description description description
Fast fading| Slow fading
1
Frequency . Frequency . .
slective Flat fading slective Flat fading Fast fading Slow fading
fading fading

Figure 2.1: Overview of Channel Fading

2.1.1 Path Loss

In wireless channel, signals attenuate as they propagate. For a radio wave transmitted by a

point source in free space, the loss in power, know as path loss, is given by

L= (?)2 (2.1)

where ) is the wavelength of the signal, and d is the distance between the source and the

receiver. The power of the signal decays as the square of the distance. In land mobile wireless
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communication environments, similar situations are observed. The mean power of a signal

decays as the nth power of the distance:
L=cd" (2.2)

where c is a constant and the exponent n typically ranges from 2 to 5 [37]. The exact values
of c and n depend on the particular environment. The loss in power is a factor that limits

the coverage of a transmitter.

2.1.2 Shadowing

Shadowing is due to the presence of large-scale obstacles in the propagation path of the radio
signal. Due to the relatively large obstacles, movements of the mobile stations do not affect
the short-term characteristics of the shadowing effect. Instead, the natures of the terrain
surrounding the base station and the mobile stations as well as antenna heights determine
the shadowing behavior.

Usually, shadowing is modeled as a slow time-varying multiplicative random process.

Neglecting all other channel impairments, the received signal r(t) is given by

r(t) = g(t)s(t) (2.3)
where s(t) is the transmitted signal and g(t) is the random process which models the shad-
owing effect. For a given observation interval, we assume that g(t) is a constant g, which is
usually modeled as a log-normal random variable [37], G, whose density function is given by

€xXp (—Qng_gﬁ_#ﬁ) g 2 0 (24)

1
— 2n-0-g
fe(9) { ; g<0

We notice that Ing is a Gaussian random variable with mean g and variance o2. This
translates to the physical interpretation that p and o? are the mean and variance of the
loss measured in decibels (up to a scaling constant) due to shadowing. For cellular and
micro cellular environment, the dB spread, o, which is a function of the terrain and antenna

heights, can range from 4 to 12dB [37].
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2.1.3 Multipath Fading

In most of the mobile or cellular systems, the height of the mobile antenna may be smaller
than the surrounding structures. Thus, the existence of a direct or line-of-sight path between
the transmitter and the receiver is highly unlikely. In such a case, propagation is mainly due
to reflection and scattering from the buildings and by diffraction over and/or around them.
As a result, in practice, the transmitted signal arrives at the receiver via several different
time delays creating a multipath situation.

Fading is the term used to describe the rapid fluctuations in the amplitude of the received
radio signal over a short period of time. It is a common phenomenon in mobile communi-
cation channels caused by the interference between two or more versions of the transmitted
signals which arrive at the receiver at slightly different times. The resultant received signal
can vary widely in amplitude and phase, depending on various factors such as the intensity,

relative propagation time of the waves, bandwidth of the transmitted signal, etc.

There are different types of fading according to the relation between signal and channel.

parameters. Based on multipath time delay (time domain), signal fading can be either flat or
frequency selective determined comparing the signal bandwidth to the coherence bandwidth
of the channel which can be defined as the maximum frequency separation for which the
signals are still correlated. If the coherence bandwidth is greater than the signal bandwidth,
the transmitted signal undergoes flat fading. Otherwise, the transmitted signal undergoes
frequency-selective fading. On the other hand, based on Doppler spread (frequency domain),
signal fading can be either fast or slow. Relative motion between the transmitter and the
receiver results in Doppler spread in the received signal. If the Doppler spread of the channel
is much less than the signal bandwidth, the signal undergoes slow fading. Practically, fast
fading occurs at low data rates. Fig. 2.2 illustrates the classification of small-scale fading.
It is noted that the coherence time which gives a measure of time duration over which the
channel impulse response is essentially invariant (or highly correlated) should be less than

the loop back delay of power control implemented in CDMA systems.
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(Based on multipath time delay)

|

Flat Fading Frequency selective Fading
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Small-scale fading -
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1. High Doppler spread 1. Low Doppler spread

2. Coherence time < Symbol period

3. Channel variations faster than
baseband signal variations

2. Coherence time > Symbol period
3. Channel variations slower than
baseband signal variations

BW: bandwidth

Figure 2.2: Classification of Small-Scale Fading

2.2 Statistical Fading Models
2.2.1 The Mathematical Model for Fading Channels

In Clarke-Jakes fading model [38], consider a transmitted signal at the ¢th time instant, s(t)
= Acos 2 f.t through a multipath fading channel. Ignoring the effects of noise, the received
signal which consists of a large number of multipath components that arrive uniformly from

all angles can be expressed as:

L
r(t) = A a;cos(2m fet + 0;) ' (2.5)

i=1
where the variables a; and 6; are the attenuation and the phase-shift of the ith multipath

component, respectively. The factor A denotes the signal amplitude. The above expression

can be rewritten as:
r(t) = A { (z:‘; a; cos(@i)) cos(2m fit) — (z: a sin(Oi)) sin(2m fct)} (2.6)
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Let
Xi1(t) = XL: a;cos(6;)  Xo(t) = ZL:ai sin(6;).

i=1

The above equation becomes:
r(t) = A (X1(t) cos(2m f.t) — Xa(t) sin(2r f.t)) 2.7

When there are a large number of scatters in the channel that contribute to the signal at
the receiver, X;(t) and X»(t) become Gaussian variables with zero mean and ¢? variance

according to the central limit theorem [31]. Eq. (2.7) can be written as:
r(t) = AR(t)cos(2m f.t + 6(t)) (2.8)

where the amplitude R(t) and the phase () of the received waveform r(t) are given respec-

tively by:
R(t) = /X1 (£)? + Xa(2)? (2.9)
0(t) = tan™! (2—?3) , (2.10)

Since the process X;(t) and X,(t) are Gaussian with zero mean, the envelope of the
channel response at any time instant, R(t), has a Rayleigh distribution and the phase is
uniformly distributed in the interval [0, 2] with a probability density function (pdf) given
by:

fo(0) = % (0<6<2m) (2.11)

The distortion in the phase can be easily overcome if differential modulation is employed.
Whereas an amplitude distortion R(t) severely degrades the performance of digital commu-
nication systems over fading channels. It is usually reasonable to assume that the fading

stays essentially constant for at least one signaling interval.
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2.2.2 Rayleigh Fading Model

Fading signal amplitude in large cells (macro-cellular environment) in the absence of a direct
line of sight (Non-LOS) component is usually modeled as a Rayleigh random variable. It is
well known that the random variable obtained by finding the square-root of the sum of the

squares of two independent Gaussian random variables has a Rayleigh Distribution. The

Rayleigh pdf is given as:
r —2 e
falr) = Ly exp (2—0;) r>0) 2.12)
and
2
o’ = E[zr ] (2.13)

where E[] represents the expectation operation. Also note that Rayleigh fading is a good
model for cellular mobile radio. Fig. 2.3 shows the simulated Rayleigh fading envelope using
Clark-Jakes model with mobile speed at 50km/h, carrier frequency at 2GHz and sample
frequency at 5kHz, and the number of multipath component L = 1 and L = 2 using
maximal ratio combining (MRC) at the receiver, respectively.

L=1 L=2

1000 0 1000

500 500
Time Elapesd (ms) Time Elapesd (ms)
Figure 2.3: Simulated Rayleigh Fading Signal with Single and Two Path Envelope

When there are fixed scatterers or signal reflections in the medium in addition to ran-

domly moving scatterers, R(t) can no longer be modeled as having zero mean. In this case,
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the envelop R(t) has a Rician distribution and the channel is said to be a Rician fading

channel.

2.2.3 Rician Fading Model

The Rician distribution is observed when, in addition to the multipath components, there
exists a line of sight (LOS) path between the transmitter and the receiver. Indoor fading
is often expected to be Rician distributed. This is common in micro-cellular systems. The

probability density function for the envelop of the received signal is then given by:

2, 42 .
fr(r) = ;:;2 exp (—T + A )Io (A02r> (r>0,A>0) (2.14)

202
where factor A denotes the peak amplitude of the dominant signal and Io(-) is the modified
Bessel function of zero order. The Rician distribution is often described in terms of a
parameter K, called Rician factor, which is defined as the ratio between the deterministic
signal power and the variance of the multipath, given by K = —2‘% or, in terms of dB:
K(dB) = 10log(A%/20%)(dB). As A tends to zero and the dominant path decreases in
amplitude, Rician distribution degenerates to a Rayleigh distribution. Fig. 2.4 presents the

pdf of Rician distribution with a function of r and Rician factor K.

2.2.4 Nakagami-m Fading Model

The Nakagami-m distribution with fading severity index m, m > 1/2, is a versatile statistical
model. It models signals that experience either less or more severe fading than that of
Rayleigh distribution and sometimes fits experimental data much better than Rayleigh or
Rician distributions. The pdf of Nakagami distribution describes the received envelope by a

central chi-square distribution, I'(m), with m degree written as:

2mmr(Zm-1) ( —mr
exp

Qp
where 2, and m denote the average power and model parameter, respectively. By varying the

value of m, the model can capture various distributions. For m = 1, the model converges to
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Figure 2.4: pdf of Rician Distribution

Rayleigh fading model. Setting m = 1/2 makes it a one sided Gaussian distribution. While
setting m — oo transforms it into a “no-fading” model. Finally, the Rician distribution can

be approximated through the Nakagami model using the following relationship give by:
m= (K +1)*/(2K +1) (2.16)

Fig. 2.5 plots the pdf of Nakagami-m distribution.

2.2.5 Suzuki Process Model

The Suzuki model is a statistical model that has been developed for the land radio channel
on the assumption that the local mean of the Rayleigh process follows a log-normal statistic
and accounts therefore for the effects caused by shadowing [39].

In urban areas, the direct LOS component between the MS and BS is for most of the
time completely obstructed by high buildings. In such case, the signal at the receiver is
composed of many independent reflected signal components coming from all directions in

the horizontal plane. As discussed in Section 2.2.2, the envelope of the received signal is
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Figure 2.5: pdf of Nakagami-m Distribution

then Rayleigh distributed. If the mobile station moves a small distance, the environment
characteristics can be considered as approximately constant, and therefore, the power of the
Rayleigh process can also be considered as approximately constant. But for large distances,
the large environment characteristics are slowly varying, and the power of the Rayleigh
process can vary considerably. In this case, a Suzuki process models the stochastic process
more precisely.

A stationary Suziki process ¢(t) is obtained by the multiplication of a Rayleigh process
¢(t) with a log-normal process x(t) [40] given by:

¢(t) = p(t) - x(t) o (2.17)

Fig. 2.6 presents the simulated fading envelope of Rayleigh fading, shadowing and Suziki
process with the parameters of mobile speed v = 50km/h and carrier f, = 2GHz. It can be
observed that Suzuki process can catch the effect of Rayleigh process in the small scale and

log-normal shadowing process in the large scale.
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Figure 2.6: Simulated Fading Envelope: Rayleigh Fading, Log-normal Shadowing and Suzuki
Process

2.3 Mitigation Techniques for Channel Fading

As discussed already, channel fading can severely degrades the system performance. Improv-
ing the quality or reducing the effective error rate in a multipath fading channel is extremely
difficult. In AWGN channel, using typical modulation and coding schemes, reducing the
effective bit error rate (BER) from 1072 to 10~ may require only 1 or 2 dB higher signal-
to-noise ratio (SNR). However, it requires up to 10 dB improvement of SNR in multipath
fading environment [41]. Fig. 2.7 plots the BER performance comparison between AWGN
channel and fading channel as a function of SNR.

There are some mitigation techniques applied in wireless communication systems to com-
bat the effects of channel fading, listed in Table 2.1. It indicates which technique is best
suited for ameliorating the degradation due to various fading effects. The mitigation ap-

proaches to be used when designing a system should be considered into two basic steps:

e Choose the type of mitigation to reduce or remove any distortion degradation (fast
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Figure 2.7: Performance of BER Degradation over Fading Channel

fading, frequency-selective fading).

e Combat the fading effects of loss in SNR (flat fading, slow fading) to approach AWGN
system performance by using some forms of diversity, power control, or by using a

powerful error-correction code.

Channel Fading Mitigation Approach
Large-scale fading (near-far-effect) Power control
Frequency-selective fading Adaptive equalization, OFDM , Pilot signal
Direct-sequence spread-spectrum (DS/SS)
Fast fading Robust modulation,
Coding and interleaving
Flat fading Diversity technique, Power control
Slow fading Error-correction coding

Table 2.1: Mitigation Techniques for Channel Fading

It is well known that power control is one of the most widely used mitigation techniques

to compensate for the loss caused by propagation and fading. Furthermore, it is an efficient
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technique to alleviate the multiple access interference in CDMA systems, as will be discussed

in the following chapters.
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Chapter 3

Combined Power Control and Rate
Adaptation Techniques

The effective radio resource management (RRM) is essential to the success of the wireless
networks. The aim of RRM is to efficiently utilize the limited radio resources and to provide
more mobile users with the guaranteed quality of service (QoS). The RRM contains many
sub-blocks such as the connection admission controller, the traffic classifier, the radio resource
scheduler, and the interference and noise measurement [42]. Mobile station’s transmission
power and date rate are two important radio resources which should be well controlled to
achieve different objectives like maximizing the number of simultaneous users, reducing the
total transmitting power, and increasing the total throughput. The conventional approach
to achieve these objectives is to select one of them as an objective function to optimize under
some constraint conditions.

Shannon’s channel capacity equation is given by
1
C= Elogz(l + CIR). (3.1)

It shows that the information rate related to the channel capacity (C) is an increasing func-
tion in CIR. Increasing the information rate is generally very desirable in data communication
systems but it is restricted by the CIR. Increasing the CIR can be achieved in two ways. The
first way is by reducing the total interference and noise affected by that user. This depends

on some characteristics of the noise and the interference. If the users concurrently use the
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channel, such as in DS-CDMA, then the interference can be reduced by using power control
techniques. The second way of increasing the CIR is simply by increasing the transmission
power. In a single user communication system (point to point) or in broadcasting, this can
be an acceptable solution and the main disadvantages are the cost and the nonlinearities in
the power amplifiers. But in multi-user communication environment, increasing the trans-
mission power means more co-channel and cross-channel interference problem. Thus, power
control is an essential mechanism to deal with this problem.

Controlling the data rate as well as controlling the transmission power is an important
topic in modern communication systems. The adaptive rate feature are not needed for
communication systems which are designed mainly for voice communication as in 1G and
2G cellular systems. In these systems, the target CIR is specified, and the data rate is
fixed and only the power is controlled, such as in IS-95. While the 2.5G/3G mobile cellular
systems are supporting the multi-rate data communication because they are designed not
only for voice service but also for data and multimedia services. An efficient combining
algorithm for power and rate control is required for these systems. We address the problem
in this chapter as how to combine both the power and rate in an optimum way to meet the
required specifications. Section 3.1 and section 3.2 will give a detailed overview of power
control and rate adaptation techniques, respectively. A novel combined power control and

rate assignment algorithm is proposed in section 3.3.

3.1 Power Control in CDMA Systems

In a CDMA system, all users are sharing one radio channel and multiple access is achieved
through the use of a specific spread spectrum pseudonoise code for each user. System perfor-
mance is very much dependent on multiple access interference (MAI) which is caused by the
crosscorrelations between the desired user’s signal and other users’ signals. Power control
is employed to keep the CIR nearly constant at a desired level and achieve the optimum
capacity, thus enhancing the system performance.

Power control (PC) serves as an integrated role in CDMA systems: power allocation,
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also called slow power control, and Closed loop power control (CLPC), also called fast power
control. Power allocation is an important resource management function for multiclass sys-
tems, see for example, [43, 44, 45], and the references cited in. In these systems, power
allocation is used to specify the target received power levels. It is applied as a control knob
to satisfy the Quality of Service (QoS) requirement and peak power restrictions of all the
users in the system. On the other hand, target power level definition along is not sufficient
for a wireless environment, where signals experience path loss, fading and shadowing. As’
a result, transmit power control is used to compensate the signal impairment to make the
received signal strength (or CIR level) to maintain at the target level. More details about

the classification of transmit power control will be given in Section 3.1.2.

3.1.1 Near-far Effect

Consider the situation depicted in Fig. 3.1. Mobile stations MS; and M S, share the same
frequency band and their signals are separable at the base station by their unique spreading
codes. The link attenuation of M .S, at a particular time instance might be much greater than
that from MS; to BS. If power control is not applied, the signal of MS; will overpower the
signal of M S, at the base station. This is so-called near-far effect. To alleviate this effect,
power control aims to set the transmission power of MS; and M S, so that both signals are

received at the same mean power level at the BS.

MS2

Figure 3.1: Near-far Effect
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As can be understood from the discussions in section 2.2.1, the received signal power
attenuation is a random variable and the variation of the received signal strength about the
local mean value is called fading. Both of fading and the near-far effect cause the degradation
of the system capacity in CDMA systems. While an efficient power control scheme can be

applied to reduce the variations of the received power and increase the system capacity.

3.1.2 Classification of Power Control Techniques

Power control can be classified in many different ways, as shown in Fig. 3.2

Uplink,
Downlink

Ctentralized, Power control Fixed stepszie,
Distributed algortithms Adaptive stepszie
* |
Strength—based,
SIR-based

Figure 3.2: Classification of Power Control Techniques

Open loop,
Closed loop

o Centralized and distributed power control:

The centralized power control, see e.g. [46, 47, 48] requires a central controller which has
all information about the established connections and channel gains, and controls all the
power levels in the network or part of the network. The feasible power solution can be found
when the maximum eigenvalue of the power matrix is less than 1. The central idea in power
control schemes is to maximize the minimum CIR in each of the channels in the system.
However, the centralized power control is not easy to implement in practice. And it can be

used to give bounds on the performance of the distributed algorithms.
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The distributed power control algorithm depends only on local information, such as
measured CIR or channel gain of the specific user, see e.g. [49, 50, 51]. These algorithms
perform well in rather ideal cases, but in real systems there are a number of undesired effects,
such as [28]:

1) Measuring and control signaling take time, which results in time delays in the system.

2) The signals needed for control may not be available and have to be estimated.

3) Quality is a subjective measure, and relevant objective measures have to be employed.
o Strength-based, SIR-based power control:

From the decision-making criteria standpoint, power control methods can further be
grouped into strength-based see e.g. [52] and SIR-based, see e.g. [563, 54]. In strength-based
power control scheme, the strength of a received signal at the base station from a mobile
is measured to determine whether it is higher or lower than the desired strength. These
algorithms typically adjust the transmission powers inversely proportional to the link gain.
In SIR-based scheme, the measured quantity is based on SIR (signal-to-interference ratio)
where interference consists of channel noise and multi-user interference. It is know SIR can
be calculated after the signal despreading in CDMA systems.

A problem associated with SIR-based power control is the potential to get positive feed-
back to endanger the stability of the system. Positive feedback arises in a situation when one
mobile station under instructions from the base station has to raise its transmission power
in order to deliver a desirable SIR to the BS, but the increase in its power also results in
an increase in interference to other users so that these other mobile users are then forced to
also increase their power, etc.

In [53, 54], it has been shown that SIR-based power control offers better performance,
such as QoS and system capacity, than strength-based algorithms. While strength-based
power control is easier to implement. In addition, a combined strength-based and SIR-based
power control algorithm was proposed in [55] and reported to perform better than plain

SIR-based power control.

e Open loop and closed loop power control:
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Open loop power control mitigates the path loss and large-scale variations such as shad-
owing. In this case, the mobile users adjust their power levels on the basis of the received
power of a pilot signal broadcast by the base station from the forward link direction. Thus,
the open loop power control scheme is employed for the initial power setting. However, it
is not possible to compensate multipath fading by using open loop power control because
uplink and downlink are not correlated.

Closed loop power control is applied to eliminate variations due to multipath fading by
using feedback information, so as to achieve the desired QoS. It consists of inner-loop and
outer-loop components. The inner-loop involves one-bit feedback from the base station to
the mobile unit to lower or raise the power by § dB, depending on the difference between the
measured CIR value and the target CIR. While outer-loop is used for target CIR adjustment.
It is based on BER and frame error rate (FER) measurements and its role is to change the
target CIR when the situation of mobile is changing for the power control planning. Thus,
an outer-loop varies the target CIR as a function of FER [24]. A typical way to do this in
practice is to raise the target by a larger step d,, when a frame is discard, and to decrease
the target with a smaller step dgown When a frame is correctly received [56]. In [57], another
outer-loop power control algorithm was proposed which was able to detect changes in the
multipath channel profile and compensate for errors in the mapping between FER and CIR

target, yielding faster tracking of the channel changes.
e Fized stepsize and adaptive stepsize power control:

According to power update strategies, CLPC can be performed by using fixed stepsize
power control (FSPC) algorithm, see e.g. [12, 58] and adaptive stepsize power control (ASPC)
algorithm, see e.g. [24, 59]. Power control in fixed stepsize algorithm is a simple 1-bit power
control command (PCC). Based on the PCC received from the base station, the transmis-
sion power of mobile station is either increased (PCC=“+1" ) or decreased (PCC=*“1"")
by the fixed stepsize to 1 dB in the conventional closed loop method. While a specific ex-
ample of the ASPC algorithm increases or decreases the mobile station’s transmission power

depending on power control command (PCC) history and the Doppler frequency [59]. In
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[24], it was shown that the variable stepsize is a function of the current and past PCC bits.
If the base station detects the same PCC from a mobile in a set of consecutive slots, the
stepsize dedicated to the mobile is increased. On the contrary, if an alternative sequence of
up and down PCC's of a mobile are received by a base station, the stepsize dedicated to
this mobile is reduced. It has been shown that the ASPC algorithm is superior to the FSPC

algorithm, while the fixed stepsize algorithm is easier to implement.
o Uplink and downlink power control:

Power control can also be employed at uplink and downlink. It is well known that power
control for CDMA systems is more crucial and sensitive on the uplink in the sense that power
levels received at the base station from different mobile stations should be roughly equal. In
this case, it is necessary to have a dynamic range for control on the order of 80 dB [28].

In downlink the situation is different, since all signals transmitted by a base station
propagate through the same radio channel before reaching a mobile station. Therefore,
since they undergo the same attenuation, power control is not needed for near-far problem.
Instead, power control is used to provide more power to users located near the cell borders,
suffering from high interference from nearby cells and, on the other hand, to use only sufficient
transmission powers in order to minimize the interference produced to nearby cells [29]. In
principle, the downlink signals to different users could be made orthogonal by using proper
spreading codes. Unfortunately, the orthogonality of the downlink signals is lost in practice
due to multipath propagation. Therefore, allocating different powers for different users in
downlink could cause a near-far situation at the mobile stations. For this reason, the dynamic
range of downlink power control is usually much smaller than that in uplink, typically of
20-30 dB [60].

The focus in this thesis is on uplink power control, although the proposed algorithms

could also be applied to downlink power control.
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3.1.3 Uplink Power Control Model

The task of uplink power control is to vary users’ transmission powers in order to compensate
for the channel variations with desired power level at the base station. The algorithms
proposed in this thesis are targeted to improve the transmit power control performance
and is done using the combination of open loop, closed loop and outer loop power control
schemes. In the closed loop power control in the uplink, the base station needs to set target
CIR to maintain the reliable QoS for all the mobile stations. Measuring the received CIR
of a mobile station and comparing it with the target CIR*, the based station decides and
sends a. PCC over the feedback channel.

The UMTS W-CDMA system defines the variable stepsize for the power control al-
gorithm. While the conventional closed loop power control algorithm employed in 1S-95
systems is a fixed stepsize power control (FSPC) algorithm. This type of algorithm has been

presented in [61] give by:
Pi(t + 1) @By = Pi(t)(ap) + das) - PCC(2) (3.2)

PCC(t) = sign(& — &(1)) (3.3)
where P;(t), £ and &;(t) represent the transmission power, the target CIR* and the measured
(received) CIR, respectively, of the ith user at the tth time slot. ¢ is the applied stepsize.
The Power Control Command (PCC) of a “+1” or a “-1”” is obtained by:

sign(z) = { i} g: : g (3.4)
Typical TPC updates are from 800Hz (used in the IS-95 system [13]) to 1500Hz (used in
W-CDMA [5]). Note that the update rate cannot be arbitrarily high because of the inherent
delay and control overhead imposed by the CIR measurement process.

The uplink power control system model is illustrated in Fig. 3.3. At the time ¢, the base

station measures the uplink CIR. This measurement can be written as
£(t) = P(t—1) +g(t) — I(¢) (3.5)
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where g(t) and I(t) are the channel attenuation and the total interference power at time t,
all in decibels. The measurement is compared to the uplink target CIR* set by the outer
loop control. Based on this comparison, the BS sends a command PCC(t) to the MS over a
feedback channel either increasing or decreasing its power by a fixed stepsize, typically 1 dB.
The command is transmitted to the MS uncoded to reducing processing delays, for which
reason the command bit error probability can be relatively high, e.g., up to 10%. The mobile
station receives the command PCC(t) and update its transmission power correspondingly.
Besides, the loop delay (feedback delay) in this model refers to the overall loop delay
in closed loop power control. It greatly affects the performance of the power control al-
gorithm. This delay is a combination of the delays due to the CIR measurement process,
the transmission of the CIR information over the radio channel, the processing of the CIR
information and the adjust of the transmission power. Therefore the power update is based
on the outdated information of the received CIR. This may cause instability in the power
control algorithm, leading to large variations in the interference powers at the receivers and

diminishing capacity.
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Figure 3.3: Block Diagram of Uplink Closed Loop Power Control
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3.1.4 Quality Measures for Power Control

A great deal of the work on power control in CDMA cellular systems has focused on how to
set the transmission powers so that all the users in the system have acceptable energy-to-
interference-spectral-density ratio (Ey/I,) where I, is spectral density from both the multiple
access interference (MAI) and background noise. This approach is based on the fairly rea-
sonable assumption that the BER probability at the receiver is a strictly monotonically
decreasing function of E/I,. For instance, BER P, of binary phase shift key (BPSK) mod-
ulation in an AWGN channel is given by [31]

R=0 ( 25”) , (3.6)

where Q(z) is defined by
]. o —-t2 /2
T) = — e dt,z >0 3.7
Q) = = [ (37)
A more relevant case for CDMA cellular system is the average BER performance of
RAKE receiver in fading channels. Assuming binary modulation, Rayleigh fading channel,

the average BER at the output of RAKE receiver using MRC is given by [62]

h=["q ( 2—?) S ()dy (3.8)

where v represents the instantaneous SNR per bit of each branch. Let I'=Ey/I, which

denotes the average value of 7. Thus Eq. (3.8) can be written as

A= ["Q(VaD) - frn)d 3.9
5= J, Q ( fr(v)dy (3.9)
Besides, /1, is also called signal-to-interference ratio (SIR) which is calculated after sig-

nal despreading at the receiver in CDMA systems and closely related with another measure,

namely the CIR calculated before despreading and denoted by &, such that
W -
Eyflo=¢- 3 (3.10)
where W is the transmission bandwidth in Hz and R is the data rate. The W/R is called
processing gain, denoted by G [29]. It can be seen that the difference between the Ej /I, (or

SIR) and CIR is the processing gain G (i.e., SIR = CIR x G). When the data rate is fixed,
the CIR differs from Ej,/I, by merely a scale factor.
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3.2 Transmission Rate Control

The current DS-CDMA digital cellular networks have been primarily designed to support
voice traffic. However, the next generation wireless communication networks (3G mobile
communication system) are expected to support traffic with diverse bandwidth (multi-rate)
requirement. Multi-rate wireless system are fairly new and a full understanding of how to
perform rate control efficiently in practice is not available. Some research work has been
conducted to gain better understanding of rate assignment. Implementation is not the main
concern in these research papers and their focus is theoretical.

Most work studied the rate assignment for the purpose to maximize the system through-
put, see e.g.,[63, 64, 65]. In [63], the optimal solution suggests that MS that has a better
channel condition should transmit a higher data rate than others that experience worse
channel conditions. The study in [63] did not consider the maximum allowable load, which
is indicated by the interference in each cell. In [64], system throughput maximization with
the constraint of a certain peak interference level was investigated. Only a group of MSs
that have good channel conditions can transmit data and the remaining have to delay the
transmission. Most of the MSs that are allowed transmit data are assigned the maximum
power and rate. Both [63] and [64] show that system throughput maximization can lead to

fairness issues.

3.2.1 Multi-rate Transmission Schemes

W-CDMA technology, which is the major radio transmission scheme for the UMTS, has in-
trinsic support for dynamic rate transmission [5]. The understanding idea is that it supports
to use variable spreading gain, where users are allowed to transmit different data rates in
fixed-length time frames and multi-code techniques as well. There are main three ways in

which a particular information rate can be achieved.

e The variable-spreading gain (VSG) scheme:
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In a variable-spreading gain scheme, the chip rate is constant across mobile users, but the
spreading gain may be different. Each mobile’s processing gain (PG), G, is determined as
the ratio of the common chip rate (R.), or equivalently the bandwidth (W), see Eq. (3.10),
to the mobile’s bit rate, written as R

¢

SR (3.11)

Adaptive rate allocation schemes in terms of PG were investigated in [16, 63, 66] and
proven to be an efficient way to obtain high link throughput.

In UMTS, the VSG scheme is called orthogonal variable spreading factor (OVSF) scheme,
where the chip rate is fixed at a specified value (4.096 Mcps for W-CDMA) and the data
rate can take different values. This means that the PG is variable. The PG can be defined
as the number of chips per symbol. In UMTS, the processing gain (or the spreading factor)
in the uplink can take one of the following values, e.g. {4, 8, 16, 32, 64, 128, 256}. Thus the
physical channel bit rate varies in the range of 32-2048 kb/s [67].

e Multi-code (MC) scheme:

In MC-CDMA systems, all the data signals over the radio channel are transmitted at a
basic rate, Ry. Any connection can only transmit at rates m - Ry, referred to as m—rate,
where m is a positive integer. When a user needs to transmit at m—rate, it converts its
data stream, serial-to-parallel, into basic-rate streams. Then each stream is spread by using
different and orthogonal codes. The set of codes available to each user are orthogonal within
themselves. Multi-code scheme has almost the same performance as VSG scheme. However,
it suffers from the disadvantage of a high peak-to-mean envelope power ratio [68]. The

orthogonality of codes is also compromised in frequency selective fading [63].
o Multi-level modulations scheme:

From Eq. (3.11), it is noted that decreasing processing gain will increase the data rate.
When PG is at the minimum value, users can further adjust the transmission rate by using

higher order of quadrature amplitude modulation (Q AM) constellation if the requirement of
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BER performance can still be fulfilled, see e.g. [18]. However, this scheme has significantly
worse performance for high rate users [63].
Based on above discussions, we restrict out attention to the multiple processing gain

scheme for the multi-rate transmission in this thesis.

3.2.2 Discrete Transmission Rate and CIR Relation

In order to assign the data rates, one possibility is to relate them to target CIRs*. We may
then for example assume access to infinitely many target CIRs*, resulting in a continuous
relation between transmission rate and CIR. If instead the number is limited, it becomes a

discrete relation. In Fig. 3.4, an example of a linear and a discrete relation between the

-

effective data rate and CIR is depicted.

Transmission Rate

Carrier—to-Interference Ratio

Figure 3.4: An Example Illustrating a Continuous Linear and Discrete Transmission Rate and
CIR Relation

A linear relation is motivated in DS-CDMA systems where the processing gain is adapted
by the symbol duration and also the fact that the rate in wideband Gaussian channels is
approximately linear. With adaptive modulation and coding, a linear growth can be too
optimistic and a logarithmic mapping is often used. An immediate interpretation of the
assumption of a relation between rate and target CIR*, is a guaranteed maximum BER.

If the connection is established at a certain CIR, say the predetermined target, it can be
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assumed that there exists a one-to-one relation to a corresponding bit error probability. This,
by choosing the proper target CIRs*, the data rate can be offered with a specified bit error
probability. In particular for a DS-CDMA system, a high target CIR* compensates for the
low processing gain when using a high data rate. Thus, it is a key issue to design algorithms
that assign the proper target CIRs* and data rates to users in a multi-rate transmission

system.

3.3 Combined Power Control and Rate Adaptation

Power control and rate assignments affect both QoS and radio resource utilization in mobile
data networks. With the increasing demand of wireless communications, how to improve
transmission efficiency has attracted lots of research attention in recent years. In particular,
the subject of the combined power control and rate adaptation techniques in DS-CDMA
networks has attracted considerable research interest. In [69] and [70], the joint power con-
trol and rate adaptation scheme where the mobile transmission power was well controlled
based on the target CIR level was employed to achieve the maximum throughput. Ulukus
et al. [71] implemented a “snap-shot” evaluation approach where the authors assumed that
the adaptation convergence much faster compared to the changes in the channel gains. A
single user water-filling strategy was proposed in [18] where the user with better channel
condition would be assigned less power. As a result, the transmission power was distrib-
uted according to the mobile user’s individual instantaneous channel condition. Li et al.[72]
developed a framework of utility-based joint power control and rate allocation scheme for
downlink CDMA systems employing either matched-filter or blind multiuser receivers. The
rate and power control algorithms made use of the recent analytical results on the SIR per-
formance of the blind multiuser detector. The distributed strategies for the joint control of
power and data rates by taking into account the network congestion levels were proposed
in [73]. The design was pursued by formulating state-space models with and without un-
certain dynamics and by determining control signals that helped meet certain performance

criteria (such as robustness and desired levels of SIR). In [74], the author examined the joint
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optimization of outer-loop power control and transmission rate adaptation, to maximize the
spectral efficiency, subject to a long-term transmit power constraint. The proposed adaptive
transmission scheme in which the target SIR and data rate were adapted to the estimated
BER while a constant short-term received SIR was maintained by exploiting total or trun-
cated channel inversion strategy in the inner-loop power control, was analyzed and simulated
for the multi-QAM modulation scheme over flat fading channel. In [75], the algorithm of
the combined power and rate adaptation was presented, where the optimal spreading factor
allocation criterion was applied to maximize the throughput.

In this section, we are interested in developing a novel joint power and rate allocation
algorithm [1]. The greedy rate packing (GRP) [27] allocation scheme is applied in the rate
adaptation. The GRP assigns a higher transmission rate to the users with better channel
conditions (higher channel gain) meanwhile minimizing the transmission power based on the
power constraints. It can be interpreted that more resources, like power and transmission
rate, are allocated at time instants when channel conditions are favorable. The link which is
in deep fading will be assigned lower rate, or even be turned off when fading is lower than a

predefined threshold. As a result, the resource allocation will be working in an efficient way.

3.3.1 System Model

We consider a single cell W-CDMA system supporting delay-tolerant service containing N
users, as shown in Fig. 3.5. Each user can transmit with a power in the range P, < B <
Praz- The data rate of each user can be different in order to adapt to channel conditions.
Besides, the signals of all users are spreading to the same bandwidth W, and only uplink
(MS to BS) is concerned in this work. The propagation loss due to effects of shadowing and
multipath fading are captured by the link gain, while the path loss effect is neglected here.
Furthermore, we use a land mobile radio channel model for urban areas, where the fading
effects define that the small-scale fading is being superimposed on the large-scale fading in
our system. For such a channel model, we use Suzuki process ¢(t) which is obtained by

the multiplication of a Rayleigh process ¢(t) with a log-normal process x(t) [40] shown as:
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Figure 3.5: A Single Cell with N Active Users

#(t) = o(t) - x(t). As discussed in Section 2.2.5, Suzuki process can catch the effect of
Rayleigh process in the small scale and log-normal shadowing process in the large scale.
The reason we define the Suzuki process as our channel model is that: the Suzuki process
models the stochastic process more precisely than the Rayleigh process in the urban areas,
where the direct-line-of-sight component between the mobile user and base station is for most
of the time completely obstructed by high buildings [40]. For simplicity, the power of the
Rayleigh process is considered to be constant when the mobile station moves a small distance.
However, for the large distances (urban environment), the environment characteristics are
slowly varying, and the Suzuki process is more suitable.

The system capacity and many other QoS measures, including BER, channel efficiency
and throughput, depend on the received Ey/Iy. For a single cell system, the expression of
Ey/ Iy of the ith user is given by

(%”) _ % &=Gi (3.12)
where G; = % is the spreading gain and &; denotes the CIR given as
Pih;

= 3.13
Yz Fihi + 1o (8.13)

&i

where P; and h; denote the transmission power of the ith user and link gain, respectively.

The term 1) is the average power of the background noise.
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In addition, each user ¢ can be assigned a discrete rate from the set R = {0, r(), 7@

-, ® }, with the condition, 0 < M < r@ < ... < r®) and therefore, a different
spreading gain G;. The objective is to assign a higher data rate to the users in good channel
condition to enhance throughput and to allocate a lower data rate (and correspondingly,
a larger spreading gain) to the users in bad channel condition to protect the transmitted
message. On the other hand, CIR is another mechanism to match the effective data rate. We
predefine a set of discrete target CIR*s, 2 = {0,&W* ¢@*... 0} and with the condition,
0 < W < @ < ... < £ where k is the number of available rate which the users can
be assigned. Moreover, we assume a common target (Ep/Ip)* being fixed for all users. Thus,

the relationship between these two mechanisms can be obtained from Eq. (3.12) shown as:

SC) R ) &) W (3.14)
O ~ @+~ T o T (mY ‘
3 3 3 (&)

It can be seen from Eq. (3.14) that each target CIR* corresponds to each rate. As a
result, the rate assignment and target CIR* assignment are interchangeable.

As mentioned in Section 1.2.2, the transmission unit in the UMTS W-CDMA interface
is a 10 ms frame. Each frame is divided into 15 time slots and each slot contains one power
control command (PCC). Therefore, the transmission power is updated slot by slot, while
the data rate is updated frame by frame. |

On the basis of the system and channel model discussed above, our goal is to maximize
the total throughput of the system averaged over the fading distributions of mobilé users.
Since the effective transmission rate and QoS objective are closely related to the CIR, which
can be efficiently controlled by CIR-based power control, it becomes natural to investigate
a joint scheme for rate and power adaptation. Besides, we also attempt to save average
transmission power consumption for every mobile user as well, by using combined power
control and rate adaptation scheme.

Closed loop power control (CLPC) regulates the received power around the target level
and makes the transmit power tracking the time-varying channel to compensate the chan-

nel impairments. Consequently, our aim is to suggest an integrated rate assignment (by
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using GRP) and power control algorithm which will offer high throughput with low power

consumption.

3.3.2 Dynamic Power Control and Rate Assignment Algorithm

We develop a combined power and rate allocation scheme in a VSG-WCDMA system. We
first reassign the target CIR*(£*) to every mobile user based on its channel condition, then
the data rate will be allocated to every mobile user from a finite set of discrete transmission
rates, R. After the target CIR* and rates being assigned, the transmission power adaptation
of each mobile user can be employed by using closed loop power control in the range P <
P; < P4z- This solution minimizes the total power consumption and maximizes the data
rates to the users under the power constraints. In addition, we also extend our approach to

a frame/time slot structure of W-CDMA systems.
e Rate assignment:

As mentioned before, we apply the GRP [27] algorithm to allocate the data rate, and
correspondingly, the target CIR*, of the users with the aid of their channel state information.
It should be noted that the channel information and the received CIR are considered to be
well estimated at the BS. Thus, the GRP algorithm maximizes the throughput by judicious
allocating the data rate to each user.

Assume channel gains of every user are sorted in a decreasing order: hy > hy >--- > hy.
Based on Eq. (3.14), there exists a feasible target CIR* assignment which minimizes the
total power, such that £ > & >--- > &}. The target CIR* of every user can be reassigned

in terms of N constraints given by [76]

& T
— J
j=zl 1 + EJ S 1 lrsxbas‘)l{v hz'Pmoz (3.15)

0
-where 7y represents the background noise power. From (3.14), it can be derived that r; > r,

>... > ry. As aresult, the rate of the ¢th user can be assigned associated with the assigned
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target CIR* (£) under the constraints (3:15), given by
s W
i =§ (Eh)* (3.16)
Io
From (3.14) and (3.16), it is clear that the user with good channel condition (higher

channel gain) will be assigned higher data rate.
o Power control procedure:

As discussed in Section 3.1, power control serves as an integrated role in CDMA systems:
power allocation and closed loop power control (CLPC). Power allocation is an important re-
source management function for multiclass systems and is used to specify the target received
power levels to satisfy the QoS requirement and peak power restrictions of all the users in
the system. While CLPC is to compensate for the signal impairment to make the received
signal strength (or CIR level) to maintain at the target level.

With a certain target CIR* (&) assignment, we can find the power vector that supports

every user with the minimum power by solving the linear inequalities

I-FP*>U
{ P >0 (3.17)
where P* = [P}, Py, ---, P4]T is the vector of the transmission powers,
T
SU/RYP &nln
- . 3.18
U [ hl ) h2 b ? hn ( )

is the normalized noise power vector. 7; and h; represent the ith user’s background noise
and channel gain, respectively. I is the n x n identity matrix, and F denotes the normalized
cross-link gain matrix with (Z, j) entry written by

F,-j={ e 1A

3.19
0 i=3 ( )

Through the manipulation of (3.17) and (3.18), the feasible minimum power solution of the

ith user is obtained by

o &
P — ; L (3.20)
' 1_2N=“_§§hi(1+&)
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After BS assigns the target CI1R*, rates and initial optimal powers to the users, the closed
loop power control (CLPC) starts based on the received CIR (CIR(t)) and the target CIR*

(&), give by
P(t+1) = B(t) + 5 - PCC(t) (3.21)

PCC(t) = sign(€: — CIR(t)) (3.22)

_ where 6 and PCC(t) are stepsize and the power control command at ¢th time slot, respec-

tively. Furthermore, the updated transmission power is constrained by Ppin < P < Prgs-
e Proposed rate assignment and power control algorithm:

Our proposed combined power control and rate allocation algorithm (see Fig. 3.6) can be
applied in a frame/time slot structure of the VSG-WCDMA systems, where the transmission
power is updated every time slot while the rate adaptation is employed frame by frame.

The algorithm is presented by bthe following steps:

Step 1. At the end of the nth frame, the base station computes the channel gains of
every user and then sorts them in a decreasing order: hy > hy >--- > hy, and initialize
&, € [1, N] by setting to zero.

Step 2. For i =1 to N, do:

& = max{0,V", €0, g0}

while satisfies the constraint Eq. (3.15). Users who are assigned &} = 0 will be turned off to
be inactive.

Step 3. At the beginning of the (n+1)th frame, the base station assigns the transmission
rates to the users according to Eg. (3.16), while assigns data rate 0 to inactive users.

Step 4. At the mobile station, user’s initial power at the beginning of the frame is assigned
as Eq. (3.20). Then closed loop power control (CLPC) starts based on the target CIR* (§;)
for every time slot.

Step 5. Go back to step 1 for the next adaptation cycle.

47



Feekback
information

Base Station

i

Sort the users in a
decreasing order, based
on the channel gains

|

assigne target CIR to active
users based on Eq.(3.15)

'

assign transmit rate to

users based on Eq.(3.16)

!

assign the initial power to

users based on Eq.(3.20)

!

start power control
based on Eq.(3.21,3.22)

RRRY

Mobile users

3.3.3 Numerical Results and Discussions

48

To next
adaptation cycle

Figure 3.6: Block Diagram of the Proposed Power Control and Rate Assignment Algorithm

In this section, we evaluate the performance of the proposed dynamic rate assignment and
power control algorithm (simply calléd GRP-PC in this section) by comparing the results
of closed loop power control (CLPC) alone algorithm, rate adaptation alone scheme and
another combined power control and rate adaptation algorithm called optimal spreading
factor based power control (OSF-PC), presented in [75]. A block diagram which illustrates
the rate, target CIR* and power assignment is shown in Fig.3.7. Each source generates a

sequence of fixed-length packets of length M symbol, where M is selected as 768 symbols.



The packets generated by each source enter a buffer after channel coding. The buffer contents
are then converted to the DS-CDMA signal at the data rate assigned by base station. After
despreading and decoding the received packet, the receiver (base station) estimates the QoS,
which may be specified in terms of E,/I, and channel gains to reassign the target CIR*
(%) and data rate back to mobile users. Then, the base station activates close-loop power

control (CLPC) procedure.

source assign target CIR
* assign rate
(each frame)
coding CLPC(each slot) estimate channel
‘ gian, CIR
\i

. P !
buffer || [ransmitter wireless| receiver
(spreading) channel (despreading)

thermal noise

decoding

mobile user base station

Figure 3.7: Block diagram of the simulation model

A frame/time slot structure of UMTS W-CDMA standard is employed in our simulations
shown as in Fig.1.4. The chip rate and target (E,/Io) are assigned to 5Mchip/s and 7 dB,
respectively. In addition, the mobile user speed is set from 8.1 km/h to 81 km/h. Accordingly,
the normalized Doppler frequency, f4T} is in the range 0.01 to 0.1. The common physical
layer parameters are listed in Table 3.1.

The 3G Partnership Project (3GPP) group once discussed the feasibility of attaining a
2ms frame length, but seems to unattainable at present [77]. Theoretically, the uplink peak
transmission rate can be as high as 5.76 M bps. However, 3GPP group has built a specification
called the high-speed downlink packet data access (HSDPA) protocol that allows carriers to
increase downlink throughput over W-CDMA links. 3GPP-standardized HSDPA provides a

two-fold improvement in network capacity as well as data speeds up to five times (over 10
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Chip Rate (R.) 5Mcps
Carrier Frequency 2GH=z
Carrier bandwidth S5MHz

B/ Io) targe 7dB

Fading Channel Suzuki process

Background noise 17, -70dBm
Frame Length 10ms , 2ms
Power control frequency 1500H =z
Stepsize (d) 1dB
Number of Users 11
Number of frames 50,000
Mobile speed 8.1km/h — 81km/h
Power constraint —20dB — 60dB
Loop delay (D) 1T,

Table 3.1: Simulation Parameters of Proposed Power Control and Rate Assignment Algorithm

Mbit /s) higher than those in even the most advanced 3G networks [78]. This new technology
also shortens the round-trip time between network and terminal, while reducing variances in
downlink transmission delay. Those performance advances translate directly into improved
network performance and higher subscriber satisfaction. HSDPA’s shorter 2ms frame length
supports a significantly reduced round trip time, which enables shorter network latency and
better response time to ensure minimum delay variations. For this reason, we will use both
10ms and 2ms frame length in our simulations.

The difference between our algorithm (GRP-PC) and OSF-PC [75] is that: 1) we use
GRP to assign the maximum possible data rate depending on the channel impairment which
users experience. Our rate allocation scheme is based on the target CIR* (£*) reassigned
to each user and the user with poor channel condition may be turned off. While the rate
adaptation in OSF-PC works by finding an optimal spreading factor (OSF) and guarantees
a minimum data rate. 2) Although both of these two algorithms use CLPC for power adap-
tation, we assign an initial optimal power vector, see Eq. (3.20), to users at the beginning
of every frame, while OSF-PC initializes the power to 0 dB instead. The performance of

throughput, power consumption, BER and outage probability are evaluated in this work.
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Average Throughput

In Fig. 3.8, we present the average throughput for the rate adaptation, CLPC, OSF-
PC and our proposed rate and power adaptation algorithm (GRP-PC) with 10ms frame
length. It can be observed that the average system throughput decreases when the mobile
user’s speed increases. It can also be observed that our proposed algorithm ( GRP-PC) can
achieve the highest average throughput compared to three other algorithms, which is about
3% better than that of OSF-PC, and about 5%, 24% better than that of CLPC scheme and
rate adaptation scheme, respectively. Fig. 3.9 demonstrates the throughput of 2ms frame

length simulation. It shows that the throughput is enhanced by using a shorter frame length.
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Figure 3.8: Average Throughput vs. fqTp Figure 3.9: Average Throughput vs. f4T},
with 10ms Frame Length with 2ms Frame Length

A comparison of the power consumption for these four adaptation approaches is displayed
in Fig. 3.10 and Fig. 3.11 with 10ms frame length. From Fig. 3.10, it can be seen that CLPC
consumes much more transmission power than other three methods in order to compensate
the signal fluctuation and eliminate the variations due to channel fading. Fig. 3.11 zooms
out the three low-power consumption schemes. It shows that the average transmission power
of the proposed algorithm (GRP-PC) is a little bit higher than that of the rate adaptation
while is lower than that of OSF-PC. The major reasons can be explained that: 1) rate

adaptation tries to adapt the date rate in response to the channel fluctuation, and keeps
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the transmission power fixed (set to 0dB in our simulation). As a result, it consumes the
least transmission power ; 2) OSF-PC algorithm resets the transmission power to 0dB at
the beginning of every frame, while our algorithm assigns a feasible optimal power to users
based on their allocated target CIR* (£}). Consequently, the power consumption is reduced
by applying our algorithm, which is 14% lower than that of the OSF-PC. It is believed that
our power control scheme can work in an efficient way. Again, the lower power consumption
can be observed from Fig. 3.12 by using a shorter frame length (2ms) compared to the case

of 10ms frame length.
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Next, we investigate the BER performance within these four methods with 10ms frame
length shown in Fig. 3.13 and 2ms frame length shown in Fig. 3.14. BER is calculated
based on using 3o range of SIR distribution in these simulations. From the top to the
bottom of both figures, the four curves represent rate adaptation, OSF-PC, GRP-PC and
CLPC, respectively. The CLPC scheme achieves the best BER. performance due to applying a
fixed target CIR, while the tradeoff is the highest power consumption. Our proposed scheme
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(GRP-PCQ) offers a better BER performance than that of the OSF-PC and rate adaptation
scheme. It can also be explained that our proposed algorithm works more accurate than
OSF-PC and rate adaptation scheme. It is observed that the case of shorter frame length
(2ms) has a better BER performance than that of the 10ms frame length case. The reason
is that the faster (shorter frame length) power control is capable of tracking the channel
variation more precisely than longer frame length (10ms).

Finally, the performance of outage probability is examined. It is well known that the
outage probability is an important parameter for the uplink. It is computed by calculating
the fraction of the frames that a packet cannot be successfully transmitted because the
received Ej/I, falls below a threshold (i.e., 7dB) and needs to be retransmitted. From Fig.
3.15(10ms frame length) and Fig. 3.16(2ms frame length), it is obvious that the CLPC
can achieve the lowest outage probability and our proposed algorithm (GRP-PC) again
outperforms OSF-PC and rate adaptation schemes.

In this chapter, we proposed an algorithm of simultaneously adapting transmission power
and data rate in an uplink UMTS WCDMA system. Greedy Rate Packing (GRP) is ap-

plied in the rate adaptation, which assigns the higher transmission rate to the users with
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Average Error Probability
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better channel conditions meanwhile minimizing the transmission power. Consequently, the

resource allocation works in an efficient way. Rate adaptation alone, CLPC alone, OSF-

PC [75], and our proposed algorithm (GRP-PC) are evaluated and compared by the com-

puter simulations. The numerical results show that our proposed algorithm (GRP-PC) can

give satisfying performance when compared with the other three schemes.
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Chapter 4

“Integrated Power Control and Rate
Assignment with Variable Stepsize

Power control is an indispensable MAI combating and fading compensation technique in
CDMA communications to track and compensate for the signal fluctuation. According to
power update strategies, CLPC can be performed by using fixed stepsize power control

(FSPC) algorithm and adaptive stepsize power control (ASPC) algorithm.

4.1 Problem Statement

The FSPC scheme is easy to operate and requires measurement of the received CIR. The
measured value is compared to the desired target value. Depending on the comparison result,
a power control command (PCC) of a “+1” or a “-1” is sent over a feedback channel by the
BS and is executed at the MS to increase or decrease the transmission power level by a fixed
stepsize (normally 1 dB). It has been shown in [59] that the optimal stepsize is a function of
Doppler frequency. As a result, FSPC algorithm can not fully react to the changing of the
fading fluctuations when mobile speed changes. With a typical ASPC algorithm [59], the
current stepsize is related to the PC'C history and the Doppler frequency. A well-designed
ASPC algorithm can track fading variations and reduce CIR oscillations around the target
CIR?, i.e., reduce the standard deviation of the received CIR.

In this section, we extend our combined power control and greedy rate packing (GRP)

allocation scheme discussed in Section 3.3 by introducing a novel dynamic stepsize power
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control (DSPC) algorithm [2). It is known that the GRP algorithm maximizes the throughput
by judiciously allocating the data rate to each user. With the GRP, there exists a set of
discrete target CIRs*, which create a multi-edge C'I R region. The proposed variable stepsize
scheme is based on the difference between the target CIR* and the received CIR. During
each power control cycle, the BS compares the received CIR with the target CIR" to
determine the current power control stepsize. If the region in which the received CIR falls is
farther from the target CIR*, a larger stepsize will be chosen to adjust the transmit power
with a larger degree to well track the channel condition variation and to maintain the desired
target value. Otherwise, a smaller stepsize will be used when the received CIR is closer to

the target CIR* to reduce the granular noise.

4.2 System Model

We consider a single cell W-CDMA system with N users. Suzuki process is defined as channel
model and only uplink is concerned in this work. We applied the GRP to allocate the data
rate, and correspondingly, the target CIR*, of the users with the aid of their channel state
information. While a dynamic stepsize power control (DSPC) algorithm is applied inside the
frames to force the received CIR close to the target instead of fixed stepsize power control
(FSPC) algorithm.

As mentioned before, the proposed DSPC scheme adjusts the power control stepsize by
comparing the received CIR with the target CIR*, and the stepsize is primarily dependent
on the region in which the received CIR falls. The power update iteration algorithm at the
(¢ + 1)th time slot is given by

Pt+1) s = PFi(t)us) + DS(t)as (4.1)
DS(t)(dB) = Q(gB)" b-z (4.2)

where DS is a dynamic stepsize which is based on the initial stepsize a, dynamic component

b. which is an integer, and z which is the conventional PCC, i.e., “+1” or “-1”, to determine
) g )
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the transmission power to be either increased or to be decreased. The PCC is given by

_ )1 &<&
z—{ 16> (4.3)

where &; and &} represent the received CIR and the target CIR* of the ith user, respectively.
Therefore, the absolute value of DS falls in the fange a < |DS| < DSpoz, where DS, is a
design parameter. The DSPC model is shown in Fig. 4.1. The MS transmitted signal power
is updated with a variable stepsize every power control period. The output from the DS

determination unit is transmitted to the MS via the downlink for transmit power control.

- Target CIR Base station

a
+ L> b selection | b

i DS
: unit F b o
.. Z etermination
Received

CIR . e -

Channel variation

Wireless channel

Transmit ~_ DS(a,b,2) Loop
. (ﬁower < delay

ustment

Mobile station

Figure 4.1: Dynamic stepsize Power Control Model

From Eq. (3.21), (3.22), (4.1) and (4.2), it is clear that the primary difference between
the FSPC scheme and the proposed DSPC algorithm is a dynamic component b. Based on
the power and rate allocation scheme proposed in Section 3.3, there exists a set of predefined
nonzero discrete target CIR*, = {£M* < ¢@* < ... < ¢(*} for each active user. Then,
at the beginning of every frame, a target CIR?*, for example, the jth element from €, £0)*
as shown in Fig.4.2, is assigned to the active MS using the GRP algorithm presented in
Section 3.3.2. The value of b can be chosen at the BS by comparing the received CIR with

the target CIR*. Fig. 4.2 shows an example of b selection scheme within multi-edge target
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CIRs* region and the target CIR* for the current frame is £9)*. If the region in which the
received CIR falls is farther from the target CIR*, then a larger b will be selected resulting
in a larger stepsize to track the larger CIR deviation from the target. Otherwise, a smaller b
will be used resulting in a smaller stepsize when the received CIR is closer to £9)* leading
to a smaller granular noise. From the example, we can see that the received CIR falls in the
region between ¢U+D* and ¢0+2*. As a result, b can be designated as 2. Besides, it should

be noted that b is constrained by : 1 <b < DS,,0./a.

;& (x* .
7Y e Po=()
T G2)x i A b=2 Received
/l' g(j+l)*—.---.—-—--\ _._._CIR
Discrete £ () @ b=1
target CIR £ G O b=1
* J= _
set (& ) £ (o : ¢ b=2
£ (% ;

“‘\ OL (Db:j

Figure 4.2: Dynamic Component b Selection Scheme within Multi-Edge CIR Region. The target
CIR* for the current frame is £0)*

4.3 Dynamic Stepsize Power Control Algorithm

The algorithm based on a frame/time slot structure for the selection of the dynamic com-
ponent b and the transmission power adjustment is presented as follows.

Base station:

I CIR target assignment: At the beginning of every frame, each user can be assigned a
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target CIR* by BS based on the channel conditions from the predefined discrete CIR target
set 2. Those inactive users wait for the next adaption cycle. Repeat following procedures
for each active users.

II. Variable stepsize adjustment procedure: For a generic active user, assuming that the
target CIR* assigned is the jth element from £2. At the beginning of every power control
cycle T, (time slot ), set b = 1. By comparing the received CIR with the target €0+ the

following steps would be executed as follows:

(i) Received CIR > ¢0)*
Begin
z=-1;
FOR I=1: (k—3j)
IF Received CIR < ¢U+h* THEN
DS = a-b-t; exit from the FOR loop.
ELSE
b=b+1; DS =a-b-t;
IFDS > DSpe THEN
DS= DS, ez; exit from the FOR loop.
ENDIF
ENDIF
ENDFOR
End

(ii) Received CIR< £0)*
Begin
2= +1;
FOR I=1: j
IF Received CIR > ¢£U-D* THEN
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DS = a-b-t; exit from the FOR loop.

ELSE

b=0b+1; DS =a-b-t
IFDS > DS THEN
DS= DS, 4z; exit from the FOR loop.
ENDIF

ENDIF

ENDFOR
End

Mobile station:
I. Transmitted power adjustment: The MS adjusts the transmitted power by using the
obtained DS in Eq. (4.1) and (4.2) in the range Ppin < P; < Pras-

4.4 Numerical results and discussions

In this section, we evaluate the performance of the proposed dynamic stepsize power control
algorithm (DSPC) by comparing the results of applying fixed stepsize CLPC in the algorithm
presented in Chapter 3, Section 3.3 (called FSPC algorithm). A frame/time slot structure of
UMTS W-CDMA standard is employed in our simulation as shown in Fig. 1.4. The power
control frequency is 1500Hz (T, = 1/1500s). The chip rate and (Ep/Io)targer are assigned
to be 5bMchips/s and 7 dB, respectively. In addition, the mobile user speed is set from 8.1
km/h to 81 km/h. Accordingly, the normalized depler frequency, fqTp, is in the range of
0.01 to 0.1. The initial stepsize, a, is set to be 0.5 dB and the maximum dynamic stepsize,
DS,az, equals 2 dB in our simulations. Other physical layer parameters can be referred from
Table 3.1 in Chapter 3, Section 3.3.3. The 2 ms frame length is also used in our simulations.
In addition, some key parameters of power control , such as loop delay D, PCC transmission

error, are examined as well.
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Average Throughput

Fig. 4.3 and Fig. 4.4 compare the throughput performance vs. the normalized Doppler
frequency for the proposed DSPC algorithm and the FSPC algorithm corresponding to the
case of 10 ms frame length and 2 ms, respectively. It is shown that the DSPC scheme
offers higher average throughput than that of the FSPC scheme. The average throughput
gain achieved is about 2% in the case of 10 ms frame length and 3.5% in the case of 2 ms
frame length across the interested range. Furthermore, it is shown that system throughput

is enhanced by using a shorter frame length (2ms).
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A comparison of the power consumption between DSPC and FSPC algorithms is pre-
sented in Fig. 4.5 with 10 ms frame length. It is observed that the average transmission
power of the DSPC algorithm is lower than that of the FSPC algorithm with about 6.5%
average power consumption saving. The reason can be explained that the FSPC scheme
only uses fixed stepsize for power adjustment, while the proposed DSPC scheme dynami-
cally adjusts the stepsize based on the difference between the received CIR and the target
CIR*. Thus the relative gain of power consumption is obtained by employing the DSPC

scheme. Besides, a 2 ms frame length is applied in the simulation as well displayed in Fig.
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Average power Pt(dB)

4.6. It shows the same trend as the case of 10 ms frame length, where the DSPC algorithm

consumes less power than FSPC scheme. Moreover, the less power consumption can be

obtained by applying the shorter frame length (2 ms).
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System performance in terms of the BER and outage probability is evaluated in Fig.

4.7, Fig. 4.9 with 10 ms frame length and Fig. 4.8, Fig. 4.10 with 2 ms frame length,

respectively. Again, the DSPC method has a better BER and lower outage probability than

that of the FSPC method. It can be explained that the DSPC scheme works more accurate

than the FSPC scheme. Besides, it should be noted that the BER and outage probability

of DSPC algorithm are slightly better than that of the FSPC algorithm in the 10 ms frame

length simulation. While DSPC algorithm applied in a shorter frame length structure (2

ms) can achieve considerably better BER and outage probability performance than FSPC

algorithm. The reason for this is that our proposed algorithm uses variable stepsize which

can track the target CIR* and channel variations more accurately than the fixed stepsize

algorithm, especially employing a shorter frame length.

Fig. 4.11 and Fig. 4.12 investigate the standard deviation (STD) of the received CIR at
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the BS. It is noted that the STD of the received C IR monotonically increases with f;T},. It
implies that it is harder to track the signal fluctuation due to fading when Doppler frequency
increases. By using the proposed DSPC, there is a significant improvement of the tracking
ability of the DSPC over FSPC. The gain of 0.5 dB (see Fig. 4.11) and 0.65 dB (see Fig.
4.12) can be observed in the interested range corresponding to 10 ms frame length and 2
ms frame length, respectively. In addition, we also examined the effect of different initial
stepsize, a, employed in the DSPC, with 0.25 dB and 0.5 dB being compared. In lower
mobile speed, the difference is not significant. When mobile speed increases, the larger value
of a (0.5 dB) achieves better performance than that of the smaller value of a (0.25 dB). This
can be explained that the channel variation is too large to be tracked with this small initial
stepsize. Therefore, a= 0.5 dB is recommended for the proposéd DSPC scileme. |
Next, we move closer to real implementation of the power control algorithms and take
into account some practical issues of imperfect power control in which power updating is
subjective to feedback delay (PCC feedback delay) and PCC is subject to transmission

€error.
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As discussed in Chapter 3, Section 3.1.3, the feedback delay greatly affects the perfor-
mance of a power control algorithm. [24] and [61] have shown that the effect of parameters’
imperfections on the performance degradation is more significant on the variable stepsize
algorithm than that on the fixed stepsize algorithm. The effect of loop delay is examined
in Fig. 4.13 for FSPC algorithm and in Fig. 4.14 for DSPC algorithm, respectively. From
the results shown in both figures, it can be observed that the BER performance degrades
as feedback delay increases. Furthermore, the effect of feedback delay is more sensitive in
DSPC algorithm than in FSPC scheme. We can see from Fig. 4.14 that with feedback delay
of D=2T, and D=3T}, the performance of DSPC algorithm is even worse than that of the
FSPC algorithm, This is due to the lager error of power adjustments in the DSPC algorithm
when the PCC bits are subject to the feedback delay.

The effect of PCC channel error rate is investigated with the case of P, = 107!, P, =
10-2, and P, = 1073. Fig. 4.15 and Fig. 4.16 exhibit the STD of received CIR vs. the
normalized Doppler frequency for the proposed FSPC algorithm and the DSPC algorithm,

respectively. Compare these two results, it is shown that the performance of DSPC degrades
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more significantly and performance becomes worse than that of the FSPC when P, increases,
especially in the case of P, = 1071. It is also observed that when the PCC channel error rate
increases from 1072 to 107}, the STD of the received CIR increases in the range of 2.75 dB
for DSPC algorithm and 1.5 dB for FSPC algorithm. However, the STD of the received CIR
only increases 0.5 dB for DSPC scheme and 0.35 dB for FSPC scheme when PCC' channel
error rate increase from 1073 to 1072. These results suggest that the PCC channel error
rate should be controlled to below 10~2 to optimize the power control performance.

In this chapter, we proposed a novel dynamic stepsize power control (DSPC) algorithm.
The variable stepsize is determined by the difference between the target CIR* and the
received CIR. If the region in which the received CIR falls is farther from the target CIR*,
a larger stepsize is chosen to increase the tracking ability of the power control algorithm.
Otherwise, a smaller stepsize is used when the received CIR is closer to the target CIR* to
reduce the granular noise. Simulation results demonstrated the effectiveness of the proposed
DSPC algorithm when compared with the fixed stepsize power control (FSPC) scheme. It

is expected that further improvement can be achieved by fine tune the design parameters.
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Chapter 5

‘Conclusions and Future Work

Radio resource management plays an important role in the design of cellular radio systems.
To allocate resources in real time for maximizing system capacity is an important task. Power
control is one essential issue in this problem, in particular for CDMA systems. The 3G W-
CDMA systems provide services characterized by being delay insensitive and offering a higher
transmission rate while compared to the cellular system currently deployed, such as GSM,
DS-CDMA. Appropriate network control for delay insensitive and multirate applications
is straightforward to specify in next generation wireless networks. In this thesis, the main
focus has been on heterogeneous resource allocation. The main objective has been to suggest

power control based RRM methods, combined with adaptive rate transmission scheme.

5.1 Summary

We performed extensive background literature and patent search regarding the present state
of the power control and adaptive rate transmission techniques in mobile cellular communi-
cation systems. Based on our literature review, we defined an enhancement to the existing
power and rate control technique for UMTS W-CDMA systems. Two different subjects
have been studied in this thesis. The first subject is the combined power control and rate
assignment algorithm, and the second is a dynamic stepsize power control scheme.

We apply a heuristic greedy rate packing (GRP) algorithm to allocate the high data rate

to channels with good quality. GRP has linear complexity and is executed in a cell-wise
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manner. For a single cell and uplink direction, we found that the GRP scheme finds the op-
timal solution, which motivates its use under more general conditions too. It also constitutes
a practical interpretation of the information theoretic water filling concept. Inevitably, this
creates some unfairness among the users, so practically some mobility will be necessary if the
resulting solution should also be fair in the long run. Fairness versus maximum throughput
was not specifically part of the problem definition for this best effort service. It is known
that GRP uses knowledge of link gains and assigns the rates within the cell, i.e., slightly
more information than a fully distributed scheme. This model is realistic when the resource
allocation is done at each station but distributed between them. In principle, the transmis-
sion schemes applied for throughput maximization, allocate more rate and sometimes more
power to good channels. That is, quite a different behavior from the usual SIR-based power
control, which has its cause in the new application.

Our proposed combined power control and rate assignment algorithm starts with the
process of target CIR* assignment with the aid of users’ channel information. Based on
Eq. (3.14), the rate assignment and target CIR* assignment are interchangeable. Thus, the
user with good channel condition (higher channel gain) will be assigned higher data rate.
Power control serves as an integrated role in CDMA systems: power allocation and closed
loop power control (CLPC). Power allocation is an important resource management function
for multiclass systems and is used to specify the target received power levels to satisfy the
QoS requirement and peak power restrictions of all the users in the system. With a certain
target CIR* (£}) assignment, we allocate the transmission power in terms of Eq (3.20) to
every user in the system. Then closed loop power control procedure starts to keep the CIR at
the receivers at their target values. A detailed overview of power control in CDMA cellular
systems has been given in the thesis.

Since in CDMA all users share simultaneously the same frequency band, they all interfere
with one another. Therefore, the minimization of transmission powers leads to an increase
in capacity. The fixed stepsize power control (FSPC) algorithm can not fully react to the
changing of the fading fluctuations when mobile speed changes. The driving idea of the
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proposed dynamic stepsize power control (DSPC )algorithm is the minimization of the re-
ceived power level variance. The variance minimization leads to a reduction of transmission
power consumption. With the GRP, there exists a set of discrete target CIR*, which create
a multi-edge CIR region. The proposed variable stepsize scheme is based on the difference
between the target CIR* and the received CIR. During each power control cycle, the BS

compares the received CIR with the target CIRs* to determine the current power control

stepsize. If the region in which the received CIR falls is farther from the target CIR*, ~

a larger stepsize will be chosen to adjust the transmit power with a larger degree to well
track the channel condition variation and to maintain the desired target value. Otherwise, a
smaller stepsize will be used when the received CIR is closer to the target CIR* to reduce
the granular noise.

Furthermore, we extend out proposed algorithms to a frame/time slot structure of the
variable spreading gain W-CDMA system, where the transmission power is updated every
time slot while the rate adaptation is employed frame by frame. The Suzuki process is
defined as our channel model in a multi-user environment.

The performance of the proposed algorithms have been investigated through extensive
computer simulation. The reference algorithms are Zhao et al. [75] (OSF-PC),the CLPC and
rate adaptation alone schemes, in which the FSPC alogorithm is applied inside the frames
to force the received CIR close to the target. The simulations indicate that significant
improvements can be achieved with our proposed algorithms in comparison to the reference

algorithms.

5.2 Open Problems

Clearly our proposed power control and adaptive date transmission algorithms can improve
the system performance based on some ideal assumptions. Some interesting extensions of

the algorithms proposed in this thesis can be continued to study as followed:

e Channel prediction and CIR estimation errors.
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Due to the fact that we have assumed a perfect channel prediction and received CIR
estimation in the simulations of our proposed algorithms, a possible future research
contribution could be concerned about the prediction and estimation error. It is known
that the estimation errors can be made smaller by increasing the average time of the
measurement, but this might lead to a longer loop delay, which is undesirable. Besides,
a more accurate long-range channel power prediction would lead to a more accurate

channel power pdf, which could be more beneficial in our proposed techniques.

Feedback information accuracy:

The information of the CIR at the receiver should somehow be communicated to the
transmitter. An accurate representation of the CIR measurement requires several
bits, but this requires more signal overhead. This form of feedback is referred to
as information feedback. In our proposed algorithms, we assumed that the feedback
information was well sent back from BS to MS. The simulation results in Chapter 4,
Section 4.4 suggest that the feedback channel error rate should be controlled to below
102 to optimize the power control performance. Thus, we may address the feedback

inaccuracy issue, which will make the algorithm more close to the real application.

Fairness issue:

As mentioned already, the GRP algorithm maximizes the throughput by judiciously
allocating the data rate to each user with the aid of their channel state information.
If the users in a very bad channel condition (deep fade), they may be not assign any
data rate. It leads to a fairness problem in a long run. Thus, a more conservative rate
allocation scheme could deal with issues of a minimum required data rate combined

with some rate scheduling strategies.

Power oscillation problem

In a wireless communications system, frequent variations occur in the radio interface.

The received CIR may change dramatically and very fast. Either the FSPC or our
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proposed DSPC algorithms, the transmission power will be adjusted and change even
if the received CIR is very close to the target CIR*. It leads to the power oscilla-
tion problem. One solution presented in [79] is to use an CIR margin M and define
CIRtarget + M as the new power control target. Thus, it exists a stabilization zone,
where the transmission power is kept stable. Based on this idea, we may modify our

DSPC algorithm as follows:

IF (1 — @) - €9 < €peceivea < (1 + @) - €U* THEN

there is no power adjustment required, i.e., DS = 0.

It implies that the algorithm can be improved based on tuning the parameter c.

Joint resource allocation and adaptive antennas:

Joint resource allocation and adaptive antennas is also an interesting topic. The results
in [80] proposed scheduling combining with a rather different beamforming technique,

aiming to increase the channel variance.
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