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ABSTRACT 
 

 

From its beginning, transmit power has always placed a significant 

constraint on the performance of wireless radio systems. The transmit 

power control problem can be characterized as that of maintaining 

adequate power in each transmitted waveform so as to increase the 

expectation that the minimum required SIR at the receiver will at least 

be reached. This has been shown not to be a trivial endeavor due to the 

variability of the physical channel with time as well as interference 

and other practical constraints on ―infinitely‖ increasing transmit 

power. Several power control algorithms have been proposed, of which the 

class of distributed and autonomous transmit power control algorithms 

have been shown in literature to perform quite satisfactorily when 

compared to centralized schemes due to the moderate complexity that is 

achievable; and the vast control and signaling overhead that is saved. 

This thesis work explores the application of fuzzy control to the 

subject of modeling uplink transmit power control in code division 

multiple access system. A possible implementation scenario of an SIR-

based fully distributed constrained transmit power control algorithm in 

a multiservice network by applying fuzzy proportional-plus-integral 

control with a two-input (error and error change) and one-output 

(transmit power adjustment command) fuzzy rule base and inference engine 

is proposed. 

 

 

Keywords: cellular, channel, co-channel interference, code division 

multiple access, distributed power control, fast fading, fixed step 

power control, fuzzy aggregation, fuzzy connectives, fuzzy control, 

fuzzy operation, fuzzy set, linguistic variable, mobile, multipath, 

pathloss, power control, proportional-plus-integral control, radio 

resource management, reuse distance, reverse link, signal-to-

interference ratio, slow fading, spread spectrum, target SIR, transmit 
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CHAPTER 1 
 

INTRODUCTION 

 
1.1 Background  
 

Over the years, wireless communication has been synonymous to radio 

communication even though other forms of wireless communication like 

optical communication have been developed. The interest in this 

thesis work, however, regards to wireless radio communication. Since 

Marconi transmitted his first radio signal and made a subsequent 

commercial success out of it [7], radio communication has evolved 

over the years from broadcast through point-to-point systems and then 

to mobile systems with very large coverage areas and currently to 

densely-compacted cellular mobile systems. Each of these systems 

still finds its use today but has equally undergone immense changes 

due to better understanding of radio transmission mechanisms and also 

availability of advanced hardware technologies. The radio propagation 

mechanism has equally been varied as well. This includes line of 

sight and non-line of sight propagation, atmospheric propagation etc. 

 

The radio network system has equally undergone generational 

transitions – from the first generation up to the current third 

generation. Research and standardization activities are currently in 

progress however for the development and specification of the fourth 

generation radio network system standard. While an attempt to 

chronicle a history of these generational evolutions is not 

contemplated here, it might suffice to note that each evolution has 

been driven by increased need for capacity in the system, changing 

needs of users and more importantly availability of technology to 

make its realization possible. Application of digitization in the 

communications science and engineering area could be regarded as the 

primordial trigger that initiated this development [7]. It made, for 

instance, other multiplexing and multiple access technologies apart 

from Frequency Division Multiplex (FDM) and Frequency Division 

Multiple Access (FDMA) easier and more efficient to implement. Time 

Division multiplex (TDM) and Time Division Multiple Access (TDMA) on 

the one hand and Code Division Multiple Access (CDMA) on the other, 

are such other techniques which more efficiently exploit other 

sharing paradigms that have been shown in practical systems to 

improve capacity and performance several folds. These multiplexing 

and access techniques have been combined in several ways to yield 

even higher levels of capacity or other performance criteria [38]. 

 

From its beginning, transmit power has always placed a significant 

constraint on the performance of wireless radio systems. In the 

primordial and as well as the first generation radio systems, 

transmit power is primarily used as means to achieve larger coverage 

area and transmitters are separated by considerable distances (some 

tens of kilometres) apart. In these systems, the receiver is usually 

passive and therefore the received signal should reach it with 

adequate power to be detected and correctly demodulated [7]. Today, 

while receiver performance has vastly improved, transmit power 

remains an important resource that impacts on radio network 

performance especially in third generation systems. The economics of 

today’s wireless radio network pushes to achieve an optimum on the 

twin and seemingly opposing constraints of greater coverage and more 

capacity. The cellular paradigm which is now the de facto physical 

structure for wireless networks makes it possible to achieve both 
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coverage and capacity without severely trading off one for the other. 

Amongst other resources that must be managed in a cellular system, 

transmit power stands out since it is by it that cell boundaries – in 

the first place - are actually delimited. This thesis report explores 

the subject of transmit power control and hopes to model one such 

control algorithm using fuzzy logic and fuzzy control as a tool for 

analysis. Stated more formally, the objective of this thesis work is 

to investigate proportional-plus-integral fuzzy modeling of a fully 

distributed and autonomous SIR-based constrained transmit power 

control algorithm on the reverse link. A possible companion 

simulation scenario arising from the study of this subject is equally 

presented and proposed for implementation as a future work. Further 

on, two more requirements of the controller are proposed. The first 

being that the controller should be able to adapt its update signal 

based on the measurements of its input signal and the second is that 

the controller supports differentiated quality of service (QoS) for 

at least two classes of continuous transmission services. 

 

 

1.2 Problem Formulation 
 

Uplink transmit power control is a scarce and strategic radio 

resource that must be managed in such a way as to ensure that 

coverage and capacity are jointly adequately maximized in especially 

spread spectrum systems. Transmit power control has been modeled as 

an optimization problem and power control command has been of the 

bang-bang fixed step control type. This thesis report is an 

investigation into radio resource management in general and more 

specifically about transmit power control on the reverse link. It 

sets out to explore the possibility of applying fuzzy control and 

develop a system model that may be implemented in an actual 

simulation to discover the suitability or not of applying fuzzy 

control to this very important subject. 

 

 

1.3 Thesis outline 
 

In chapter 2, the radio propagation environment and the consequent 

radio management challenges it presents is discussed. Fading is a 

singularly far-reaching natural phenomenon in the mobile radio 

channel that constrains radio propagation in several of ways. In 

section 2.2, attention is turned to a narrower interest of exploring 

the resulting challenges a mobile cellular radio environment 

presents. 

 

Chapter 3 focuses on radio resource management (RRM). It is 

identified that the primary radio resource is the frequency spectrum 

and that power is no less primary in some certain sense since each 

instance of radio propagation must be imbued with some amount of 

power. While section 3.1 explores the radio resource management 

problem in a mobile cellular system, section 3.2 goes ahead to review 

the rich literature in radio resource management from channel 

allocation strategies to handoff and handoff prioritization. 

Literature on transmit power control which is the primary interest in 

this thesis is reviewed at length in section 3.2.3. In this section 

the transmit power control problem is cast in the terms of a control 

framework and several significant algorithms that have been proposed 

are highlighted. Finally section 3.3 considers power control as a 

means for providing differentiated quality of service in a 

multiservice environment of today’s third generation network and 

beyond. 
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Further on, Chapter 4 deals with fuzzy set and system. This chapter 

opens up with a paradigmatic introduction to fuzzy set and delves 

right away in section 4.1 into fuzzy set representation, operations 

on fuzzy sets, aggregation of fuzzy sets, and finally the concept of 

linguistic variables and fuzzy connectives. The capability of 

representing linguistic variables in terms of fuzzy sets and the 

possibility of giving meaning to concatenated linguistic variables by 

identifying connectives that may have a corresponding fuzzy operation 

is a huge mechanism that may be bridging the man-machine divide. 

Artificial intelligence and expert systems, for instance, may well 

potentially benefit from and greatly advanced by this field. Fuzzy 

control is the subject matter for section 4.2. In it the basic 

building blocks of a fuzzy control system are presented. Finally 

section 4.3 reviews practical systems that have been built using 

fuzzy proportion-plus-integral control and show that it achieves and 

satisfies the stability criteria as required in conventional systems. 

 

Finally, in chapter 5, a possible simulation scenario is proposed 

wherein it opens up in section 5.1 with an envisaged transmit power 

control framework by which performance of various algorithms and 

implementations can be effectively and more usefully compared. Within 

the perspective of this framework, Section 5.2 proceeds to propose a 

system model for a certain uplink transmit power control problem in a 

19-cell code division multiple access system. An appropriate two-

input, one-output fuzzy control system is identified to solve the 

transmit power control problem. Identifying the universes of 

discourse of each of the fuzzy control input-output parameters, 

delineating the membership support region, and shape of the 

membership function for each defined fuzzy set within the respective 

universes and correspondingly attaching linguistic labels to each 

one, formulating fuzzy inference rules and determining fuzzy 

implication and eventual fuzzy control output are some more of the 

highlights of this of this section.  

 

Noteworthy to mention that at the inception of this thesis work, 

building and running an actual simulation was within purview of the 

scope of work but that would not however, materialize due to a hitch 

that was not initially envisaged in having access to the needed 

software for the simulation. As a result of this shortcoming, effort 

in fulfilling the thesis work became modified and therefore directed 

towards more theoretical study and presenting a possible simulation 

problem.  

 

To wrap up the chapter and incidentally this thesis report, section 

5.3 presents some conclusions and then proposes likely future work. 

Naturally, implementing the proposed simulation scenario is an 

immediate future work that is recommended. Conclusions are drawn from 

the diverse sides of the thesis work to include amongst others; the 

paradigmatic revolution that fuzzy set and fuzzy logic portend, the 

practical utility and effectiveness of deploying fuzzy proportional-

plus-integral control instead of the classical counterpart. Finally, 

the primary importance of well controlled uplink transmit power 

especially in code division multiple access systems is more 

emphatically reiterated and the possible pay off to implement fuzzy-

controlled transmit power control scheme is equally highlighted. 
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CHAPTER 2 
 

THE MOBILE CELLULAR ENVIRONMENT 

 
2.1 The Mobile Radio Propagation Environment 
 

Typically the radio channel environment is characterized by 

attenuation, dispersion, fading and noise [38]. These channel effects 

which dynamically evolves in time affect the power of transmitted 

signal collectively by scaling it with a multiplicative gain factor 

when it is eventually detected at the receiver. Pathloss (also 

referred to as channel gain) has been recognized as this overall 

effect of the channel on the transmitted signal power. Each 

transmitted symbol therefore need to be imbued with adequate power so 

as to expect that it arrives at a sufficient power level at the 

receiver in order to be effectively detected and demodulated. The 

least amount of power that must be available at the input of the 

receiver in order to trigger the detection process is termed receiver 

sensitivity. This is the focus of pathloss forecasting when any radio 

transmission system is planned, implemented and verified. Pathloss 

corresponds to the difference between the receiver sensitivity and 

the transmitted power. Transmit power control (TPC) therefore is a 

mechanism for adjusting the transmit power so as to increase the 

probability that the transmitted symbol would arrive at the receiver 

with at least as much power as the threshold receiver sensitivity. It 

is noteworthy to indicate at this point that transmit power has a 

direct proportionality relationship to the baud rate of transmission. 

For the same probability of error in symbol detection, m-ary 

modulation schemes generally require more transmit power to ensure a 

correct symbol decoding decision at the receiver [17]. Bit Error Rate 

(BER) can however be improved by introducing appropriate error 

correcting channel encoding. This has the effect of introducing 

redundancy and thereby increasing the effective transmitted 

bandwidth. In figure 1.1 below the typical transmitter/receiver block 

diagram is depicted [1]. In summary, receiver sensitivity while 

depending on the complexity of the receiver hardware equally has a 

direct relationship to the combined effects of channel coding and 

modulation schemes of choice and equally, not to any less extent, the 

signal-processing capabilities of the detection circuit. 

 

 
 

Figure 2.1: A Typical Radio Transmission/Reception Chain 
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In this work however, these areas are not explored, rather its focus 

is on how to effectively control transmit power in order for the 

probability of every symbol transmission reaching the receiver at the 

right power level - upon traversing the channel and suffering all 

deteriorations it causes – to be maximized. As would be seen in the 

section below that explores the mobile cellular radio environment, in 

a multiple access radio system that is usually interference-limited 

[5], [6], signal-to-interference-plus-noise ratio (SIR) is a more 

significant and valuable measure of reception quality since it is a 

quantity that depicts by how much margin the intended reception rises 

above the interference at the detector input [5]. This quantity is of 

fundamental importance as a measure of quality of reception 

especially in multiple access cellular schemes since the 

contributions of interference power at the detector could be large 

enough (with or without the contribution of the intended 

transmission) to reach the power sensitivity level of the receiver. 

In this situation, detection and demodulation may be triggered but 

the probability of symbol error is increased. In this kind of 

environment therefore, received signal strength (RSS) does not always 

indicate a correspondence to an expected SIR though a well engineered 

system could increase the likelihood that a high RSS would, most of 

the time, translate to adequate SIR. 

 

One of the band-limited channel effects is dispersion and it causes 

Inter-Symbol Interference (ISI) which increases the difficulty of a 

detector to differentiate between current symbols from diffused 

energy of adjacent symbols. The ISI phenomenon arises as a result of 

the band-limited channel differentially attenuating the frequency 

component of the symbol pulse, and more notably, these frequency 

components are differentially delayed across the channel as well 

[17]. Consequently, the transmitted symbol pulse is smeared over 

duration longer than the originally transmitted pulse. 

 

Fading is another channel phenomenon that affects radio transmission. 

There is the large scale pathloss and the small scale fading 

mechanisms [38] (in fact [38] gives a extensive treatment of both 

fading phenomena). Only some relevant review is attempted here. In 

space, the power of transmitted radio signal attenuates as the radio 

waves travels away from the transmitter. The rate of attenuation is 

proportional to the distance from the transmitter raised to a 

negative exponent of α;  i.e. d-α where d is the distance from the 

transmitter and  α, known as the propagation exponent, can vary in 

value from  two (in free space) up to five depending on the 

particular environment [38]. This characteristic of radio propagation 

can be used to an advantage to control and to predict the power 

received at a certain distance from the transmitter. Generally, under 

similar environments, the more power that is transmitted the farther 

the reach, or put differently, the higher the power level received at 

same distance away from the source. Environmental clutter in the 

radio channel that reflects, scatters, and diffracts radio energy 

further dissipates the transmitted power and causes further 

attenuation (shadow fading) in the received energy level of a 

transmission. Together, the distance dependent attenuation and the 

effects of shadowing constitute the components of large scale 

pathloss for a given distance and direction away from the receiver. 

They provide a local mean value of received signal power [38].  

 

Small scale fading results when variations in received signal power 

rapidly fluctuate over short intervals of time or travel distance so 

as to possibly completely offset the effects of large scale pathloss. 

Generally small scale fading (or simply fading) results due to 
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multipath propagation, the travel speed of the mobile, speed of 

objects in the channel and the bandwidth of the transmitted signal. 

These factors combine in certain ways so that a channel may become 

time dispersive and/or frequency dispersive. Multipath fading causes 

a short term rapid and sometimes severe local variation about the 

mean value of received signal strength (due to large scale pathloss) 

and is capable of causing instantaneous or prolonged signal blackout 

at the receiver. The multipath signals take longer radio paths and 

will arrive at the receiver at a time later than the mean arrival 

time and at an instantaneous power value deviation away from the mean 

as well. Apart from the time dispersion of signal which could result 

in ISI, there is equally a possibility of a sort of auto-interference 

as a result of delayed copies of a signal arriving in random phases 

with adequate power levels to destructively interfere with one 

another. 

 

Apart from time dispersion of signals due to multipath, there is 

equally the occurrence of frequency broadening at the receiver due to 

Doppler shifts which results from the movement of the mobile relative 

to the base station. This has been termed Doppler spread. It is 

directly proportional to the velocity of the mobile terminal on the 

one hand; and the spatial angle between the direction of motion of 

the mobile terminal and the direction of arrival of the transmitted 

signal, on the other [38]. The spread increases when the mobile moves 

closer to the base station and decreases when it moves away from it. 

For a given velocity of the mobile terminal, maximum Doppler shift 

would occur when the mobile terminal moves directly towards the base 

station so that the spatial angle is zero degree. Conversely, minimum 

Doppler shift occurs when the mobile terminal moves directly away 

from the base station so that the spatial angle is 180 degrees, for a 

given velocity of the mobile terminal. There is no Doppler shift when 

the mobile terminal moves perpendicular to the direction of arrival 

of the transmitted signal. Overall the wireless mobile radio 

environment is characterized by continually changing propagation path 

characteristics due to mobility of the terminals as well as movements 

within the environment. Apart from Doppler spread, mobility also 

introduces the difficulty to predict the power that may be available 

to the receiver from time to time. 

 

In summary, due to multipath and motion within the mobile 

environment, fading mechanisms can be as a result of time delay 

spread or Doppler spread. Time delay spread, on the one hand, would 

cause flat fading when the coherence bandwidth of the channel is 

greater than the bandwidth of the transmitted signal. In this case 

the channel exhibits a constant-gain, linear-phase characteristic. On 

the other hand, when the coherence bandwidth of the channel is 

narrower than that of the transmitted signal, frequency selective 

fading results and the received signal is distorted. Doppler spread, 

on the other hand, causes slow fading and fast fading respectively. 

When the frequency spread due to Doppler shift is much less than the 

transmitted signal bandwidth, the effect of Doppler spread is not 

significant and slow fading results. A signal experiences fast fading 

when its bandwidth is less than the resulting Doppler spread. 

Coherence time is the time domain dual of Doppler spread (inverse of 

Doppler shift) and it is a measure of the time interval between which 

two received multipath signals could have a significant correlation 

in amplitude [38].  

 

In [20], the channel effect is mathematically formulated. Assuming 

that one unit of power is transmitted; then the received power is 

given as; 
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)()()( 0 trtltr  (2.1) 

 

where )(tl  is the channel effects due to shadow fading as a function 

of time, and )(0 tr  is due to Rayleigh fading as a function of time. 

)(tl  and )(0 tr  are normally random stochastic processes evolving in 

time. If one further takes into account the distance dependent 

propagation loss and d  being the radial distance between the base 

station and the mobile; then (2.1) can be re-written as; 

 

52                             );()()( 0 trtldtr  (2.2) 

 

The combined effect of the channel on the transmitted signal is 

called pathloss and it can be used to characterize the channel. If 

the channel characteristic is denoted as )(th  and the transmitted 

power as )(tpt  then (2.2) could be rewritten as; 

 

)()()( thtptr t  (2.3) 

 

Where )(th  now replaces the term on the right hand side of (2.2). 

 

 

2.2 The Mobile Cellular Radio Propagation Environment 
 

The cellular concept breaks up a given service area into smaller 

areas called cells, serviced by lower power transmitters thereby 

increasing coverage and capacity without additional spectrum 

allocation when compared to the first generation analog systems that 

covered a single very large cell with rather high-power transmitters. 

This concept is further explored guided by [7], [20], [38]. As a 

result of this compacting of transmitters, the cellular environment 

is dominated by interference and its performance can be said to be 

interference-limited, unlike the first generation system which is 

essentially noise-limited. Quoting [38], interference results ―from 

another mobile in the same cell, a call in progress in a neighboring 

cell, other base stations operating in the same frequency band, or 

any other non cellular system which inadvertently leaks energy into 

the cellular frequency band.‖ The cellular system generates co-

channel interference (CCI) and adjacent channel interference (ACI) 

respectively within it. Co-channel interference results from repeated 

use of same frequency channels across the service area, while 

adjacent channel interference can occur when channels that border 

each other are used in proximity. Unlike in noise-limited systems, 

simply increasing transmitter power in order to counter interference 

do not produce desirable results since it has the effect of further 

aggravating the interference condition in the system. To ameliorate 

especially co-channel interference therefore, the transmit power must 

be properly managed in addition to maintaining a minimum ratio, Q, 

between the radius of the cell, R, and the distance D, between the 

centers of adjacent cells transmitting on same frequency. 

 

Cell planning is a significant part of the process of deploying any 

cellular system. Apart from identifying where the potential customers 

are and targeting them effectively, it presents the first attempt at 

deliberate planning to considerably reduce both types of 

interference. In channelized cellular systems (FDMA and TDMA) a 
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number, N, of cells are grouped into a cluster and the available 

channels divided equally amongst each of these cells. The inverse of 

the number of the cells (i.e. 1/N) in a cluster is the frequency 

reuse factor. This cluster pattern is repeatedly contiguously (if it 

so would serve the need of the operator) placed in the service area 

until it is entirely covered.  This is called frequency reuse. As the 

cluster is repeated, cells assigned the same channels (called the co-

channel set), are placed in such a way that maximum separation 

between them is achieved. This way co-channel interference is 

considerably moderated within the system. Furthermore, adjacent 

channels are not assigned adjacent cells within a cluster or even 

between adjacent cells across clusters in order to reduce adjacent 

channel interference. 

 

Assuming the same cell radius across the service area and that each 

cell is centre-excited by an omni-directional antenna, then;  

 

3N
R

D
Q  (2.4) 

 

And, 

 

0     ,             ;               22 jijijiN  (2.5) 

 

Q is called the co-channel reuse ratio; D  is the distance between 

the centers of adjacent cells; R  is the radius of the cell; N  is 

the desired number of cells per cluster; ji    ,  are any non-negative 

numbers. 

 

The larger Q  gets, the larger the separation between the co-channel 

gets and therefore the lesser the co-channel interference becomes but 

capacity of the network is reduced as well because the coverage areas 

of cells are large. Larger coverage areas mean that there are fewer 

channels per unit of area that serves the cell. As cellular 

deployment matures, cell splitting, sectoring, and microcell zone are 

ways to increase capacity in order to serve a concentration of 

customers. Cell splitting requires keeping the co-channel reuse ratio 

constant while reducing proportionately the transmit power in the 

resulting smaller cells. For instance, a split cell with half radius 

as the original cell would have to correspondingly reduce its 

transmit power by a factor of sixteen so as to keep the Q ratio 

unchanged as in the original cell. Capacity increase results from 

this splitting since there are now more channels available per unit 

area. Sectoring involves the use of directional antennas which 

produce higher gain in a given direction for same radius as the 

original cell with omni-directional antennas. SIR is improved and the 

number interfering co-channel cells is reduced to two from six when 

without sectoring. Sectoring in effect reduces the co-channel reuse 

ratio and that way increases capacity. Channels for a given cell are 

split amongst the number of sectors and restricted for use within 

that sector. This reduces comparatively trunking gain (analogously, a 

single server of p capacity will handle more traffic than the total 

aggregate traffic handled when the capacity is split amongst two or 

more servers) and frequent intra-cell handoff due to sector 

traversal. 

 

Conversely, cell planning for a CDMA system, does not require 

careful, if at all, frequency planning since adjacent cells can use 

same frequency. Transmissions are differentiated solely by spreading 
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codes. In fact the reuse factor is usually unity. There are cases 

however when limited frequency reuse may be needed and usually the 

f1/f2 scheme is used. Near-far effect (due to an interferer closer to 

the base station dominating the receiver to the detriment of the 

weaker signal received from farther desired terminal which may end up 

being decoded wrongly) is predominant in CDMA systems as a result of 

adjacent channel interference since there is no isolation in 

frequency between terminals. Power control therefore becomes a very 

critical feature in CDMA systems and more especially in the 

multiservice wideband CDMA systems. The point made in the latter part 

of the immediate preceding sentence shall be returned to later in 

section 2.3 which discusses power control as a means for providing 

differentiated QoS. Generally the main use of the power control 

mechanism in spread spectrum CDMA system [18] is to maintain a 

desirable performance and hence keeping overall transmitted energy 

minimal. Finally, unlike in channelized cellular systems, cell 

boundaries are time varying – a phenomenon called cell breathing – 

depending on distribution and intensity of users in the radio 

channel. 
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CHAPTER 3 
 

RADIO RESOURCE MANAGEMENT (RRM) 

 
3.1 RRM Problem in the Cellular Mobile Radio Environment 
 

The singularly primary radio resource is the frequency spectrum. The 

frequency spectrum is shared by several radio systems (sometimes 

occupying proximate positions) and therefore could potentially 

mutually interfere in undesirable ways where such systems exist in 

close proximity [7]. The personal communication system supports 

arbitrarily large numbers of users within its service area and under 

this scenario the radio resource management situation is even further 

aggravated since the number of users, usually, exceedingly surpasses 

the nominal number of frequency spectrum channels available to the 

system. In multi-user systems access to the spectrum has been 

regulated by carefully partitioning it further into smaller non-

interfering bandwidths as in FDMA or by adequately separating and 

controlling the timing of access as in TDMA or by allowing 

simultaneous access to same chunk of spectrum but differentiating 

users by spreading codes as in CDMA. Whichever access scheme adopted 

(usually a mix of any of these), presents a set of RRM challenges. In 

[5], [6], [7], it is recognized that the particular wireless radio 

network infrastructure design and deployment impacts on what RRM 

strategy to adopt. Given a certain infrastructure configuration, 

therefore, any RRM paradigm strives to maximize the instantaneous 

number of users that can be simultaneously served by the system at a 

prescribed quality of service. Quality of service, which is usually 

defined to suit the nature of a class of service, can be given as 

blocking probability - that is an attempt to access service is 

denied; or probability of forced termination – that is the system 

could no longer support the already active service and therefore 

drops it; or by average delay of messages and response time etc. 

Usually there is corresponding relation between QoS specification and 

the SIR needed to meet it. 

 

Following [7], the radio resource management scenario is now put in 

context. Let the set of available base stations be denoted as B = {1, 

2, …, B}, set of available channels per base station for establishing 

a link be denoted as C = {1, 2, …, C} and the set of mobiles be 

denoted as M = {1, 2, …, M}. The radio resource management problem 

concerns therefore how to efficiently and effectively assign 

waveforms ck from a base station bk to a mobile station mi wishing to 

become active. Usually efficiently and effectively is realized in 

practice by minimizing the transmit power that may be required to 

produce a given minimum threshold SIR at the receiver. The fact that 

a channel assignment is successful is denoted by set Mk = {mi
k}; where 

k = 0 indicates an assignment failure for a mobile i. Apart from 

channels being physically available, it may not be a candidate for 

assignment after all, if by doing so it would increase co-channel 

interference or that the pathloss on that channel is severe (due to 

selective fading). 

 

If (2.3) is re-written as ijitj Gpr , , where ijG  is the instantaneous 

pathloss of the physical channel between receiver j  and transmitter 

 i  then the ijG  can be collected in a channel gain matrix of MB   . 

 B  in this case identifies a certain waveform associated with a 
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transmitter of a certain base station. The size of the channel gain 

matrix and the values of the entries are subject to random variations 

as terminals become active or leave the system, and as well as they 

move within the system. This dynamic in turn affects the interference 

pattern within the system. 

 

G = 

BMBB

M

M

GGG

GGG

GGG

...

::::

...

...

21

22221

11211

 (3.1) 

 

Due to this variation, a solution to this system of link gain 

equations with the objective of maximizing the requisite link gains 

while minimizing the interference caused as a result is impossible in 

practical real time implementations. Alternatively, [7] the snapshot 

analysis where the link gains are assumed highly correlated for a 

reasonable period of time enough for any resource management 

algorithm to make decisions have been the sub-optimal alternative to 

solving this problem. The object of a radio resource management 

algorithm seeks then to allocate waveforms to as many mobiles as 

possible in such a way as to optimize capacity of the network while 

minimizing the effects of interference (co-channel & adjacent 

channel). A corollary to this is that the energy of the transmitted 

waveform can be controlled appropriately as well to achieve desired 

effects. Interference control within the system becomes now about the 

choice of waveform and then with what energy to transmit it. The 

snapshot matrix may however, even be so bogus as to be impractical to 

compute under real time situations – for instance, the particular 

matrix could be ill-conditioned, or its elements too large as to 

require intense computing power. As a result, therefore, several 

heuristics have been devised for practical implementation. 

 

The columns of the G  matrix may indicate the sum of received signal 

power when ji      and the interference power as a result interfering 

signals from other transmitters in the system, i.e., ji     . In a 

multi-access system like what is considered here, the received signal 

energy at a mobile or base station can be expressed as; 

 

0

1

1

0

)()()()( ntztuthatr
k

j

j

m

i

iii  (3.2) 

 

)(tsi  is the transmitted signal energy and is given as 

)()( tuats iii  where 1    ia  (for binary signaling); )(tui  is the 

signal waveform; )(tz j  is the interference sources from outside the 

system and 0n  is the AWGN; and finally )(thi  retains same meaning as 

in equations 2.2 through 2.3 and is the resultant channel effect 

(pathloss or channel gain) on the transmitted signal due severally to 

distance dependent power decay as it propagates toward the receiver, 

slow fading and multipath. Upon detection by a matched linear 

receiver however, the signal )(0 ts  is the desirable signal and all 

other components of (3.2) is regarded as interference. That is; 
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Assuming that external interference power from outside the system can 

be neglected; and that it is required for a link between transmitter 

j  and receiver i , that the minimum expected SIR be ij  (target SIR 

value), then the SIR ( ) can be expressed as; 
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The transmit power control problem therefore, can be characterized as 

that of maintaining adequate power in each transmitted waveform so as 

to increase the expectation that the minimum required SIR at the 

receiver will at least be reached. This has been shown not to be a 

trivial endeavor due to the variability of the physical channel with 

time as well as the interference and other practical constraints on 

―infinitely‖ increasing transmit power. The focus of this thesis is 

about transmit power control. It seeks to employ the fuzzy control 

framework to solving how transmit power adjustments are made. 

 

 

3.2 Overview of Radio Resource Management Strategies in 

Literature 
 

Radio resource management functions are performed at the physical 

link level as well as at the network level respectively. The network 

level RRM functions include admission control, load control and 

packet scheduling while the link level functions include channel 

allocation, power control and handoff control [3], [4]. Effective and 

efficient RRM algorithms, however, should seek tighter integration 

between the link-level and network-level functionalities on the one 

hand and amongst the different tasks within each subgroup. For 

instance, handover performance can be improved if it is related to 

the goals of admission control; and packet scheduling working closely 

with load control could influence how non-real time traffic is 

handled in the face of increasing real time traffic. In [36], channel 

allocation is integrated with power control for better performance; 

while [37] explores jointly power control and base station selection. 

In [22], call admission and congestion control in an overlapping 

micro and macro cell structure was studied for a 3G system, taking 

cell load and transmitted power amongst others as inputs to the 

simulation. 

 

 

3.2.1 Channel Allocation  
 

Channel allocation concerns itself with how to repeatedly assign non-

interfering frequencies, time slots or spreading codes for 

simultaneous use throughout the service area and yet maintain 

acceptable received radio signal quality. There has been various 

channel allocation strategies suggested in literature. These fall 

under the broad categories of fixed channel allocation (FCA), dynamic 

channel allocation (DCA), hybrid channel allocation (HCA) and finally 

flexible channel allocation (FLCA). In [2] and [35] some extensive 
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survey of these categories are presented. A mere summary highlights 

would however be presented subsequently. 

 

In fixed channel allocation (FCA) sets of channels are permanently 

assigned, either uniformly or non-uniformly, to each base station in 

a cluster. In either case, a certain traffic distribution across the 

service area is assumed. Generally, however, under varying traffic, 

fully loaded base stations can borrow channels permanently from 

lightly loaded ones. This has been termed static borrowing. 

Periodical re-allocation of channels amongst base stations either on 

scheduled or predictive basis takes care of sustained spatial and 

temporal variations in traffic within the cluster. Apart from static 

borrowing schemes, there are other borrowing schemes namely simple 

and hybrid borrowing respectively. In simple borrowing, borrowed 

channels are returned to its nominal base station after call 

completion. Moreover, borrowed channels must be such as not to 

interfere with ongoing calls and avoid co-channel interference (CCI). 

As a result of this criterion, a borrowed channel is locked from use 

by several other cells to avoid CCI. Several simple borrowing schemes 

have been suggested. In general, these simple borrowing schemes 

differ in how a free channel is selected for borrowing. For instance, 

while Borrow from the richest (SBR) borrows from the adjacent cell 

with the greatest number of idle channels, the Basic algorithm (BA) 

modifies it by taking channel locking into consideration and aims at 

maximizing the number of available nominal channels in the worst-case 

nominal cell. Further, in Basic Algorithm with Reassignment (BAR), 

borrowing base stations reassigns calls to its own nominal channel 

upon availability and frees the borrowed channel for return to its 

base station. Releasing borrowed channels aims to maximize the 

availability of channels in the cell most affected by borrowing. 

Finally, when channels are assigned to a cluster rather than 

individual base stations, the Borrow First Available (BFA) scheme has 

been proposed. In this case, candidate channels are searched through 

an ordered set of clusters and the first available candidate channel 

is borrowed without care to optimize borrowing conditions. 

 

For the hybrid borrowing schemes, channels are generally split into 

two subsets – the first subset is for local assignments within a 

given base station and the second set reserved for lending to other 

base stations. The ratio of the number of channels in each subset is 

normally determined a priori and then can be adapted dynamically 

however, either on a scheduled or predictive basis. This is the 

essential feature of the Simple Hybrid Channel Borrowing (SHCB). In 

Borrowing-with-Channel-Ordering (BCO), the nominal channels available 

within a base station are ordered. The first channel has the highest 

priority (can be said to be of the highest rank in the ordered 

channel) of being assigned to the next local call while the last 

channel (lowest ranking) has the highest priority of being borrowed. 

Dynamic variation of the ratio of the subsets is equally possible. 

BCO with reassignment is a variant that allows immediate re-

allocation of a high rank channel to a call in a low rank channel to 

minimize channel locking. There are several other hybrid borrowing 

schemes described in [2], dealing with directional locking, 

sectorized cells and borrowing so as to cause the least harm to 

neighboring cells. Performance comparisons between hybrid borrowing 

schemes and FCA schemes shows that the former performs better in 

minimizing blocking probability and increasing capacity thereby. 

 

Unlike FCA schemes, in Dynamic Channel Allocation (DCA), there are no 

prior channel assignments or planning. All the channels in a cluster 

are available for use within that cluster. Each channel assignment is 
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required to meet the signal interference constraints in a base 

station for any choice of channel. Broadly speaking, DCA schemes 

differs in how channels are chosen for assignment to a particular 

base station in order to minimize a certain cost function under a 

given interference constraint. Furthermore any one scheme can be 

classified either as centralized or distributed. In centralized DCA 

schemes, channels are kept in a central pool from which temporary 

assignments are made while in the distributed approach channels are 

distributed amongst base stations in the service area; base stations, 

in turn, assign the channels either autonomously or by collaborating 

with neighboring base stations. In either case, the information that 

trigger channel assignment for DCA schemes can be assessed on a call-

by-call basis based on current usage conditions or adaptively based 

on information from previous and present channel usage conditions. 

First Available (FA) is a centralized DCA scheme where the first 

available channel encountered during a search within the reuse 

distance is assigned. Channel reuse optimization schemes - an 

improvement to FA - seeks to shorten the reuse distance in order to 

increase capacity across the service area. 

 

Distributed DCA schemes can either be cell-based or Signal strength 

measurement based. In the cell-based category, base stations keep 

track of available channels within its vicinity. For the signal 

strength measurement based category, base stations use local 

information without collaborating with neighboring base stations. One 

could say that a decision for channel assignment is autonomously 

reached by the various base stations in a cluster. The instantaneous 

positions of the mobiles within a cell boundary is taken into account 

and mobiles as well as the base stations measure the amount of CCI to 

determine actual reusability of a channel. Channel selection is based 

on the Carrier-to-Interference Ratio (CIR) surpassing a certain 

threshold. Since the decision to select a channel is autonomously 

reached by an individual base station, locally selected channels can 

cause the CIR of established calls to degrade due to CCI as a result 

of adjacent base stations making same decisions at the same time.  On 

one hand, some specific schemes in the signal strength measurement 

based distributed DCA has been proposed to include channel 

segregation where each base station searches for idle channels with 

minimum CCI level; Sequential Channel Search (SCS) algorithm where 

the mobile/base station pairs search channels in the same order and 

the first available channel with minimum CIR is selected and finally, 

the Minimum Signal-to-Noise Interference Ratio (MSIR) algorithm where 

the base station searches for channel with minimum interference ratio 

in the reverse line direction. Dynamic Channel Selection (DCS) scheme 

has equally been proposed based on the assumption that mobiles can 

measure the interference they experience. On the other hand, Local 

Packing Dynamic Distributed Channel Assignment (LP-DDCA) has been 

proposed for the cell-based distributed DCA scheme. In this 

algorithm, each cell creates and maintains an Adjacent Channel 

Occupancy (ACO) matrix of M+1 column of available channels in k+1 

rows of neighboring base stations, and then assigns the first channel 

with an empty column. Base stations update one another as their ACO 

changes. Note that previous DCA schemes discussed so far only strive 

to minimize CCI alone but Adjacent Channel Interference (ACI) 

constraints could be introduced as well. Adjacent channels can 

equally cause interference if it has sufficient power. Impairments 

such as crosstalk, premature handoffs, and dropped calls could occur. 

Combining CCI and ACI constraints in any scheme, however, has the 

effect of reducing total carried traffic. LP-DDCA with ACI Constraint 

is a modification of LP-DDCA that considers ACI constraints in 

channel assignment. 
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Generally, cell hierarchy, structure and size affect what channel 

allocation works best. For instance several allocation schemes have 

been devised for the one-dimensional cellular, reuse partitioning and 

overlapping cells structures respectively. For instance, the moving 

Direction (MD) scheme is usually proposed for one-dimensional 

microcellular systems and compensates for frequent handoffs and 

forced termination typical in such cell systems. It exploits the 

knowledge of moving directions of mobiles and assigns the same 

channels for all such mobiles (moving in the same direction) that are 

at a given minimum reuse distance. A mobile therefore have a high 

probability of using the same channels after handoff and then lowers 

probability of forced termination. It works well if mobiles are 

moving at uniform speed.  

 

The performance comparisons between FCA and DCA systems can be 

summarized thus: under low traffic, DCA schemes perform better while 

FCA is more robust in high and uniformly distributed traffic. DCA 

schemes, however, do not always use channels the greatest number of 

times as compared to FCA schemes because reuse distances are spaced 

farther than the minimum. That is, [2] cells that have been assigned 

same channels, have been found, on the average, to be spaced a 

greater distance apart than the minimum reuse distance. For the same 

blocking rate, DCA has lower forced call termination than FCA and 

inter-channel handoff could be more frequent in FCA than in DCA. DCA 

schemes are more suitable for microcellular systems to bring down the 

effect of cell size on handoff. 

 

In conclusion, sometimes mixed channel allocation strategy (that is 

combining FCA and DCA schemes) can be more desirable to gain the best 

features of each as the traffic condition varies. Two hybrid 

allocation strategies have been identified in literature namely 

Hybrid Channel Allocation (HCA) and Flexible Channel Allocation 

(FLCA) respectively. In HCA, available channels are divided into 

fixed and dynamic sets. The fixed set is to be preferred at all times 

unless no channel is available. The ratio of the number of channels 

in the fixed set to that in the dynamic set influences the 

performance of any specific algorithm in this category. In FLCA 

schemes, however, available channels are divided into fixed and 

flexible sets. Fixed sets are permanently assigned to cells in a 

cluster as in FCA while flexible sets are made available on as-needed 

basis either scheduled or predictive. It could be on scheduled basis 

when traffic patterns such as peak times have been determined a 

priori and on predictive basis when a change in measured blocking 

probability occurs. 

 

 

3.2.2 Handoff and Handoff Priority 
 

Handoff is a component of mobility management. It is a means to 

maintain active an established link with a mobile terminal as it 

moves within the system and crosses cell boundaries. It reduces the 

probability of forced termination at cell boundaries thereby ensuring 

customer satisfaction since a user controls how to stay connected. 

Usually it is triggered when the received signal power from a current 

base station falls below a certain threshold and there is another 

base station in the vicinity whose received signal power at the 

active mobile terminal is above a certain threshold and also rising. 

In [3], several other criteria for handoff apart from received signal 

strength was discussed to include SIR, distance from base station, 

transmit power, traffic, amongst others. In [38] it is pointed out 

that these criteria can be combined in a multidimensional handoff 
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algorithm.  One would notice in these criteria the centrality of 

transmit power control as a means for radio resource management in 

cellular mobile systems. A hard hand off – as found in GSM systems 

for instance - occurs when a terminal has to break its present 

connection in order to effectively make another connection to another 

base station. Conversely, a soft hand off – as employed in CDMA 

systems – maintains effective connections to more than one base 

station at a time until a handoff decision is made. Two thresholds 

for the handoff criteria is usually established; the first indicates 

that there might be a need for handoff and the system prepares for 

that, and the second threshold is the point beyond which the mobile 

terminal must be handed over either to another sector within same 

cell (intra-cell handoff) or to entirely another cell (inter-cell 

handoff); or the connection will be dropped. The time interval 

between these two thresholds is made large enough to ensure that 

handoff decisions are not made prematurely therefore avoiding 

hysteresis – the kind off ping pong handoff between base stations. 

Handover requests can be made either by the mobile station or the 

base station. 

 

The discussion in the preceding subsection on channel allocation has 

not considered how arriving calls from neighboring base stations due 

to handoff requests should be handled. The channel allocation 

strategy where handoff calls have a lower blocking probability in a 

cell than new calls is referred to as handoff prioritization [2], 

[3], [35]. In FCA and DCA schemes, channels are usually reserved for 

handoff in the so called guard channel scheme. Reserving channels for 

handoffs, however, has the effect of lowering the admitted traffic in 

the system since probability of new calls being blocked is high in 

the face of handoff calls. There are equally the queuing schemes in 

managing handoffs. The time interval between the handoff thresholds 

defines the queue length. Ordinarily, arriving calls due to hand off 

are queued and served typically in first in first out order. However, 

there are some proposals on queuing discipline that prioritizes 

queuing based on how critically close the terminals in queue are to 

the threshold of the criteria for handoff. Generally, queued handoff 

calls are dropped when no channel can be found before the handoff 

criteria threshold is surpassed. Queuing schemes with or without 

guard channels could be combined in implementation and has been shown 

to improve the total carried traffic substantially. 

 

 

3.2.3 Transmit Power control 
 

Power control has been proposed as a primary and effective means for 

resource allocation and interference management especially in spread 

spectrum systems. Some possible responses to why power control is so 

pivotal in radio resource management especially in spread spectrum 

systems can include that appropriately controlled transmit power has 

the effect of maximizing the capacity of the network by minimizing 

the transmit power required to achieve a given SIR. It is equally 

necessary to ensure acceptable CIR in interference limited cellular 

systems. Finally uncontrolled power can have adverse effect on 

capacity and coverage due to interference. Capacity concerns itself 

with how much traffic can be admitted or handed off, and coverage 

concerns the reach of base stations and mobile as a function of 

received signal power. Generally, battery life in terminals is 

elongated and risk of health hazards due to unrestrained emission of 

electromagnetic power is greatly attenuated when transmit power is 

managed properly. 
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The TPC problem can be cast in the standard framework of the closed 

loop feedback control process as pointed out in [8], [9], [11]. 

Feedback control is usually more stable and converges faster since it 

copes better in the presence of disturbances (in this case channel 

variation) than do open loop systems. Usually, however, in practical 

systems, both open loop and closed loop power controls have been 

implemented [4], [12]. While open loop power control tackles pathloss 

and shadow fading by maintaining a local mean received power, closed 

loop power control has been deployed to offset the effects of fast 

fading and other time varying channel characteristics, and to reduce 

the rate of mobile battery power depletion [65]. The implementation 

of open loop power control in IS-95 for instance, involves 

transmitting a pilot signal on the downlink and then a mobile 

terminal upon receiving it estimates the path gain in the downlink 

direction by measuring the strength of the received pilot [12]. 

 

Normally, the closed loop power control is implemented in cascade 

comprising of an outer control loop that estimates and continually 

sets the target SIR required to produce certain BER as the radio 

environment varies [62] and a faster inner control loop that 

eventually assigns transmitter power to track the target SIR in the 

presence of disturbances which can include noise, channel distortions 

due to shadowing and multipath fading, estimation errors, and 

possibly control loop delays. The outer control loop typically 

measures the link quality – a combination of frame and bit error rate 

depending on the service – in order to set the target SIR [63], [64]. 

Selecting a minimum possible target contributes to increasing 

capacity of the system. Figure 3.1 below shows a closed loop feedback 

power control schematic portraying the inner and outer control loops. 

The part of the diagram marked out with dashed lines was presented in 

[11] to depict the inner loop control process.   

 

 
Figure 3.1: Closed loop power control schematic for SIR-Based 

Transmit Power Control showing inner and outer Control Loop process  
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In the diagram above, Fi estimates the SIR ( )(tk ).Then the power 

control algorithm Ri compares it with target SIR ( )(tt

k ) to decide - 

depending on the specific power control algorithm - what power 

control command, ui(t) (the manipulated variable) to issue to the 

transmitter Di. This power control feedback can take the form of 

decision feedback where thresholds or other indicators are 

communicated for control purposes or information feedback where 

actual values are communicated. Information feedback gives better 

performance but takes more bandwidth compared to decision feedback 

which usually takes a bit of data in each control loop. Upon 

receiving ui(t) the element Di updates the transmit power to pi(t) 

(the controlled or measurable variable) for the next transmission. 

Some of the [40] most common feedback control modes include bang-bang 

(on-off), proportional, integral, and derivative control 

respectively. While the bang-bang control is a non-linear action, the 

others are linear and they have been usually combined in a single 

control action to yield better performance. The so called PID 

(proportional plus integral plus derivative) control is the result of 

the combination of all three modes in one control action. 

Proportional plus integral (PI) and proportional plus derivative (PD) 

are two other common combinations as well. In bang-bang control, the 

manipulated variable takes either of two extreme values and the 

controlled variable is therefore adjusted in fixed steps either up or 

down accordingly. While it hopes to track fast fading by transmitting 

power control commands more frequently at a rate higher than the 

fading rate, it nevertheless exhibits poor stability, large 

overshoot, and long rise time when compared to, for instance, 

proportional plus integral (PI) control. PI control mode has the [40] 

ability to eliminate the steady state offset that result from 

employing proportional control alone on the one hand and the 

increased settling time due to its destabilizing effects when 

integral control mode is in use alone, on the other. Generally, PID 

controllers [39] are robust if properly tuned and it is possible to 

realize a good compromise between acceptable time response and 

disturbance rejection, even with the presence of significant error in 

the model. In either bang-bang or PID control mode, nevertheless, 

power control, that is, the manipulated variable, could be averaged 

over a time or measurement window and that could help tackle slow 

varying near-far and fading effects but breaks down in tracking 

rapidly varying fading effects however. 

 

The sum of nmT and npT is called the transmitting loop delay. The 

loop delay arises [8] from the power measurement period, the uplink 

and downlink propagation delays; and finally the time delay involved 

in generating, transmitting and executing the power control command. 

While the delay due to channel effects may vary widely, measurement 

and processing delays could be highly predictable and therefore 

easily tractable.  Loop delay plays a major role in TPC performance 

since excessive delays would render power control command aged, 

outdated and not effective. A desirable loop delay should be of 

duration that at least follows closely the piecewise stationary 

statistics of the channel. xi(t) and gii(t)–I(t) are the cumulative 

channel effects. Finally, it is remarked that the placement of Fi, Ri 

and Di respectively determines whether a specific TPC implementation 

is centralized or distributed. In centralized TPC the transmitter 

power levels in the network are commanded globally by a central 

controller whereas in distributed or decentralized case, TPC commands 

only a single transmitter relying on information local to it. 
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TPC is required on both the forward and reverse links of any cellular 

system. The reverse link power control has however gained 

overwhelming attention due to it being critical in ameliorating near-

far effect. The near-far effect has in turn been shown to be as a 

result of linear receivers modeling other receptions as interference. 

A multi-user receiver minimizes the near-far effect significantly, 

however. In addition to being either centralized or distributed, TPC 

algorithms can also be classified as either received-signal-strength-

based or SIR-based. SIR-based systems have been recognized as being a 

more effective parameter to drive power control decisions since it 

implicitly takes into account the effect of the predominant 

interference environment of the cellular mobile system on the 

received signal. The constant received power class of algorithms is 

based on received signal strength. The object of this class of 

algorithms is to achieve and maintain a constant target received 

signal strength. It does not take into explicit account interference 

from other mobiles and this could result in driving the power at the 

receiver to disturbing levels within the network. This transmit power 

control scheme is problematic in handling multiple access 

interference since a measure of received signal strength does not 

correspond to a measure of the detected signal power. The earliest 

SIR-based TPC is SIR-balancing. It is a centralized scheme that aims 

at maximizing the minimum SIR in all links. 

 

Many TPC algorithms assume a radio environment that is stationary and 

its statistical distribution determined a priori [13]. The radio 

channel however, is a dynamic environment characterized by fast 

fading, slow fading, the near-far effect, noise and interference. 

Some of the channel models assumed in literature include; time 

averaged pathloss i.e. the channel is frozen in time - that is a very 

short window of time is allowed in the analysis within which the 

channel characteristics are regarded to be stationary at least in a 

statistical sense. This is regarded as the snapshot analysis. 

Alternatively a certain probability distribution of the channel is 

assumed to be known a priori. More so, in many analyses, users are 

assumed to be uniformly distributed within the cell area at all 

times. This implies in practical terms that users are essentially 

fixed in their positions relative to the base station. Finally, 

stochastic channel models have been explored which recognizes and 

strives to model the channel as a dynamic process that evolves in 

time. This without saying is a more realistic approximate 

characterization of the channel, though it might yet be impractical 

and inelegant to realize in real systems. In [10] a distributed 

binary feedback transmit-power control that assumes time varying 

cellular systems where link gains are constrained to vary within a 

bounded region with known lower and upper value was explored. 

 

Following is a brief review of the transmit power control algorithms 

that have been proposed in literature – most of which are SIR-based. 

 

The bang-bang controller updates the transmit power by either 

increasing or decreasing it in fixed amounts. The design criterion 

therefore is on the size of the step with which to increment or 

decrement transmit power. Mathematically, the transmit power is 

updated in the bang-bang control algorithm as expressed below [8], 

[9]; 

 

)sgn()()1( ktii tptp  (3.5) 
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In (3.5), ∆ is the step size, sgn  is a sign function,  is target 

SIR, and kt  is the SIR measured at the receiver after a loop delay, 

k . The previously determined power level of the thi transmitter )(tpi  

at time t  is updated to a new transmit power level, )1(tpi  at 1t  

according to the sign of the difference between kt  and . If the 

control is based on received signal strength however kt  is 

substituted by 
r

ktip ,
 - that is the received power after the loop 

delay.  in general therefore represents the target SIR or target 

received signal strength value as the case may be. 

 

The step size (which can also be variable and adaptive), loop delay 

and the rate of fading; as well as the rate of inter-cell 

interference (for SIR-based scheme) affects the steady state error, 

which in any case is bounded. 

 

In [23], distributed balancing (DB) is proposed. Contrary to its name 

the algorithm is in fact not fully distributed since the parameter, 

, which can be considered as normalizing factor is determined 

centrally in the network. In (3.6) the mathematical formulation of DB 

is expressed thus; 

)(

1
1)()1(

t
tptp

i

ii  (3.6) 

 

)(ti  is the measured SIR at the receiver. 

 

Distributed power control (DPC) suggested in [41] modifies slightly 

the DB and results in better performance [11], but the problem of 

centrally determining the normalization factor has not been solved 

however. The DPC algorithm is depicted as follows; 

 

)(
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t
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i

i
i  (3.7) 

 

However if is regarded as the target SIR at a particular receiver, 

towards which the power control strives to reach and maintain, then 

(3.6) becomes truly distributed with no need for a globally 

determined variable. This development was presented in [42] and after 

re-arranging (3.6) is expressed as follows; 

 

)(
)()1(

t
tptp

i

i
ii  (3.8) 

 

In its rather rigorous development however, - which also proves its 

convergence - the target SIR was actually a part of the problem 

formulation so that it was shown that when the value of  was set to 

unity, the algorithm converges fastest and then the (3.6) seems to be 

a mere renaming of  in (3.7). While (3.7) was based on the 

transmitters updating their power synchronously, [43], as reported in 

[11], goes ahead to show that it holds even for asynchronous updates 

of transmit power. 
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Contrary to an apparent inexhaustible transmitter power, it is 

nonetheless finite. It has a dynamic range, more so an unhindered 

increment of transmit power would result in a more-than-comfortable 

rate of battery drain in especially the mobile unit. In distributed 

constrained power control (DCPC) put forward in [44], - see (3.9) 

below - the algorithm sets an upper limit on the maximum transmit 

power a mobile is allowed to emit to achieve a given target SIR.  

Maximum power could therefore be used in favorable channels with 

acceptable gains, while lowering it in bad ones when increasing the 

transmit power would not result in improved channel gain at the 

receiver.  

 

)(
)(,min)1( max

t
tpptp

i

i
ii  (3.9) 

 

When target SIR is not achievable at a receiver either handoff should 

be attempted or otherwise, when that fails or is not feasible, the 

transmitter should be removed so as not to cause harm and raise the 

interference floor so to speak in the neighborhood of the receiver. 

Finally, it is noted that the power control methods/mechanisms 

discussed so far can be extended straight-forwardly, except for SIR 

balancing and the constant received power algorithms, to the 

multirate transmit power control networks [7], where bandwidth can be 

variable from one instant of transmission to another. 

 

 

3.3 Power Control as a Mechanism for Providing 

Differentiated QoS 
 

Prior to the development of 3G technologies, the older generation 

technologies – more specifically first generation systems - have 

mainly been a single service provisioning platform. In these 

networks, voice telephony was the main if not the sole service that 

it carried. Data usually was a fringe service. The system is circuit 

switched and the quality of service requirement throughout the 

network is the same as it is also constant. However with the success 

of the 2G system especially the huge volume of traffic generated by 

the text-based short message service; and the corresponding 

impressive business case it builds, GSM standards evolutions - so 

called 2.5G - have mainly been focused on improving the data carrying 

capacity of the system. In fact the movement has been towards the 

convergence of multimedia services and the internet on the mobile 

system. The traffic characterization of voice and data for instance 

are dissimilar. While voice may be affected by latency and more 

critically by jitter and requires symmetric bandwidth on either 

directions; data as exemplified in web-browsing and email are far 

more delay tolerant and the bandwidth requirement is asymmetric. 

Bandwidth was equally another constraint to adapting 2G systems to 

increase its data carrying capacity. 

 

Now there are the 3G technologies. Unlike the prior 2G and its 

evolution, 3G technologies right from conception are essentially 

data-centric, packet switched and based on wideband spread spectrum 

technology which offers higher capacity when compared to TDMA 

systems. More significantly, 3G networks are expected to support a 

heterogeneous service environment with different QoS requirements. In 

[12], it is noted that effective transmit power control especially in 

wideband spread spectrum systems has now emerged and is critical as a 

means of providing differentiated quality of service (QoS) for 
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heterogeneous requirements or multiservice systems such as diverse 

latency requirement, bandwidth availability, bit error rate, etc. As 

a result, according to [13], to incorporate the notion of QoS, the 

problem of power control has been redefined as that of minimizing the 

total transmitted energy subject to maintaining the SIR of each user 

above an individual threshold value. There usually exists a mapping 

between QoS specification at the higher layers and the SIR threshold 

– at the physical layer - required to meet that requirement.  

 

In the future technologies (it is already being contemplated in 

GSM/EDGE/WCDMA integrated radio resource management), QoS 

provisioning within radio resource management task will even be more 

differentiated on several levels – on one level, the QoS offering of 

a particular radio access technology, on the other level would be 

service-specific QoS requirements [21].    
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CHAPTER 4 
 

FUZZY SET AND SYSTEM 

 
As complexity rises, precise statements lose meaning and meaningful 

statements lose precision. — Lotfi Zadeh 

 

So far as the laws of mathematics refer to reality, they are not 

certain. And so far as they are certain, they do not refer to 

reality. — Albert Einstein 

 

Everything is vague to a degree you do not realize till you have 

tried to make it precise. — Bertrand Russell 

 
4.1 Some Background 
 

Until 1965, when Lofti Zadeh proposed his fuzzy set theory, the whole 

of mathematics and engineering theory and applications have been 

based on the two valued logic, that is, ―1 or 0‖, ―true or false‖, 

―yes or no‖, ―on or off‖, etc. In fact the Shannon’s information 

theory which has become the bedrock of modern information processing 

finds its root in this binary logic. The recognition of possible 

valid and relevant intermediate states (so to speak) of some 

propositions equally led to the development of multi-valued logic. 

Several variants of three-valued logic, which assigns truth value of 

1/2 to the otherwise indeterminate state in two-valued logic, have 

been proposed and become well established in literature but they 

differ essentially in how a specific logic operations are carried out 

when the 1/2 variable is involved. Lukasiewicz [16] was one of the 

first to propose a generalization to n-valued logic, Ln, where n, the 

cardinality of the logic variables and the values, Tn, of the 

variables lies equally spaced out between 0 and 1. When n is infinite 

but countable the notation, L∞, is adopted with its corresponding 

logic values, T∞. An alternative infinite valued logic can also be 

derived when the logic values can assume any rational value within 

the interval [0, 1]. In terms of logic primitive operations 

(negation, conjunction, disjunction, etc), these two infinite-valued 

logics are equivalent. Quoting [16], in fact, ―the standard 

Lukasiewicz logic L1, (where the subscript denotes the cardinality of 

the continuum of possible interval of valued) is isomorphic (same 

mathematical form) to fuzzy set theory based on fuzzy operators, in 

the same way the two-valued logic is isomorphic to the crisp set 

theory‖. 

 

Uncertainty has always been treated from a probability theory point 

of view until recently when uncertainty is contemplated also within 

the framework of possibility theory. Information theory as it is most 

widely known and applied today is based on probability theory but in 

[52] a generalized information theory is proposed where 

―conceptualization of uncertainty goes beyond probability theory, 

involving mathematical frameworks that are either beyond probability 

theory or incomparable with it‖. Fuzzy set theory makes available one 

other tool to explore and characterize one form of uncertainty (that 

is, non-specificity) within the framework of possibility theory. 
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4.2 Fuzzy Set Theory 
 

The so-called crisp set theory based on the Aristotelian binary logic 

[16] classifies an element as either fully belonging to a set with a 

membership degree of 1 or completely belonging to the set with a 

membership degree of 0. Often, as seen in reality, there are several 

situations when an element may partially belong to a set to a degree 

greater than 0 but less than 1. The classical crisp set theory 

therefore becomes wanting in its formulation to tackle this sort of 

problem and where it succeeds to provide a solution it is usually 

comparatively not simple, or elegant or cost effective. Fuzzy set 

theory as a mathematical formulation formalizes the approach of 

handling this imprecision by introducing the concept of membership 

functions. This concept of degree of belongingness and imprecise 

boundaries can be exemplified in a set of ages that may be considered 

young. While ages from 0 to say 25 might be regarded as definitely 

young to a degree of 1, one wouldn’t easily consign the age 26 or 

ages around that neighborhood as entirely not young. At this point 

one could talk about the degree of belongingness or membership to 

that set of being young. In this case, depending on how being young 

has been defined; beyond age 25, the degree of membership of 

subsequent ages continually decreases towards 0, until up to say 45, 

when an age can be considered definitely not young. Therefore, given 

an age range of say 0 – 80 (regarded as the universe of discourse) on 

which three sets of say ―young‖, ―middle-aged‖ and ―old‖ are defined. 

A given element in the universe of discourse can belong to one of the 

sets to a degree of membership and to another set with a different 

membership degree. Age 40 may then belong to the ―middle-aged‖ set 

with a higher membership degree than it does belong to the set 

―young‖. In this example the sets ―young‖, ―middle-aged‖ and ―old‖ 

respectively are fuzzy sets. Figure 4.1 below shows a pictorial 

illustration of the three fuzzy sets defined on a universe of 

discourse (0 - 80 years range). 

 

25 45
65 80

1.0

M
e
m
b
e
r
s
h
i
p
 
d
e
g
r
e
e ―Young‖ ―Middle-aged‖ ―Old‖

0

Universe of discourse
 

Figure 4.1: Illustration of the concept of fuzzy set and membership 

function 

A fuzzy set is usually defined on a superset, that is, the universe 

of discourse which is normally crisp. Given X - the universe of 

discourse, with elements {x}, a fuzzy set A can be defined in 2-tuple 

form as in [46]: 

 

XAxxA ii                        ;  ))}(   ,{(    A  (4.1) 

 

Where ix  are the elements of  X in A  and )( iA x  is the degree of 

membership of ix  in A. A fuzzy set is completely defined therefore as 

an ordered pair of elements of the universal set and their associated 
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membership degrees in the fuzzy set, A, defined on it. Alternative 

representation of a fuzzy set connects the elements ix  of X to its 

respective degrees of membership, )( iA x  by means of a slash as 

follows; 

 

m

mAA

x
x

x
x

x
x

A
)(

    .  .  .   
)(

    
)(

    
2

2

1

1A  (4.2) 

 

In compact form, (4.2) can be expressed as; 
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It is noted, more emphatically, that the slash is not a division sign 

but rather, simply serves as a connection of the elements of the 

fuzzy set to their respective degrees of membership, and the plus 

sign in (4.2) and the summation sign in (4.3) respectively are not 

for arithmetic summation operation but a convenient way of indicating 

grouping in a given fuzzy set.  

 

The support of a fuzzy set, A, supp(A) is a non-fuzzy set over which 

the membership degrees of ix  in A are greater than 0.  

 

 0}    )(  :{    )( A ii xxASupp  (4.4) 

 

Elements of Supp(A) are therefore the collection of the elements 

found in the ―denominator‖ of the fuzzy set A in (4.2) and (4.3) 

respectively. 

 

By the same token, α-cut or α-level of a fuzzy set A, that is A , is 

a non fuzzy set defined as; 

 

  ; }    )(   :{    xxA A   [0, 1],  XA      (4.5) 

 

The membership degrees of elements in a certain fuzzy set can be 

obtained by employing a membership function which maps its value 

between the interval 0 and 1.  

 

  A     :A [0, 1] (4.6) 

 

Larger membership degree indicates more belongingness of the element 

to the fuzzy set. When degrees of membership of a fuzzy set are 

totally certain and crisp then that is termed a type-1 fuzzy set. The 

degrees of membership of a type-2 fuzzy set on the other hand are 

described by membership functions that are themselves fuzzy. Type-2 

fuzzy sets are more expressive of uncertainty and cater better in its 

formulation than type-1 does [55]. Several kinds of shapes of 

membership functions have been proposed and the possibilities are 

actually almost infinite but out of these the triangular and 

trapezoidal shapes are more predominant in their usage. Determining 

the appropriate membership functions as well as meaningful fuzzy 

operations for a particular problem goes a long way to making 

application of fuzzy set theory more useful to practical problems. 

Fuzzification (briefly reviewed in section 4.2) is a process of 
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determining and choosing appropriate membership functions for a given 

problem.  

 

A fuzzy set is said to be normal when there is an interval of its 

support for which the corresponding membership degrees are equal to 

1. On the other hand, a fuzzy set, XAxxA A   ; ))}(   ,{(    is 

said to be convex if for any    ;  , 21 Xxx [0, 1], the following 

condition is satisfied; 

 

))(   ),(min(     ))1(  ( 2121A xxxx AA  (4.7) 

 

min is the minimum operator. 

 

When a fuzzy set is normal and convex at the same time, and defined 

over a set of real numbers it is referred to as a fuzzy number. In 

[59], fuzzy number has been defined in practical and illustrative 

terms as an association of an interval of confidence and a level of 

presumption. 

 

 

4.2.1 Fuzzy operations 
 

In addition to fuzzy complement operations, definitions of fuzzy 

intersection and fuzzy union are introduced [16], [45], [46]. Any 

function can serve as a fuzzy t-norm (intersection) and t-conorm 

(union) if it is well defined and properly conditioned and can 

effectively generalize and extend the equivalent crisp set operations 

to the fuzzy set case. Let A and B be fuzzy sets defined on X the 

universe of discourse; and the membership degrees of each element in 

A and B be denoted as )(xA  and )(xB  respectively. 

 

The fuzzy complement, Ā, is defined as; 

 

)(    1      )( xx AA
 (4.8) 

 

The definitions of certain t-norms in common usage are presented 

below. 

 

Standard intersection: )}(   ),(min{    )( xxx BABA  (4.9) 

  

Algebraic product:  )}()({     )( BA xxxBA  (4.10) 

 

Bounded difference: 1}-)()(max{0,   )( BA xxxBA  (4.11) 
 

Drastic intersection: 

therwise

whenx

whenx

x AB

BA

BA

O            0

1           )(

1           )(

      )(   (4.12) 

 

Correspondingly, the most common t-conorms are defined as follows: 

 

Standard union: )}(   ),(max{      )( xxx BABA  (4.13) 

 

Algebraic sum:  })()(-)()({    )( BABA xxxxxBA  (4.14) 

 



 27 

Bounded sum:   )}()(   ,1{min  )( xxx BABA  (4.15) 

 

Drastic union:  

therwise

whenx

whenx

x AB

BA

BA

O            1

0           )(

0           )(

      )(  (4.16) 

 

Equations (4.8), (4.9) and (4.13) are regarded as the standard fuzzy 

operations and amongst the wide variety of fuzzy complements, 

intersections and unions they possess certain properties that give 

them special significance. For instance the t-norm and t-conorm 

operations are associative while other variants of the same 

aggregating operations will have to be explicitly defined as 

functions of n arguments for each n > 2. Furthermore, given that  

 

XxxxBA BA           ; )(      )(      ; (4.17) 

 

then generally the following relations holds amongst the t-norm and 

t-conorms separately defined in (4.8) through (4.10) and (4.11) 

through (4.13) respectively; 

 

)(    )(    )( xxx BABABA  (4.18) 
 

And, 

 

)(    )(    )( xxx BABABA  (4.19) 

 

This can be interpreted to mean that for any given fuzzy sets, the 

standard intersection operation produces the largest fuzzy set 

amongst all possible t-norms and conversely, the standard union 

produces the smallest fuzzy sets amongst all t-conorms possible. They 

provide the extremes of possible values for other definitions of 

intersection and union. The standard intersection is the weakest 

intersection while the standard union is the strongest union. 

 

 

4.2.2 Fuzzy aggregation 
 

Fuzzy aggregation is a fuzzy operation that combines at least two 

fuzzy sets in certain ways and returns a single fuzzy set as a 

result. Defined formally, [16] any aggregation operation on n fuzzy 

sets, where n ≥ 2, is defined by a function  

 

  :f [0, 1]
n

 [0, 1] (4.20) 
 

The function, f, operates on the membership grades of the fuzzy sets 

to produce a single aggregate fuzzy set. For a function to qualify as 

an aggregation function it must satisfy at least all three of these: 

the function must be bounded, monotonic increasing in all arguments, 

and continuous. 

 

The ordered weighted averaging (OWA) is an example of a class of 

aggregation operations which concatenates the ―or‖ with ―and‖ 

connectives [46], [47]. It is a sort of mean of the min and max 

operations. 
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4.2.3 Linguistic variables and fuzzy connectives  
 

The power of fuzzy set theory lies in the possibility it gives to 

compute with natural human language or words, bringing human 

intelligence to the world of machines where significance is more 

emphasized over precision. In this connection a fuzzy set can be 

defined for a linguistic variable of interest accordingly.  For 

instance in the example at the beginning of this section, the fuzzy 

set ―young‖, ―middle-aged‖ and ―old‖ can be taken as linguistic 

variables with associated fuzzy sets defined over the universe of 

discourse. 

 

On the other hand, if one was to further determine the fuzzy set of 

―young or middle-aged‖, the correct decision on what the fuzzy 

connective ―or‖ does in this fuzzy set makes it possible to decide on 

an appropriate logical fuzzy operation to apply. Usually the ―or‖ and 

―and‖ connectives suggest union and intersection operations 

respectively. These connectives as have been discussed in section 

4.2.1 have always been defined in such a way as to make its results 

extend and generalize the crisp set case but in [30], it has been 

argued that it might be unnecessary and unrealistic to demand such a 

requirement in every single case. 

 

In conclusion, it is noteworthy to remark that it is not every word 

that can be effective as a fuzzy connective and more so, it is not 

every ―and‖ or ―or‖ that can be rightly interpreted as a connective 

in a given context of use. 

 

 

4.3 Fuzzy Control 
 

In [16], a five step design process of a fuzzy controller has been 

identified and quite elaborately discussed. Figure 4.2 depicts the 

components of a fuzzy controller. 

 

 
Figure 4.2:  The components of a fuzzy controller processes 

Following below is a survey of this work highlighting what should be 

done in each of the five steps. In each step is discussed specific 
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implementation details relating to this present work. However, [48] 

and [49] did no less extensive and comprehensive work in the 

exposition of the fuzzy logic control methodologies. 

 

 

4.3.1 Step 1 – Select linguistic states 
 

-Identify relevant input and output variables of the controller as 

well as their respective ranges of values of interest – that is the 

universe of discourse. 

-Select meaningful linguistic states for each variable  

-Choose appropriate fuzzy sets (usually fuzzy numbers) based on the 

linguistic states. This is termed fuzzy quantization. Some 

considerations in choosing the fuzzy sets would include whether the 

shape of the fuzzy set should be symmetric and spread equally about a 

mean. 

 

 

4.3.2 Step 2 – Fuzzify input 
 

Introduce a fuzzification (membership) function for each input 

variable. Such functions would be of the form: fe: [x1, x2]  R; that 

is fuzzification function fe applied on variable e. e being a 

relevant input variable from the controlled process into the fuzzy 

controller; x1 and x2 being the span of the universe of discourse and 

R is the resulting fuzzy numbers that eventually enters into the 

inference process (see step 4 below). A choice however can be made to 

either fuzzify the input variables into the fuzzy controller or to 

use the values directly as presented. In the latter case the 

fuzzification function can be conceptualized to return the same value 

as the input variable into it. 

 

There are principally direct and indirect methods of constructing 

membership functions based on expert judgment. In either direct or 

indirect method, one or multiple expert opinions may be consulted and 

taken into consideration in building membership functions. Combining 

these further gives four broad methods of constructing membership 

functions namely; direct methods with one expert, direct methods with 

multiple experts, indirect method with one expert, indirect method 

with multiple experts. When more than one expert is consulted, their 

opinions upon being translated into suitable membership functions can 

be uniformly averaged, or averaged according to prior weight ascribed 

to each expert or, or aggregated in some other meaningful and 

practical ways. In direct methods, the experts answer explicit 

questions relating to the problem while in indirect methods, the same 

questions are presented indirectly and this has the effect of 

reducing experts’ biases on certain aspects of the problem domain. 

 

 

4.3.3 Step 3 – Formulate inference rules 
 

Subsequently the knowledge pertaining to the given control problem is 

formulated in terms of a set of fuzzy inference rules. Two ways to 

formulate an inference rule would be upon consulting the opinion of a 

human expert in that field or from empirical data through a learning 

process with the help of, for instance, neural networks. 

 

The general form of the rule is: if X then Y, where X is a set of 

input variables resulting from the fuzzification process and then Y 

the set of outputs resulting from the inferences. Typically, the 
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combinations or aggregation of inputs that result in an inference 

could be unwieldy in size but it has been shown that a certain 

subset, in practice usually small in number, of all possible fuzzy 

inference rules is more often than not sufficient to obtain 

acceptable performance of fuzzy controllers. Pruning down to this 

subset could be achieved by exploiting appropriate statistical data 

regarding the significance of each rule under known design 

assumptions. 

 

 

4.3.4 Step 4 – Determine the fuzzy implication 
 

The inference engine combines the input variables of a fuzzy 

controller with relevant fuzzy inference rules to make inferences 

regarding the output variable. For instance, in the case of un-

fuzzified inputs; 

 

CiskthenBAiseeIf          ,         ,     , (4.21) 

 

Where, 

 

[ A, B ] min    )  ,( yx [ )(  ),( yBxA ]  (4.22) 

 

and k is the set of control actions (upon defuzzification) determined 

as a result of reaching the set of inference C. Or if the input 

measurements to the fuzzy controller are fuzzified then 

 

)()(        , 0000 yfxfee ee
  (4.23) 

 

e may be taken as error as a result of the difference between the 
target parameter and the actual measured value and e  the rate of 
change of this error. 

 

 

4.3.5 Step 5 – Defuzzify output 
 

This step is the defuzzification stage where the set of inferences 

reached in the inference engine is converted into a crisp set of real 

values in order to issue appropriate and intelligible control 

commands to the controlled process. Several defuzzification methods 

have been proposed. The centre-of-area (COA) method, selects a 

defuzzification value by dividing the area under the membership 

function into two equal sub areas. The COA is sometimes also referred 

to as the centre of gravity or the centroid method. The Mean-of-

maxima (MOM) method on the other hand selects a crisp value that 

corresponds to the maximum value of the membership function. It is 

averaged when there is more than a crisp value with maximum 

membership degrees. In the centre-of-maxima (COM) method an average 

is taken of the smallest and largest possible defuzzified crisp 

value. There is yet another method called the fuzzy mean, (FM) [26]. 

 

As much as choosing meaningful membership functions pertaining to the 

specific problem increases the practical usefulness of fuzzy systems, 

the defuzzification as the last stage of a fuzzy control system is of 

no less importance since the crisp values obtained from it should 

equally be meaningful if the controlled system would perform within 

expectation. In [26], a reasonable but not necessary requirement for 

defuzzification is proposed to the effect that the obtained crisp 

value should occur at the maximum of the membership function. It then 
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goes ahead to show that the respective COA, MOM and FM 

defuzzification methods result in same value when applied to a 

particular fuzzy interval with symmetric membership functions. 

Further in [28] it is considered how a most proper crisp value might 

be determined from a given fuzzy set or interval value with respect 

to an established criterion. In this paper, the concept of 

sensitivity analysis is introduced. The crisp value is selected based 

on a sensitivity criterion that measures the discrepancy between a 

would-be most appropriate defuzzified value and the unknown ―true‖ 

value of defuzzification. The crisp value eventually selected should 

be such as to minimize the sensitivity in the possible worst case. 

Yet in [29], defuzzification is proposed and formulated essentially 

as a problem of converting the fuzzy set into a sort of probability 

distribution and then proceeding to calculate an expected value. 

Finally in [27], a defuzzification approach based on level sets (i.e. 

α-cuts) is put forward and applied on the COA and MOM method. It 

equally recognizes that defuzzification could be made adaptive by 

varying the α-levels to yield different defuzzification values and 

learning can be facilitated thereby. 

 

 

4.4 Fuzzy PI Control  
 

The fuzzy PI control have been the most popularly investigated and 

implemented; and the reported performance has demonstrated the 

utility of bringing linguistic and approximate reasoning to the 

control realm - [33] reported the application in a pilot-scale 

implementation of control of boiler and steam engine, on one hand and 

temperature control of a stirred tank on the other. While [50] 

reports satisfactory performance in a servo system implementation, 

[51] reports yet another in a two-link robot manipulator arm case. 

Yet in all these impressive and successful applications, fuzzy logic 

control systems lack adequate analytical framework to investigate 

stability of designed models. Simulation as a result remains the only 

tool for investigating any proposed fuzzy control model [33]. In 

[31], [32] and [34], respectively, however, analytical models and 

results have been developed. Fuzzy control systems are generally 

stable and as reported in [34], in fact have the same local stability 

at the equilibrium point as the corresponding linear PI control. In 

the same paper, which presented analytical results, it was shown that 

different inference methods are actually in reality different 

nonlinear PI controllers with variable gains. Several inference 

methods were studied and analytically compared. While the Mamdani’s 

minimum inference method, Larsen’s product inference method and the 

drastic product inference method were shown to be valid and 

appropriate inference methods for control purposes, the bounded 

product inference methods conversely, was proven to be invalid and 

inappropriate. In as much as fuzzy control actions might seem 

heuristic if not arbitrary, [33] in reporting a pilot-scale study, 

pointed out that fuzzy algorithms should nonetheless take into 

account the controlled process dynamics as well as satisfy all 

conventional feedback stability criteria. One of such dynamics of a 

controlled process is control time delay which could result in 

oscillating instability, like in conventional systems. The fuzzy 

logic controller can be tuned in any of these three ways severally or 

jointly: firstly, modify control rules; secondly, modify the universe 

of discourse by altering the quantization levels; thirdly, redefine 

the support of the fuzzy subsets. Further on, in investigating the 

possible criteria for selecting parameters for a fuzzy logic 

controller, [25] in its conclusion posited that parameter selection 

is not after all completely subjective. Common sense bearing on 
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design requirements, controller resolution and noise, and range of 

process variables usually influence parameter specification.  

 

Fuzzy logic control has also found its application in transmit power 

control. In fact the fuzzy Proportion plus Integral (PI) has been 

implemented for SIR balancing. Equally an adaptive implementation has 

also been proposed to adapt the rule bases according to changing 

inputs into the fuzzy controller. More so control loop time delay has 

been taken into consideration as well [14], [19]. In fact this thesis 

work shall follow closely the work presented in [14] in its 

simulation and implementation task. 
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CHAPTER 5 
 

PROPOSED SIMULATION SCENARIO 

 
5.1 A TPC Framework  
 

The interest of this work is narrowed down to the link-based resource 

management in the area of transmit power control in CDMA systems. 

While it is recognized that power control is needed on both 

directions of the link, the focus of this task shall be on the uplink 

(reverse link) power control which according to what seems to be 

scientific consensus is comparatively more critical and rather more 

intractable than the forward (down) link. In coming up with a model 

of the power control problem, the following respective papers shall 

be heavily taken as guides; the framework suggested in [24], and the 

attributes of any practical power control solution enunciated in 

[15]. In [24], it is thought that a good power control framework 

would include imbedding the dominant factors that cause interference 

into the model; deriving appropriate objective function for 

optimization (for instance outage probability, probability of 

blocking or forced termination etc) given a hard channel quality 

requirement; determining what measurable information could be 

exploited; and finally what criteria any power control algorithm 

should strive to fulfill. In providing this suggestion, the authors 

hopes that power control algorithms from diverse and various 

researchers could eventually be meaningfully and successfully 

compared. This work shall follow as closely as possible some of the 

outline of this framework. 

 

The following six factors have been considered to make significant 

contribution on the level of interference within any cellular mobile 

system. Firstly, the multiple access method as well as the signaling 

and modulation schemes. For instance a TDMA system would have lesser 

number of interferers compared to a CDMA therefore possibly affecting 

differently the statistics of interference for either case. Secondly, 

the link orientation (reverse or forward link) should be specified 

since propagation conditions may vary in either direction. Note 

equally that the mobile could often be shadowed which would result in 

multipath fading on the uplink. Thirdly, the environmental morphology 

and topology; since variation whether it is indoor or outdoor, urban 

or rural and the nature of materials found in the environment 

especially for indoor cases. Fourthly, the speed of the terminals is 

equally important since rapid changes in environment could occur with 

different fading mechanisms being predominant in such time 

transitions as to affect the correlation of multipath fading. 

Fifthly, the cell hierarchy that is contemplated and finally, 

sixthly, the connection type - that is whether it is continuous 

transmission, discontinuous transmission or variable bit rate 

transmission, etc. The connection type determines the randomness of 

traffic.  

 

Information could be measured for power control purposes. Its amount, 

nature, frequency of estimation and update, and required accuracy 

level plays a role to how closely the power control will track the 

channel variations and thereby effectively control it. A too fast or 

too slow transmit power update for instance, could result in the 

receiver achieving the expected SIR or not, as the case maybe.  

Convergence even if it be required to be asymptotic becomes difficult 

as a result. Appropriately paced power updates may counteract the 
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stochastic channel gain and produce good results. Power updates could 

be fixed or variable or adaptive, however, fixed steps has been the 

more practical approach. Again, a requirement for high information 

accuracy could result in processing time delays that might 

effectively make a power control command value to age and become 

irrelevant and ineffectual. Measurement errors equally affect 

performance, however. Generally, several literature sources surveyed 

[15], [23], [24] agree  that distributed power control where each 

base station takes its  own measurements and makes independent 

decision would be agile, scalable, robust and reduce signaling 

overhead when compared to centralized systems. More importantly it is 

comparatively simple to implement for real time applications. 

Furthermore [24], adds that in such distributed system power control 

should be asynchronous as well. In the end a power control algorithm 

is expected to be distributed and asynchronous, stable and easy to 

implement and flexible as to be robust. 

 

Finally, in summary, any TPC algorithm might include some of these 

objectives in order to achieve a desirable performance [15]. 

 

• SIR Balancing – that is to control the SIR at the receiver so 

as to make them equal within the class of service of interest. 

New links are accommodated by globally lowering the SIRs. 
 

• Transmit power minimization to maintain a SIR threshold as to 

differentiate between classes of service offered. 
 

• Distributed and Autonomous – capable of control with minimal 

signaling between base stations or mobile stations. 
 

• Protection margin – effectively supplies an upper limit for the 

SIR threshold. 
 

• SIR-protection of active links – ongoing links is shielded from 

degradation as a result of new links. 
 

• Bounded power overshoot – there exists a maximum transmit power 

beyond which improvement in SIR is forgone. 
  

• SIR improvement for new links – improves the SIR of new links 

over time. 
 

• Controlled power up – new links upon power up gradually 

increases power until it is certain that such can be 

successfully admitted. 

 

 

5.2 System Model 
 

As stated at the beginning of this report in section 1.1; the 

objective of this thesis work is to investigate proportional-plus-

integral fuzzy modeling of a fully distributed and autonomous SIR-

based constrained transmit power control algorithm on the reverse 

link. For the proposed simulation scenario, the distributed 

constrained power control algorithm of equation 3.9 is recommended to 

form the crux of an implementation. 

 

The proposed fuzzy controller is a two-input, one-output rule base 

and inference regulator system. The Mamdani inference system is the 

chosen fuzzy inference with inputs as error (e) and change in error 

(Δe). Error is the difference between the SIR set point and the 

actual received SIR at any instant at the receiver, error change is 

the difference between two consecutive errors, that is, the current 

error minus the previous error and finally the output of the 
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inference is the incremental transmit power command (Δp). The units 

of the inputs and output are in decibel (dB). These three parameters 

are the respective universes of discourse with ranges of value as 

follows: E = {e: -18dB ≤ e ≤ 18dB}, ΔE = {Δe: -12dB ≤ Δe ≤ 12dB} and 

lastly ΔP = {Δp: -6dB ≤ Δp ≤ 6dB}. For each of these universe of 

discourse, seven fuzzy sets have been defined as follows; large 

negative (LN), medium negative (MN), small negative (SN), Zero (ZE), 

small positive (SP), medium positive (MP), Large positive (LP). At 

steady state, the system is expected to converge to the set point in 

this case target SIR by the width of the ZE linguistic qualifier. For 

finer control, therefore, the region of support of the fuzzy set may 

be re-calibrated when the values of error and change in error inputs 

remain around the ZE variable. Figure 4.1 below shows the graphical 

representation of trapezoidal membership functions for these fuzzy 

sets defined within the universes of error, change in error and 

incremental transmit power command respectively. Trapezoidal-shaped 

membership functions have been in widespread use in real time, fuzzy 

target-tracking control systems [53]. It has been equally shown that 

the ratio of the length of the bases of the trapezoidal membership 

function should be about 50 percent to achieve best tracking 

performance. This claim is worth exploring in an implementation of 

this system model and possibly comparing the performance of the 

trapezoidal membership functions with the ratios of the lengths of 

the bases other than 50 percent. More so, the performance of the 

triangular membership function can be investigated and compared with 

that of the trapezoidal shapes. 

LN MN SN ZE SP MP LP

-18 -12 -6 0 6 12 18

µ(e)

e(dB)

LN MN SN ZE SP MP LP

-12 -8 -4 0 4 8 12

µ(Δe)

Δe(dB)

LN MN SN ZE SP MP LP

-6 -4 -2 0 2 4 6

µ(Δp)

Δp(dB)

(a)

(b)

(c)

 
Figure 5.1: Graphical representation of the trapezoidal membership 

function for the fuzzy set values showing (a) the error (b) change in 

error (c) incremental power 

The performance of the fuzzy controller on the one hand, can be 

estimated respectively in terms of rise time, power shoot, and how 

fast it converges to the target SIR when compared to an ordinary SIR-

based system that simply increments power by the value of the change 
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in error. This basis for comparison is supposedly more reasonable 

than the commonly used fixed-step control benchmark especially when 

it is realized that generally the performance of an information 

feedback control have always been known to be better than the that of 

the decision feedback control. On the other hand, the performance of 

this fuzzy controller can also be measured in terms of the 

conditional outage probability (Pr), which according to [54] is 

usually recognized as the main criterion for the traffic capacity and 

communication quality of CDMA systems since capacity is defined as 

the maximum number of users per cell for which the outage probability 

is less than a specified value.  

 

dxdyyxfpr

cRyx

),(}Pr{
),(

 (5.1) 

 

where is the measured SIR,  is the target SIR  and ),( yxf  is an 

expression for the probability density function for Cartesian 

positions coordinates ),( yx  of the desired mobile unit as well as the 

interfering mobile units. cR  represents the service area of the 

mobile network of interest. Using the conditional outage probability 

measure of performance, trapezoidal-shaped and triangular-shaped 

membership functions are generally compared. For the trapezoidal 

shapes, the impact of using various ratios of the length of the bases 

is equally compared. Better performance therefore may be interpreted 

as greater number of active users that simultaneously achieves at 

least the target SIR. Finally the root mean square tracking error 

forms another valid and informative basis for comparing the 

respective shapes. 

 

In deriving the fuzzy rule base, [14] considered the curve of a 

typical envelope of a fading process which consists of two primitive 

curves of downward deep fades and those generated by second-order 

systems. By so doing, two sets of rules were developed. The first set 

of rules applies in the step response portion of the curve of the 

second-order system and the second set of rules applies to combat 

downward deep fades. Tables 5.1 and 5.2 present these rules. 

 

 Error change 

LN MN SN ZE SP MP LP 

E
r
r
o
r
 

LN    LN    

MN LN LN LN MN    

SN LN LN MN SN ZE  MP 

ZE LN MN SN ZE SP MP LP 

SP MN  ZE SP    

MP    MP    

LP   LP LP    

Table 5.1: Fuzzy control rule base for the approximated second order system 

 

Table 5.2: Fuzzy control rule base for combating downward deep fades 

 Error change 

LN MN SN ZE SP MP LP 

E
r
r
o
r
 

LN LN LN LN LN LN LN LN 

MN        

SN        

ZE        

SP     MP MP MP 

MP     MP MP MP 

LP LP LP LP LP LP LP LP 
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A 19-cell CDMA cellular structure of equal diameter is assumed each 

with an omni-directional transmit antenna at the centre. The cell 

structure as depicted in figure 5.2 shows a centre cell annotated as 

cell 0 and two tiers of cells – the first tier is annotated 2 to 7 

and the second tier 8 to 19 respectively. The mobile terminals in 

each cell are uniformly distributed that gain access to and leaves 

the network independently. While call arrival is assumed to follow a 

Poisson distribution, the duration of call sessions is taken to be 

exponentially distributed. It is recognized that the calling and the 

called terminal might reside in the same cell area or in different 

cell areas and that due to mobility the cells inhabited by each 

terminal could change from time to time thereby necessitating a 

handover. While mobility within the cell of interest is allowed, no 

handover is contemplated in this problem formulation. The concern 

here however would be with the case where the mobile terminals remain 

always within the same cell – in this case cell 0. In fact tier 1 and 

tier 2 cells are only necessary as interference sources so as to 

investigate how activities of mobile terminals in those cells affect 

the centre cell. 

 

 
 

Figure 5.2: The cellular layout showing the two tiers of cells around 

cell 0 

Assuming interference-dominant mobile cellular environment, the 

interference model may follow equation 3.4 but written (that is the 

denominator of that expression) more explicitly as; 
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where )( bk

r

bk dp  expresses the power received at the desired base 

station (in this case base station 0 in the figure 5.2) as a result a 

thk  active mobile inside a 
thb  cell interfering at the desired base 

station from a distance bkd . bkd  is in fact the point in a Cartesian 

space where a certain mobile is located within a certain base 

station. 
)(t

bN  is the number of active mobiles in base station b  of 

tier t  of the surrounding interfering base stations. When 0    t , 

then 1    b  and coincides with the desired base station 0. When 

6  ., . .  ,2  ,1        ;1    bt ; and when 12  ., . .  ,2  ,1        ;2    bt  respectively. The 

first term on the right hand side of (5.2) is the interference 

contribution by the 10N  active mobiles within base station 0. Note 

that in this case, for simplicity, )(      )(0

r

k

r

k pp  and kk dd     0 . In 

like manner, the second and third terms express the contributions 

from the mobiles and base stations from the first and second tiers 

respectively. 

 

Further on, the channel impairments model follows equation 2.2 which 

for convenience is repeated here. 

 

5        2                      ; )( )(        )( 0 trtldKtr  (2.2) 

 

where K is a constant for any given parameters of the transmitter and 

receiver. Taking into consideration that )(tl  which is due to 

variation in environmental clutter is a Gaussian distributed random 

variable (2.2) can be rewritten as; 

 

5        2                      ; )( 10        )( 0
10

-
trdKtr  (5.3) 

 

 is a random is a Gaussian random variable with zero mean and 

standard deviation, . Typical values of 4 and 8dB have been assumed 

for and  respectively. Together,
1010      )( Kdtr , is usually 

referred to as the local mean signal. )(0 tr  which is the fast fading 

component of the pathloss may follow either Rayleigh or Rican fading 

distribution process that remains correlated until at least one power 

command cycle is executed. Within this time, the mobile is considered 

stationary and then could change its position afterwards. Finally, 

time delay in the loop cycle has not been contemplated in this model 

or rather has been assumed to be of a unit scale. 

 

 

5.3 Conclusions and future work  
 

In CDMA systems, capacity and coverage must necessarily be planned 

simultaneously to get the most of each. Interestingly, both elements 

are controlled by transmit power. For instance, on one hand, to have 

a wider area of coverage, transmit power will need to be upped in 

both the forward and reverse link directions; while on the other, 

uncontrolled power transmission especially in the uplink adversely 
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affects the capacity of a CDMA system. The near-far problem is one 

effect of uncontrolled power that impinges badly upon coverage and 

capacity. Cell breathing therefore is a dynamic mechanism that 

adjusts the coverage-capacity relationship in order that at least 

near optimum capacity is always achieved from time to time, as mobile 

stations move, in, out and within, cells. As is well known, there is 

actually no hard limit on capacity of a CDMA system - its capability 

for graceful degradation makes that possible; unlike in channelized 

FDMA and TDMA systems where there are a known number of frequency 

channels and time slots available. However, when an expected quality 

of service becomes a requirement, it is to the extent that uplink 

transmit power is controlled that makes that possible. Transmit power 

therefore, is singularly an important radio resource in CDMA system 

that ought to be managed effectively so as to extract good coverage, 

optimum capacity and at the same time maintain an expected quality of 

service. Furthermore, in wideband spread spectrum systems of the 3G 

networks transmit power offers a singularly unique mechanism by which 

differentiated QoS can be offered in a multiservice and heterogeneous 

environment. 

 

Fuzzy set theory represents a grand paradigm shift [16] which yields 

more expressive information content that helps in discerning more 

information content for better systems analysis and decision-making 

[57]. There is no more excluded middle but a fuzzy middle from which 

information that have otherwise been untapped in bivalent set theory 

can be harvested; and contradiction is no longer about affirming or 

negating either extremes of a proposition. Quoting Zadeh in [56]; ―in 

the final analysis, fuzzy logic has succeeded where traditional 

approaches have failed because fuzzy logic does come to grips with 

the pervasive imprecision of the real world. In so doing, the role 

model for fuzzy logic is the human mind.‖ In apparent attempt to 

continue to clarify critics and skeptics alike - who posit that fuzzy 

logic might just be overrated or plain wrong; and that anything that 

can be achieved through the use of fuzzy logic can also be achieved 

through the use of conventional techniques - it is continued in 

another part of [56]; ―what is gained through fuzzification is 

greater generality, higher expressive power, an enhanced ability to 

model real-world phenomena and, most importantly, a methodology for 

exploiting the tolerance for imprecision - a methodology which serves 

to achieve tractability, robustness and lower solution cost.‖ In the 

field of control, especially set point control, where application of 

fuzzy logic seems to be most successful with comparatively superior 

performance to conventional systems, [58] fuzzy linguistic control 

makes it possible to relax certain conditions or assumptions imposed 

on the process so that for instance system pole-zero orders, linear 

or time invariant conditions need not be specified. Stability is 

automatically guaranteed together with convergence and robustness of 

the fuzzy-logic control system.  

 

Fuzzy PID control performs comparatively better that the conventional 

PID control in terms of shorter rise time to the set point or fast 

response, minimum overshoot beyond the set point and faster settling 

time. The point is made in [59] that PID controller can provide good 

results if suitable (fixed) gains are found (and that endeavor is 

usually not easy to come by) but that do not mitigate in any way 

though, the conflict of interests between the requirements of fast 

response and minimum overshoot. With appropriately chosen membership 

function for the error, fuzzy controller works like a PID with 

variable gains whose value depends on the error. It is the variable 

gains that make the closed-loop system respond quickly with almost 
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zero overshoot even though exact knowledge of the system dynamics is 

not available [59].  

 

Deploying fuzzy logic control in managing the uplink transmit power 

in CDMA systems has the effect of increasing the overall capacity of 

the system. In [14] and [19] it is reported that for the same number 

of users the fuzzy PI control achieves considerably lower conditional 

outage probability with a gradual rate of increase as the number of 

users increase when compared to 1dB fixed-step control. Recall that 

the conditional outage probability is a measure of traffic capacity 

and communication quality in CDMA systems. More so the root mean 

square tacking error for the fuzzy PI control is equally lower. This 

is expected since generally the fuzzy PI controller exhibits fast 

response or rise time, minimum overshoot and shorter settling time 

which in essence when cast in transmit power control terms would 

translate that using fuzzy PI control it could be hoped that there 

might not be excessively an over- or under- assignment of transmit 

power to mobile stations each time a power command is issued. Overall 

an implementation of proposed system model would provide insight into 

the performance of certain shapes of membership functions. 

 

There has always been controversy surrounding the foundation and 

utility of fuzzy logic. In [60], Charles Elkan talks about the 

paradoxical success of fuzzy logic to the effect that on the one 

hand, its methods have been successfully deployed in practical 

applications but yet the foundations of fuzzy logic remain 

unceasingly under attack; and on the other, there is nothing in fuzzy 

controllers that has to do with fuzzy logic. His conclusions are 

based on a mathematical result, on a survey of literature on the use 

of fuzzy logic in heuristic control and in expert systems, and on 

practical experience developing expert systems. From a medley of 

responses from the fuzzy research community to this seeming paradox 

Elkan enunciated, which also includes disputation of his mathematical 

approach; E.H. Mamdani responds [60] with so much insight that Elkan 

acknowledges in his reply to the responses to his article as 

particularly thought provoking [60]. Mamdani’s response is now quoted 

at length below: 

 

…I have always felt that fuzzy logic has similarities with Boole’s 

logic. That logic, originating over 150 years ago, was the first 

system of reasoning in the form of a calculus. However, after 

reading Boole’s “Laws of Thought” it is difficult to discern 

whether Boole is concerned with a descriptive explanation of how 

people actually think, or with a prescriptive model of how they 

ought to think. 

 

What then is the relationship between fuzzy logic control 

applications and fuzzy logic itself? Precisely the same as that 

between Boole’s laws of thought (a descriptive theory?), Boolean 

logic (a prescriptive model?), and logic circuits (an application) 

-namely, an effective tool presented itself that met many, though 

surely not all, of the application needs. However, the widespread 

success of logic circuits cannot be used to legitimize Boole’s 

logic any more than the industrial success of fuzzy logic control 

legitimizes the philosophical correctness of fuzzy logic. 

Therefore, the question of a paradox - a central idea in Elkan’s 

paper -does not arise. Similarly, his argument on the 

philosophical deficiencies of fuzzy logic focuses on a theorem 

without fully discussing the assumptions and axioms it is based 

upon; this does nothing to argue against the adoption of fuzzy 

logic control. The terms “logic” in logic circuits and “fuzzy 
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logic” in fuzzy logic control are purely incidental, and a matter 

of historical evolution. 

 

To the spirit of this position Christian Freska concurs when he 

writes [60] that the represented real world and its representation 

are formally incommensurable. Nader Vadiee and Mohammad Jamshidi [60] 

equally echo same in these words; fuzzy logic-based models are 

actually efforts in building our perceptual models and maps of 

reality, and not the reality itself. However Christian Freska goes 

ahead to assert that fuzzy logic and the associated fuzzy set upon 

which it is based provides a potential interface at exploring 

correspondence relation between human concepts and their 

formalization and that Zadeh realized that it was much more important 

to have a good model of the semantics of human concepts and perform 

reasonable operations than to have a bad model and perform verifiably 

correct operations.  

 

Given that the scope and content of this thesis work became modified 

mid-course, the immediate future work we propose would be to actually 

build a simulation based on the problem formulation and system model 

presented in sections 1.2 and 5.2 respectively. It is however each 

one’s individual aspiration to carry out this simulation in near 

time, in private capacity, if the software when available would be 

made accessible to us. Further on, one could consider employing a 

type-2 fuzzy set in modeling the transmit power control problem in a 

fading channel. Finally, [61] reports that modeling mobile 

propagation pathloss for suburban areas using type-2 fuzzy logic 

approximation yields better result than the Hata model in terms of 

accuracy of prediction. It would be interesting to pursue a research 

that combines a fuzzy model in predicting pathloss in a multipath 

fading channel and funneling the output into a fuzzy uplink transmit 

power control mechanism. This way the relationship between coverage 

and capacity which are dependent on transmit power might be further 

tuned for better performance of the system. 
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