
Abstract 

Ali Soheil Sadri:  Novel Adaptive Power and Rate Control in Third Generation 

Wideband CDMA Mobile Systems, under the direction of Dr. Winser Alexander. 

This Dissertation proposes novel adaptive power control and rate change schemes 

and investigates the performance of a Wideband Code Division Multiple Access (W-

CDMA) system in conjunction with these adaptive techniques.  In these schemes, the 

transmit power and rate are adapted to the variations of the fading channel using adaptive 

thresholds based on the probability distribution function (pdf) of the predicted mobile 

channel power values. 

We define a policy similar to the traditional power control technique with 

thresholds except that the thresholds are set based on several regions of operation in our 

Adaptive Transmitter Power Control (TPC) and Adaptive Seamless Rate Change (SRC) 

schemes.  These regions are defined by means of the probability distribution function 

(pdf) of the total average channel power.  The pdf is initially constructed based on the 

history of the predicted channel power values derived from the long-range prediction 

algorithm.  These regions can be defined such that the system operates at a constant ratio 

of energy per bit over noise power. 

In a 1-user model with one channel path, the pdf of the channel power would be 

an exponential or chi-square function with 2 degrees of freedom. However, in a W-

CDMA system, normally the rake receiver has several fingers.  That is, at the receiver, 

the system either estimates or predicts the channel coefficients at each rake finger and 

performs maximal ratio combining by multiplying each finger with its conjugate or 



chooses the ones with the highest energy and performs maximal ratio combining on the 

selected fingers. 

In a two-user system where the multi-access interference is modeled as the 

Standard Gaussian Approximation (SGA), the system performance and error probability 

of our W-CDMA system becomes similar to the one for our one-user system.  

Consequently, in a single user detector system, when all users adopt a similar policy for 

their adaptive power and rate control, the average total Multi-Access Interference (MAI) 

will be reduced.  The resulting channel capacity of the system in this case will be 

increased and the system may operate in a lower transmit power level. 

We evaluate the performance of these schemes using a detailed block diagram 

simulation of a W-CDMA system.  We model and simulate all major components of the 

system including an accurate model for realistic mobile channels.  We present simulation 

results to verify that the proposed novel schemes are superior to the traditional 

approaches for transmitter power control and rate change.  Furthermore, our simulation 

results show that our proposed techniques reduce the effect of Multi Access Interference 

in a multi-user system. 
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1 Introduction 

In wireless communication systems, signal fading due to multipath radio propagation 

severely degrades the performance and imposes high transmitter power requirements.  

Since the characteristics of the mobile channel changes rapidly, the transmitter and the 

receiver cannot be configured to operate at their optimum performance levels and 

therefore, they fail to exploit the full potential of the wireless system.  One of the 

advantages of the CDMA system is that it increases the capacity of the channel due to the 

fact that each user in the system occupies the entire frequency band and therefore there is 

no waste of bandwidth due to channel spacing.  In this study, we concentrate on the 

mitigation of fading effects in the third generation wireless systems.  The most popular 

system under study is the Wideband CDMA (W-CDMA) [1,2,3].  

Clear voice service, high-speed mobile Web surfing, video conferencing from 

anywhere in the world, and thousands of other advanced applications over the wireless 

phone or handheld PC are the visions of the developers of the third generation wireless 

system [4].  Generally, any enhancements to the system that can improve the delivery of 

high-speed data, voice and video over mobile devices while increasing the battery life are 

challenging topics for consideration.  In this regard, transmitter power control and 

adaptive rate change are popular topics of interest for researchers. 

In the absence of power control, a Base Station (BS) would receive a much 

stronger signal from a Mobile Station (MS) that is geographically close to it than from a 

MS that is farther away.  This is so called the near-far problem.  In this case, power 

control schemes on the up-link or the reverse-link attempt to adjust the transmitted power 
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of each MS so that the nominal received power from each MS to the BS is almost the 

same. 

1.1 Background Literature 

Several authors have proposed techniques for adaptive modulation, adaptive power 

control, and adaptive coding.  Adaptive modulation, which requires accurate channel 

estimation at the receiver and a reliable feedback information path between the receiver 

and the transmitter, had initially been discussed in the 1960’s [5].  The basic idea behind 

any adaptive transmission is to maintain a constant ration of energy per bit over noise 

power Eb/N0 at the receiver by varying the transmitter power level or adjusting the 

transmitted rate or coding.  The issue of adaptive modulation has become an important 

topic of interest for many researchers in recent years due to the need for higher and more 

reliable communication systems. 

For example, Alouini and Goldsmith in one of their recent studies examined the 

capacity of Rayleigh fading channels under different adaptive transmission techniques 

[6].  The authors in this paper study the Shannon capacity of adaptive transmission 

techniques where they consider both the Maximum Ratio Combining (MRC) and 

Selective Combining (SC) of the received signal.  This paper presents a policy of outage 

probability where no data is transmitted during low signal power reception at the 

receiver.  The authors assume a very slow flat fading channel in this research.  They also 

state in the paper that when both adaptive power and rate control is applied in a system, 

the combination yields a small increase in system capacity. 

In another paper, Alouini et al. propose an adaptive modulation technique for 

simultaneous voice and data transmission over fading channels [7].  In this work, they 
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illustrate a technique to dynamically allocate the transmitted power between the Inphase 

(I) and Quadrature (Q) channels.  This technique uses fixed-rate Binary Phase Shift 

Keying (BPSK) modulation on the “Q” for the voice channel and variable rate M-ray 

Amplitude Modulation (AM) on the “I” channel for data.  As the channel degrades, the 

modulation gradually reduces its data throughput and reallocates most of the power to 

insure a continuous and satisfactory voice transmission. 

Power control is vital in wireless communications.  It mitigates the effects of the 

fading channel and also inherently lowers the power consumption if managed correctly.  

Lower transmit power yields a reduction in the Multiple Access Interference (MAI) and 

consequently increases channel capacity. 

Among papers on power control, there is a study by Lee and Steel [8].  The 

authors in this paper suggest a fixed–step and an adaptive-step closed-loop power control 

scheme that makes use of the multitap RAKE receivers for tracking the power variation 

due to path loss and fading.  The authors state that the measurement of the received signal 

power and the ratio of the bit energy-to-interference power spectral density play an 

important role in the accuracy of the CDMA power control. 

The performance of closed-loop power control in CDMA systems is a very 

attractive and critical research topic and several authors such as Sim et al. have presented 

important contributions [9].  They show that the fast closed-loop power control algorithm 

functions effectively when the speed of the mobile unit is in the range such that its 

Doppler frequency is less than one tenth of the power control update rate. 

Along with the study of the closed-loop power control is the study of the 

predictive power estimators in CDMA systems.  J. Tanskanen et al. suggest a Wiener 
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model based upon computationally effective power estimators (PE) for complex signals.  

The PEs in their proposal were designed to be one-step-ahead predictive and they found 

that a short filter between 5 to 21 taps was adequate [10]. 

Another related study in power control is the suggestion for a dynamic, combined 

power control and forward error correction control (FEC) algorithm for the mobile radio 

system that can minimize the power consumption at the transmitter while increasing the 

number of users.  P. Agrawal et al. propose the use of feedback of the target word-error-

rate at the receiver to adjust their transmitter power [11]. 

The combination of the rate, gain and coding change schemes through the use of 

the feedback transmission of the information from the BS to the MS are all interesting 

studies that claim to improve the performance of the mobile channel [12, 13].  In these 

proposals, which are similar to the other proposals, the authors propose that the quality of 

the channel can be determined on the basis of the calculation of the short-term signal to 

interference plus noise ratio C/(N0 + I0) at the BS receiver. 

A combination of an adaptive coding rate and process gain control technique has 

been presented as an effective technique in enhancing the performance of the mobile 

radio system.  S. Abeta et al. describe a CDMA based radio subsystem for multi-media 

commercial communication services that includes a channel activation function for 

different multimedia type applications [14].  This includes two types of media, i.e. fixed 

size data such as computer data and still images, and constant bit rate data such as voice 

and video.  The system achieves high throughput data transmission for the fixed size data 

by controlling the process gain and coding rate according to the variation of the channel. 

When the instantaneous received carrier power-to-noise plus interference spectral density 
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is low, low coding rate and large process gains are selected to improve transmission 

quality whereas high coding rate and small process gains are selected to achieve the 

higher bit rate when the instantaneous spectral density ratio is low.  For the constant bit 

rate data, a channel activation technique was disclosed in which the data are transmitted 

in a shorter burst when the bit rate is high and transmitted in a longer burst when the bit 

rate is low to keep its bit rate constant. 

Sampei et al. propose a wireless packet transmission scheme with adaptive 

processing gain and power control techniques for circuit-switched and packet-switched 

mode integrated DS-CDMA systems [15].  The authors suggested in this paper that the 

proposed algorithm dynamically control the power and rate of the two integrated systems 

at the Base Station according to the channel load. 

The main purpose of the schemes presented in these papers is the maximization of 

data throughput using a limited bandwidth while keeping transmission quality constant.  

However, in practice, the channel is time-variant due to fast fading and current 

measurements are not sufficient and adequate for determining the adaptation scheme for 

the next frame [16]. 

1.2 Prior Art Patent Disclosures 

There have been several patent disclosures that address the power control for CDMA 

systems.  We have examined several U.S and international patent disclosures to validate 

the novelty of our proposed techniques and we present a summary of the relevant 

discussions in this section. 

In one invention, E. Tiedemann et al. discuss a method and apparatus for 

controlling transmission power in a variable rate communication system [17].  The 



 1-7

method disclosed provides for a closed loop power control method.  A first remote station 

controls the transmission power of a second remote station by transmitting a rate 

dependent power control signal to the second remote communications system.  Since 

only the second communications system knows its transmission rate a priori, it must 

determine a course of action in accordance with both the received power control signal 

and the knowledge of its transmission rate. 

In another patent, L. Weaver et al. discloses an apparatus and method for 

controlling a final transmit power, Y of a base station in a cellular communications 

system that has several channels [18].  The base station has a transmitter power tracking 

gain Y and a radio frequency transmit power W.  The apparatus comprises channel 

elements for calculating expected power that is the received power minus the transmitted 

power for each of corresponding channels.  The apparatus also comprises a Base-station 

Transceiver System Controller (BTSC) for generating a desired output power, Yd for the 

base station including an adder for summing the expected powers.  The apparatus also 

includes a transmit power detector for measuring Y to obtain the measured transmit 

power.  The apparatus further comprises a Radio Frequency Interface Card (RFIC) for 

generating Y.  Finally, the apparatus includes a gain unit for processing Y and W to obtain 

the final transmitted power Y. 

Wheatley et al. in their patent disclosure describe a power control process that 

enables a mobile station to continuously update the base station on the power output 

required [19].  The authors explain a procedure for power control that the base station 

sends a frame to the mobile at a particular rate.  If the mobile received and decoded the 

frame correctly, the mobile sets a power control bit in the next frame to be transmitted to 
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the base station.  Based on the error rate of the received power control bits, the base 

station determines whether to increase or decrease the transmit power. 

The other related patent is a disclosure that describes a method and apparatus for 

using multiple code rates for forward error correction in a cellular digital radio 

communication system.  S. Gardner et al. disclose that each base station broadcasts a 

quantity called the power product (PP) that is equal to the base station transmit power, 

PBT, multiplied by the power level received at the base station, PBR [20].  In this model 

the mobile unit determines it’s appropriate transmit power, PMT, by measuring its 

received power, PMR.  When the channel path loss is large, it is possible that the power 

control calculation will return a value greater than the maximum transmit power 

capability of the mobile unit.  In such a case, the mobile unit selects a lower code rate.  

The base station receiver sensitivity improves as the code rate decreases, so the result is 

similar to increasing the transmit power.  In the preferred embodiment, the invention uses 

three different code rates.  In most cases, the code rate used is two-thirds.  However, 

when a mobile unit determines that it needs more transmit power than it is capable of 

providing, the code range is changed to one-half.  In severe cases the code rate may be 

changed to one-third. 

On the subject of rate change, a translated abstract from a Japanese patent, 

discloses reducing the Inter-Symbol Interference (ISI) at the time of demodulating signals 

from respective remote stations by preparing multiple chip rates and appropriately 

allocating them for the respective remote stations [21].  When the receiver determines 

that the maximum transmit power is not sufficient for error free transition, it selects a 

lower chip rate and signals the remote station of its new chip rate.  In a remote station a 
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spreading code is generated corresponding to the chip rate informed from the base 

station. 

In a summary, the prior art research and patent disclosures provide different 

algorithms and techniques for adaptive modulation including adaptive power control and 

dynamic rate changing.  These techniques are mainly designed to reduce MAI and 

consequently aimed at increasing the channel capacity.  However, due to the time variant 

nature of the mobile channels, inadequate adaptive closed-loop power control or rate 

change introduces the near-far effect and consequently increases the MAI.  Therefore, a 

technique that can define an adaptive power and rate control policy for all users in a cell 

that can limit the MAI would be very valuable. 

1.3 Problem Definition 

Using as low transmitted energy as possible is the primary design goal for the developers 

of mobile systems.  Strictly speaking, in wireless communications systems, this is 

important for increased battery life and reduction of interference.  In an unbalanced and 

unmanaged system with an inadequate power control scheme, performance degradation 

and reduction in the channel capacity are vastly evident. 

In conventional closed-loop power control, the ratio of the signal to interference 

plus noise is computed at the receiver and is compared with a set threshold value that is 

desirable for data transmission at a certain error probability.  This technique suffers a 

large power penalty since most of the average signal power is used to compensate for 

deep fades where the base station receiver continuously requests for higher transmitter 

power from the mobile unit [22].  Consequently, the conventional algorithm for power 
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control ignores the fading channel characteristics in determining the optimum power 

control scheme. 

Similarly, for the case of the multipath fading channels, where we include two, 

three or four paths, the same conventional power control scheme is applied to the 

transmitted symbols and no modification is made in this type of adaptive technique to 

optimize its performance.  Consequently the traditional scheme would not perform 

ideally in this case.  Furthermore, in the case of multi-user system, where each mobile 

system’s transmit power is modified based on the individual receiver performance at the 

base station, there are no means to control and limit the average total transmit power of 

all users.  Therefore, the inaccurate power management will increase the near-far effect at 

the base station receiver and significantly reduce system capacity. 

1.4 Research Contribution 

There are numerous constraints that determine when adaptive modulation may be 

used in a system.  Typically, if the channel is changing faster than it can be estimated and 

the information is fed back to the transmitter, any adaptive modulation technique will 

perform poorly. 

We propose a novel adaptive power control and rate change scheme for the W-

CDMA system based on an algorithm for long-range prediction of the mobile channel for 

the fading channel proposed by Eyceoz et al. [23].  The authors of this paper find the 

linear Minimum Mean Squared Error (MMSE) estimate of the future flat fading 

coefficients given a number of previous observations.  This algorithm characterizes the 

channel as an autoregressive model with lower channel sampling rate compared to the 

conventional data rate methods for fading estimations.  The authors show that this 
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algorithm can reliably predict the future flat fading coefficients far beyond the coherence 

time of the fading channel. 

Furthermore, we define a policy similar to the power control technique with 

thresholds with the exception that the thresholds in our Adaptive Transmitter Power 

Control (TPC) and Adaptive Seamless Rate Change (SRC) are set based on several 

regions of operation.  These regions are defined by means of the probability distribution 

function (pdf) of the total average channel power.  The pdf is initially constructed based 

on the history of the predicted channel power values derived from the long-range 

prediction algorithm.  These regions can be defined such that the system operates at a 

constant average Eb/N0 dictated by the policy. 

The channel coefficients in the W-CDMA system can be recovered accurately at 

the receiver with the use of the pilot training symbols.  Therefore, it is not necessary for 

us to predict the channel coefficients as explained previously [24].  However, in both the 

flat and the multipath-fading model, we instead exploit the long-range prediction of the 

total channel power.  Furthermore, the power levels of each rake finger can be predicted 

and the strongest ones can be used in determining the optimum thresholds in our adaptive 

algorithm. 

In a 1-user model with one channel path, the pdf of the channel power would be 

an exponential or chi-square function with 2 degrees of freedom.  However, in a W-

CDMA system, normally the rake receiver has several fingers.  That is at the receiver, the 

system either estimates or predicts the channel coefficients at each rake finger and 

performs maximal ratio combining by multiplying each finger with its conjugate or 
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chooses the ones with the highest energy and performs maximal ratio combining on the 

selected fingers. 

We present an example to further illustrate the performance of our proposed 

techniques in a multipath environment.  In this example we choose a RAKE receiver with 

4 fingers where each path corresponds to one of the RAKE fingers.  If the receiver 

chooses only 2 of the highest power paths, which is using only 2 fingers out of 4, the total 

average channel power would be a combination of that for the two paths.  In this case the 

pdf of the total channel power considering the 2 strongest paths is a chi-square function 

with 4 degrees of freedom.  Consequently the thresholds for adjustment of Adaptive 

Transmitter Power Control (TPC) or Adaptive Seamless Rate Change (SRC) would be 

different from the previous case.  One can generalize this by saying that for every path 

added into the system, the pdf of the total channel power becomes a chi-square with 

increments of 2 degrees of freedom. 

Furthermore, in a two-user system where the multi-access interference is modeled 

as the Standard Gaussian Approximation (SGA), the system performance and error 

probability of our W-CDMA system becomes similar to the one for our one-user system.  

In this case the total noise power would be a combination of the thermal noise and the 

multi-access interference.  Consequently, when all users adopt a similar policy for their 

adaptive power and rate control to our single user system in a flat or multipath-fading 

channel, the average total multi-access interference will be reduced.  The resulting 

channel capacity of the system in this case will be increased and the system may operate 

in a lower transmit power level. 



 1-13

The organization of this research for the rest of the chapters is as follows.  

Chapter 2 discusses the characteristics of the mobile radio channel and the Rayleigh 

fading model in particular, and gives a brief overview of the channel prediction algorithm 

where we explain its application to our novel technique.  Chapter 3 explains the system 

under study.  We explain the Code Division Multiple Access techniques and the 

Wideband CDMA system.  Chapter 4 is the core of the research and it describes the 

analytical results of the proposed adaptive technique for different channel environments.  

We also illustrate the performance of our proposed technique in the presence of other 

users.  Chapter 5 describes the detailed simulation procedure and gives comparable 

results to the numerical calculations of chapter 4.  The Conclusion is presented in chapter 

6 of this Dissertation. 
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2 Propagation, Characterization and Long Range Prediction of the 

Mobile Channel 

Researchers have used two different approaches to investigate the nature of mobile radio 

channels.  One approach is to try to get a comprehensive impression of the channel by its 

background in terms of physics. Another approach is to make numerous measurements of 

real channels to develop an empirical model.  In either case we can only develop a model 

based upon statistical descriptions of the channel. 

This chapter provides an overview of some existing channel models for wideband 

propagation from a theoretical point of view.  The description of the channel models will 

be the basis for the derivation of the theoretical long-range channel prediction scheme 

and our proposed improved power and rate controlled techniques in the following 

chapters. 

In a simple channel model, noise can be modeled as additive white Gaussian noise 

(AWGN) with zero mean and constant variance where it mainly stems from thermal 

noise in the amplifier. If there is no other distortion in the channel, this simple model is 

referred to as an AWGN channel. 

This simple channel model is not always applicable.  In a more general channel 

model, the signal is considered to be propagating over a multitude of paths.  This model 

can be explained in terms of physics by the nature of the propagation paths with many 

independent scatterers.  Therefore, a general channel model consists of a bandpass time 

variant filter that describes the channel disturbance followed by the addition of AWGN. 
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This model is shown in Figure 2.1.  Here, c(τ,t) denotes the channel impulse response 

where τ is the time delay variable and t denotes the time dependence of the channel; n(t) 

is the AWGN. 

 

 

 

 

 

Figure 2.1.  General Mobile Channel Model 

 

Initially, in this model, the transmitted signal x(t) is convolved with the channel impulse 

response, c(τ,t), and afterwards the white Gaussian noise, n(t), is added to the signal.  In 

the case of a pure AWGN channel as mentioned above, the channel impulse response is 

modeled as c(τ,t)= δ(τ). 

2.1 Mobile Channel Characterization Functions 

In order to describe the behavior of the mobile channel, we need to look at the functions 

that characterize the relationship between the input and the output of the channel both in 

the time and frequency domains [25,26]. 

Since the characteristic of the mobile channel impulse response in general is 

complicated and randomly distributed, the behavior of the channel must be described 
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statistically.  Therefore, the autocorrelation function of the channel response is used 

instead of its impulse response to describe the mobile channel behavior. 

( ) ( ) ( )[ ]2211
*

2121 ;;
2
1,;, tctcEttc ττττφ =       ( 2-1 ) 

In many applications the channel is assumed to be Wide Sense Stationary 

Uncorrelated Scattering (WSSUS).  The first property (WSS) of a stochastic process 

implies that the autocorrelation function depends on the time difference ∆t = t2-t1.  The 

second property (US) states that the impulse response is independent at the two delays τ1 

and τ2 due to the uncorrelated scatterers [27].  Therefore the autocorrelation function will 

look like, 

( ) ( ) ( )[ ] ( ) ( )211211
*

21 ;;;
2
1;, ττδτφττττφ −∆=∆+=∆ tttctcEt cc    ( 2-2 ) 

If we let ∆t=0 in (2-2), the resulting autocorrelation function φc(τ) explains the time 

delay behavior of the channel and provides a measure of the mean output power of the 

channel.  This is called the multipath intensity profile.  The multipath components of the 

transmitted signal that arrives at the receiver within a finite time duration becomes 

lim[φc(τ)]=0 for τ→ ∞  .  The time from when the first path arrives at the receiver until 

the time the last significant path signal arrives at the receiver is called the delay spread Tc 

of the channel. Figure 2.3 illustrates the multipath channel model with delay spread Tc. 



 2-18

 

 

 

 

 

 

Figure 2.2.  K-path Channel Model 

We can apply the Fourier transform to ( )tc ∆;, 21 ττφ  with respect to the delay variables τ1 

and τ2 to derive the spaced-frequency spaced-time correlation function.  Let us once 

again set ∆t=0 in this function to derive the function ( )fC ∆φ  that provides information 

about the coherence of the channel in the frequency domain.  We note that ( )fC ∆φ  is the 

Fourier transform of φc(τ).  Due to this relationship, the coherence bandwidth Bc of the 

channel is approximately the reciprocal of the delay spread Tc. 
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Both the coherence bandwidth and the delay spread serve for the characterization of the 

frequency selectivity in the mobile channel. 
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Let us once again consider the spaced-frequency, spaced-time correlation function 

( )tfC ∆∆ ;φ .  Taking the Fourier transform of this function with respect to ∆t results in 

the power spectral density ( )vfSC ;∆  where v is a frequency variable.  Once again we set 

the parameter ∆f=0 and we obtain the Doppler power spectrum ( )vSC  of the mobile 

channel [28].  The Doppler power spectrum gives a measurement of the frequency 

smearing that is the influence of the channel on the carrier frequency due to the Doppler 

effect and its effective bandwidth is referred to as the Doppler Spread Bd of the channel.  

We notice once again that ( )vSC  is the Fourier transform of ( )fC ∆φ .  Due to this 

relationship, we define the coherence time Td of the channel, which is approximately the 

reciprocal of the Doppler Spread Bd. 

d
d T

B 1≈           ( 2-4 ) 

The coherence time measures the duration of time that the channel is relatively constant.  

A slow moving channel has a large coherence time and consequently a narrow Doppler 

spread. 

The last function to consider is the scattering function ( )vSC ;τ for the channel 

that can be represented as the Fourier transform of the autocorrelation function or the 

inverse Fourier transform of the power spectral density ( )vfSC ;∆ . 

( ) ( ) ( ) fdevfStdetvS fj
C

tvj
c ∆∆=∆∆= ∆+∆− ∫∫ πτπτφτ 22 ;;;   ( 2-5 ) 
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We can illustrate a relationship between the channel parameters in a graphical 

representation. 

 

 

 

 

 

 

Figure 2.3.  General Relationship between the Channel Characterization Functions  

F, denotes forward and F’ denotes inverse Fourier transform 

2.2 Fading Channels  

Fading is described as the fluctuation of the amplitude of the mobile signal in a short 

period of time.  Fading is caused by the addition of two or more versions of the same 

transmitted signal arriving at the receiver at different times.  The effect of multipath 

fading on the amplitude and the phase of the received signal depends on the propagation 

time, intensity, speed and the bandwidth of the signal. 

An example for such a configuration is an outdoor channel environment as shown 

in Figure. 2-4.  We note from this illustration that the signal propagates over several paths 
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while being affected by different physical phenomenon such as reflection, diffraction, 

and refraction.  In this special example the receiver is moving away from the transmitter. 

 

 

 

 

 

 

 

 

Figure 2.4.  Typical Multipath Environment 

 

In such channels, there are two concurrent effects that disturb the transmitted signal.  The 

first one is the frequency selectivity due to multipath propagation and the second 

disturbance is referred to as fading due to the Doppler spread.  We will describe these 

effects in great detail in this chapter. 

2.2.1 Flat Fading Due to Delay Spread 

If the response of the mobile channel has a constant gain and linear phase over a 

bandwidth that is greater than the bandwidth of the transmitted signal, the received signal 

will undergo flat fading.  Figure 2.5 illustrates the characteristics of the flat fading 

channel. 
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Figure 2.5.  Flat Fading Channel Characteristics 

We can see in Figure 2.5 that the signal S(t) convolves with the narrow band channel 

coefficient c(τ,t) and produces r(t) that varies only in its gain.  Therefore, flat fading 

channels are often called amplitude varying channels or narrowband channels.  This is 

due to the fact that the bandwidth of the input signal is relatively narrow compared to the 

flat fading channel bandwidth.  Typical flat fading channels cause deep fades that may 

require 20 to 30 dB more transmitter power to achieve a low Bit Error Rate (BER) 

compared to the system operating over a non-fading channel. 

2.2.2 Frequency Selective Fading Due to Delay Spread 

If a channel retains a constant gain and linear phase response over a bandwidth that is 

smaller than the bandwidth of the transmitted signal, the channel creates frequency 

selective fading on the received signal.  In this case, the received signal contains multiple 
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instances of the transmitted waveform that are both attenuated and time delayed.  These 

types of channels create inter-symbol interference (ISI) due to time dispersion of the 

transmitted symbols within the channel.  In frequency selective fading channels, unlike 

Figure 2.5, the spectrum of the transmitted signal, S(f), has a bandwidth that is greater 

than the coherence bandwidth BC.  The frequency selective fading channels are also 

known as wideband channels since the bandwidth of the signal s(t) is wider than the 

bandwidth of the channel impulse response. 

2.2.3 Slow and Fast Fading Due to Doppler Spread 

Let us consider a mobile unit that is moving at a constant velocity v, along a path 

segment with length d, between points A and B.  At the same time the mobile unit is 

receiving signals from a remote source S.   

 

 

 

 

Figure 2.6.  Doppler Effect 
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The difference in path lengths traveled by the waveform from the source to the point A 

and B is ∆l = d cosθ = v ∆t cosθ.  In this equation, ∆t is the time that required for the 

mobile unit to travel from A to B and θ is the angle of arrival that is assumed to be the 

same for A and B.  The change in the frequency or the Doppler shift is therefore given by 

θcos




=

c
vff cd          ( 2-6 ) 

In the above equation, fc is the carrier frequency, v is the velocity of the mobile unit, c is 

the speed of light and θ  is the angle of arrival of signal to the mobile receiver.  If the 

mobile unit moves in the direction of arrival of the signal, the Doppler shift is positive 

and if the mobile moves away from the direction of arrival of the signal, the Doppler shift 

is negative.  Consequently, the multipath components from a continuous signal that 

arrives at the mobile unit from different directions contribute to Doppler spread and 

increase the signal bandwidth. 

Depending on how fast the transmitted signal changes in comparison to the rate of 

change of the channel, the channel is considered a fast or slow fading channel.  In a fast 

fading channel, the channel impulse response changes faster than the symbol duration.  

Therefore, the coherence time of the channel is smaller than the symbol period of the 

transmitted signal and then Ts > Tc.  In a slow fading channel, the channel impulse 

response changes at a much slower rate than the signal.  Therefore, the coherence time of 

the channel is much higher than the symbol period of the transmitted signal and then Ts 

<< Tc. 
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In a W-CDMA system with a 5 MHz channel bandwidth, the received signal 

suffers smaller disturbance from fast fading effects.  In outdoor environments, the deep 

fast fading suffered by channels with a bandwidth less that 1 MHz is about 30 dB, 

whereas the effect is much lower in a W-CDMA system [29]. 

2.3 Rayleigh Fading Model 

In mobile communications, the statistical time varying nature of the channel envelope is 

normally described as Rayleigh distributed for both flat fading and for multipath fading 

for each individual path.  In general, each path signal is assumed to be randomly 

distributed and mutually independent.  The angle of incident for all signals is uniformly 

distributed and the signal paths are assumed to have the same mean power.  

Consequently, the resulting signal can be modeled as the superposition of a large number 

of complex random signals.  The Rayleigh distribution is represented as the sum of the 

two-Quadrature Gaussian random processes due to the central limit theorem. 

The W. Jakes model [30] and its slightly reformatted model [31] is a deterministic 

method for simulating the Rayleigh fading channels. 

           ( 2-7 ) 

The fading coefficients at the receiver BS are given by the above sum.  In this case for 

the nth scatter, An is the amplitude, fn is the Doppler frequency, and φn is the phase.  The 

complex Gaussian distribution of the Rayleigh-fading signal was modeled based on the 

assumption that the scattered signals are distributed uniformly around the mobile unit 
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over [0, 2π] and the number of scatterers is infinity.  It is also assumed that the 

parameters An, fn, and φn vary much slower than the actual fading coefficient C(t).  

Figure 2.7 shows a Rayleigh distributed signal envelope as a function of the number of 

samples.  The Doppler frequency is assumed to be at 200 Hz with a sampling rate of 

4.096 MHz. 
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Figure 2.7.  Rayleigh Fading Envelope at 4.096 Mcps 
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In mobile communication systems with high data rates, we need to model the effects of 

multipath delay spread as well as fading.  Multipath is a common channel impairment 

that causes the reception of a sum of several delayed replicas of the transmitted signal.  A 

commonly used multipath model is an independent Rayleigh fading 2-ray model [32].  

The impulse response of a 2-ray fading channel model is given by the following equation 

           ( 2-8 ) 

Where C1(t) and C2(t) are independent Rayleigh distributed flat fading channel responses 

and τ is the time delay between the two rays. 

 

 

 

 

 

 

 

 

 

Figure 2.8.  Two-Ray Multipath Channel Model 
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For our simulation results in the following chapters, we have used the two-path model as 

illustrated in Figure 2.8 where the transmitted signal is summed after being delayed and 

convolved with the two independent Rayleigh fading coefficients. 

2.4 Long Range Channel Prediction 

In a flat fading channel model, we can form the linear MMSE prediction of the future 

channel samples of ( )tC
^

 in a discrete-time system based on the P previous channel 

samples that is determined as 

           ( 2-9 ) 

where the Cn-1, … , Cn-p are the previous channel samples that are sampled at least twice 

as fast as the channel Doppler frequency and the dj’s are the linear prediction filter 

coefficients.  The optimal coefficients dj 's are computed as  

           ( 2-10 ) 

where d = (d0 ··· dp-1), R is the autocorrelation matrix (p×p) with coefficients Rij = 

E[c-i c*
-j] and r is the autocorrelation vector (p×1) with coefficients rj = E[c-j+n c*

-j].  

Since the channel is modeled as the complex stationary Gaussian process, the 

corresponding autocorrelation function is given as  

           ( 2-11 ) 
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where J0(.) is the zero-order Bessel function of the first kind. 

In a realistic channel environment where the maximum Doppler frequency is 

around 200 Hz, the rate of the Doppler frequency is much lower than the sampling rate of 

the transmitted data at 4.096 MHz.  Therefore, with a given order P, we can predict for 

much further in time than of the one step-ahead predictor.  By adopting a recursive 

algorithm, channel parameters for several steps ahead can be predicted where the 

previously predicted samples are used for the observations of the future predicted 

samples [33].  This recursive algorithm also reduces the effect of the additive Gaussian 

noise encountered in the estimation of the channel coefficients. 

In a frequency selective channel model with L paths, assuming each path is 

Independent and Identically Distributed (IID), there will be L predictive estimators 

similar to the flat fading that are operating at the receiver [34], and each has the form of 

(2-9).  This investigation of the long-range prediction for the fading channel focuses on 

the case when the complex valued fading coefficients are predicted and observed.  

However, depending on the application, a different prediction problem may be of interest.  

For example, in the decision directed channel estimation, phase ambiguity requires 

differential encoding, and absolute phases are not available.  This makes prediction of 

future phases problematic. But this is not a serious limitation, since implementation of 

many proposed adaptive coding methods depend on the knowledge of future power only, 

and phase prediction is not necessary.  Thus, it is desirable to examine long-range 

prediction of the fading channel power using observed power samples. 
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2.5 Channel Power Prediction 

In a system where pilot or training symbols are provided with every transmitted data slot, 

the coefficients of the fading channel can be accurately estimated at the receiver.  These 

estimates can serve as the past observations where we compute the instantaneous 

predicted channel power for each path by 

           ( 2-12 ) 

By substituting (2-12) instead of the channel coefficient into (2-9) we can form the linear 

MMSE prediction of the channel power such that 

           ( 2-13 ) 

where the yn-1, … , yn-p are the previous instantaneous channel power samples that are 

sampled at a rate at least twice the channel Doppler frequency and the dj’s are the new 

linear prediction filter coefficients.  The optimal coefficients dj’s are computed as 

           ( 2-14 ) 

where d = (d0 ··· dp-1).  R is the autocorrelation matrix (p×p) with coefficients R'ij = 

E[y-i y*
-j] and r' is the autocorrelation vector (p×1) with coefficients r'j = E[y-j+n y*

-j]. 
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Furthermore, it can be easily shown that the corresponding autocorrelation function is 

given as  

           ( 2-15 ) 

Where J0(.) is the zero-order Bessel function of the first kind and N0 is the variance of 

the AWGN [35].  The resulting MMSE is given by the following equation. 

           ( 2-16 ) 

In our simulations, we assumed a sampling rate of fdm that is 1.6 KHz for our channel 

power prediction.  Therefore in our channel model where we assumed a Doppler 

frequency of 200 Hz and Nyquist rate of 400 Hz, our selected channel prediction rate is 4 

times higher than its Nyquist rate.  Therefore, the predicted channel power would have a 

smaller MSE error compared to the case where it is operating at the minimum required 

sampling rate [33]. 
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3 Multiple Access Technology 

The wireless communications market is growing rapidly and the demand for higher 

system capacity and bandwidth is increasing.  The analog cellular systems were designed 

15-20 years ago when the demand was not as high as it is in today’s market.  Today’s 

market demands large system capacity, low operations cost, revenue growth and finally 

smaller and friendlier user terminals.  These features encourage the need for digital 

technology for wireless communications.  There are basically three different technologies 

that share the spectrum resources for multiple users that can address the increasing 

demand of the wireless systems.  These are Frequency-division Multiple Access 

(FDMA), Time-division Multiple Access (TDMA) and Code-division Multiple Access 

(CDMA). 

3.1 Frequency Division Multiple Access (FDMA) 

FDMA is a system where each user is assigned a different operating frequency for uplink 

and downlink.  Guard bands are maintained between adjacent signals to minimize cross 

talk between users channel.  The frequency bands are reserved separately for the uplink 

and down link [23,36].  These channels are assigned on demand to users who request 

service.  During the period of the call, no other user can share the same frequency band.  

Each user is assigned a paired frequency in the channel.  One is assigned for the 

downlink or forward channel while the other is used for the uplink or the reverse channel.  

This scheme is called Frequency Division Duplex (FDD).  Figure 3.1 illustrates the 

FDMA system.  
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Figure 3.1.  Graph of the Time Domain Vs Frequency Domain of the FDMA System 

3.2 Time Division Multiple Access (TDMA) 

The TDMA systems divide the radio spectrum into time slots and in each slot only one 

user is allowed to either transmit or receive in the Time Division Duplex (TDD) mode or 

transmitter and receiver simultaneously in the FDD mode.  Each user, in this system, 

occupies a cyclically repeating time slot and each several time slots comprise a frame.  In 

this system, data is transmitted in bursts and therefore the transmission for any user is not 

continuous.  This implies that unlike the FDMA system where the transmission is 

continuous in each frequency band, the transmission in TDMA system is interlaced into 

repeating frame structure [37].  Figure 3.2 illustrates the TDMA system. 
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Figure 3.2.  Graph of the Time Domain Vs Frequency Domain of the TDMA System 

It can be seen from above that a frame consists of a number of slots.  For the TDMA 

standard of IS-136 or formerly IS-54, the number of slots is specified as 3 per frame [38, 

39].  In general the TDMA-FDD system intentionally induces several time slots of delay 

between the forward and reverse time slots of any user, so that duplicity is not necessary 

in the mobile unit.  Similarly to the FDMA system, the bandwidth of each channel is 

relatively narrow, at 30 kHz.  In the IS-54 standard however, each frequency band is 

shared between three users. 

The capacity of the TDMA system, similarly to the FDMA system, is bandwidth 

limited.  That is a predetermined number of channels are available for all mobile users.  

However, in comparison of the TDMA to the FDMA system, for each frequency channel, 
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IS-54 standard system and six times as much in the half rate channel.  The total number 

of channels is computed by multiplying the number of TDMA slots per channel by the 

number of available channels. 

c

guardtot

B
BBm

N
)2( −

=         ( 3-1 ) 

where m is the maximum number of TDMA users supported on each channel.  There are 

two guard bands at the beginning and end of each frequency band to prevent interference 

from adjacent frequencies.  From the above equation, we determine that the capacity of 

the TDMA system is similar to that for the FDMA system and is limited to the number of 

allocated frequencies and bands. 

3.3 Code Division Multiple Access (CDMA) 

In CDMA systems, the narrowband message signal is multiplied by a very large 

bandwidth signal called the spreading sequence.  The spreading signal is a pseudorandom 

code sequence with chip rate that is an order of magnitude greater than the data rate of 

the message signal.  All users in the CDMA system use the same carrier frequency and 

share the bandwidth.  The data transmission may be done synchronously or 

asynchronously.  Each user has its own pseudorandom codeword that is orthogonal to all 

other users. 

The transmit power of users at the receiver determines the noise floor of the 

system after the correlation operation of the desired codeword with the received signal.  

If the power of each user within a cell is not controlled and the signals do not appear at 
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the receiver base station with the same power, the near far problem occurs.  This problem 

is particularly severe in the direct sequence systems where multiple users operate at the 

same frequency band simultaneously with interference with one another [40].  Figure 3.3 

illustrates the CDMA system where each channel is assigned a unique orthogonal 

pseudorandom code sequence. 

 

 

 

 

 

 

 

 

Figure 3.3.  Graph of the Time Domain Vs Frequency Domain and Codeword of the 
CDMA System 

In CDMA systems the stronger received signal level raises the noise floor at the base 
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the same signal power to the BS receiver.  Power control is normally computed by 

rapidly sampling the signal strength at the receiver and comparing the estimated power 

level to a set known threshold and then sending power control commands to the 

transmitter over the forward channel.  CDMA systems have several features.  Some of 

these features are tabulated in the following table. 

Table 3.1.  CDMA System Features and Limitations 

Several users use the same frequency, TDD or FDD mode. 

Unlike FDMA and TDMA, the CDMA system has soft capacity limits. 

Multipath fading is reduced due to the spreading of the message signal. 

The Channel data rate may be high due to the fact that the bandwidth is 

higher than FDMA or TDMA. 

The Near-far problem limits the performance of the system if the power 

control scheme is not correctly applied. 

Multi-access interference limits the performance of the CDMA system 

 

The second-generation CDMA cellular system is considered a narrowband CDMA 

system [41].  In the narrowband CDMA system the available wideband spectrum is 

divided into a number of small bandwidth spectrums.  Each of these sub-channels forms a 

narrowband CDMA system where the processing gain is lower than that for the original 
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wideband CDMA system.  Figure 3.4 illustrates the spectrum of the narrowband and the 

wideband CDMA system. 

 

 

 

 

 

 

Figure 3.4.  Spectrum of WCDMA Compared to the FCDMA 

This type of system is called FDMA/CDMA or FCDMA system.  The advantage of the 

FCDMA system is that different users can be allocated different bandwidths depending 

on their requirements. 
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capacity due to a higher bandwidth compared to the second-generation narrow band 

CDMA system such as IS 95, where the available radio spectrum is divided into a large 

number of narrow-band channels.  In W-CDMA, symbols are transmitted using 

Quadrature Phase Shift Keying (QPSK) and Direct Sequence CDMA (DS-CDMA).  

Table 4.2, illustrates the key modulation parameters of the W-CDMA system. 

Table 3.2.  W-CDMA Modulation Parameters 

Multiple Access Scheme Wideband DS-CDMA 

Duplex Scheme FDD 

Chip Rate 
4.096 Mcps 

(8.192 / 16.384 Mcps) 

Carrier Spacing 
4.4 – 5.0 MHz 

(200 KHz raster) 

 

The basic chip rate is 4.096 Mcps, which is expected to expand to 8.192 and 16.384 Mcps 

in order to accommodate bit rates above 2 Mbps.  W-CDMA uses the FDD scheme and 

has a flexible carrier spacing of 4.4-5.0 MHz with a carrier raster of 200 kHz.  The 200 

kHz carrier raster has been chosen to provide good coexistence and interoperability with 

the Global System for Mobile communications (GSM) network [42, 43]. 
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3.4.1 W-CDMA Physical Channel Structure 

W-CDMA defines two types of dedicated physical channels.  One is the Dedicated 

Physical Data Channel (DPDCH) used to carry dedicated data generated at the layer 2 

and above.  The second is the Dedicated Physical Control Channel (DPCCH) that is used 

to carry layer 1 control information. 

In the uplink, the DPDCH and DPCCH are coded and In-phase and Quadrature 

bits are multiplexed within each radio frame.  The uplink DPDCH carries the control data 

while the DPCCH carries pilot bits, and Transmit Power Control (TPC) commands [44]. 

We can observe the channelization and scrambling of the uplink physical channel 

in Figure 3.5. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.  Uplink Channelization and Scrambling 
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In the basic operation, each physical channel is organized in a frame structure.  Each 

frame of length 10 ms is divided into 16 slots of length 0.625 ms so that each slot consists 

of 2560 chips each corresponding to one power-control period.  Therefore, the power-

control and pilot symbol frequency is 1.6 kHz.  For the downlink, pilot symbols are time-

multiplexed with data symbols.  That is every slot starts with a group of pilot symbols (4 

or 8) that may be used to estimate or predict the channel and perform synchronization.   

Figure 3.6 shows the uplink W-CDMA frame structure with the detail illustration 

of the DPDCH and DPCCH frames. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6.  Uplink W-CDMA Frame Structure 

Slot 

#0 

Slot 

#1 
………  Slot 

#15 

10 ms (one Frame) 

Data 

Pilot   TPC  (TFI) 
      Optional 

DPDCH 

DPCCH 

0.612 ms 



 3-43

3.4.2 Orthogonal Variable-Length Code 

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

CDMA mobile communications systems.  W-CDMA is designed to support a variety of 

data services from voice to high-speed data and video.  All users in the system have the 

same signal bandwidth and spread to the same chip rate.  Therefore, multi-rate 

transmission requires multiple programmable Spreading Factors (SF). 

Let each bit of the lowest bit-rate service be Rmin and let it be spread by a code of 

length N=2n,where n = 1, 2, … , 22
maxlog R .  Also, let’s assume another low bit-rate 

service is transmitting at 2xRmin where the bit duration is half that for the previous case. 

Then, we need a spreading code of length 2
N  =2n-1 for spreading.  In general a code 

length of 2n-k is needed for bit rate 2kRmin.  A method to obtain variable-length orthogonal 

codes that preserve orthogonality between users at different transmission bit-rates is 

presented in [45]. 

The Orthogonal Variable Spreading Factor (OVSF) code or the signature 

sequence is used to spread the data to the chip rate.  The OVSF codes can be defined in a 

tree-like manner is illustrated in Figure 3.7. 

Starting from C1(1) = 1, a set of 2k spreading codes with the length of 2k chips are 

generated at the kth layer.  Generated codes of the same layer constitute a set of Walsh 

functions and they are orthogonal.  In other words, a code can be selected in a system if 

and only if no other code on the path from the specific code to the root of the tree or the 

sub-tree is selected in the same BS [46]. 
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Figure 3.7.  OVSF Code Tree 
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3.4.3 Multiple Spreading 

A two layer spreading or multiple spreading code allocations provide flexible system 

deployment.  As explained in section 2.1.1, orthogonality can be achieved by first 

multiplying each user’s data by short spreading sequences which are orthogonal to one 

another in the same cell.  This spread signal is followed by multiplication of a long 

pseudorandom noise sequence (PN) that is user specific in the cell.  The short orthogonal 

codes are called channelization codes, and the long PN sequences are called scrambling 

codes.  Each transmission channel code is distinguished by the combination of the 

channelization code and a scrambling code [47]. 

The uplink scrambling code can be either short or long.  The short scrambling 

code is a complex code built of two 256-chip-long extended codes from VL-Kasami [48] 

set of length 255.  The long scrambling code is a 40960-chips segment of a Gold code 

[49] of length 241-1. 

If the base station is using an advanced receiver structure such as interference 

cancellation multi-user detection, a short scrambling code is typically used for lowering 

the complexity of the receiver.  When short codes are used, the cross-correlation 

properties are maintained between symbols, making the update of the cross-correlation 

matrix less complex.  On the other hand in the cells where ordinary RAKE receivers are 

used, the long scrambling code is more appropriate. 

3.4.4 Closed-Loop Power Control 

The CDMA power control is a scheme to improve system performance and reduce 

multiple access interference.  Reducing the short-term Rayleigh fading effect and 
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resolving the near far problem in the wireless reverse link may minimize the interference.  

The conventional fixed and variable step-size closed-loop power control has been 

proposed to combat this problem [50].  Although the fixed-size steps may not be 

adequate for a variable fading environment, the variable step-size power control also does 

not guarantee a constant power to be received at the base station.  The threshold 

adjustment is typically based on the past behavior of the fading channel and the power 

control commands do not represent the current gain adjustment factor necessary to 

combat the variable fading effect [51, 52].  Figure 3.8 illustrates the power control 

structure. 

 

 

 

 

 

 

 

 

 

 

Figure 3.8.  Closed-Loop Power Control Structure at the Base Station 
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receiver.  The received Eb/N0 is compared to a threshold value and the commands are 

generated for the appropriate adjustment signal level for the mobile transmitter power 

control.  These commands are sent to the mobile unit over the downlink transmission. 

In a multi-user system, the goal of the BS is to manage the total transmitted power 

for all mobile users in a cell.  However, the BS commands to each user must be such that 

the mobile station adjustment of its transmitted power is incremental and independent of 

all other user’s adjustment.  Consequently, the BS will not be able to minimize the multi-

user interference of all users in the cell.  Any improvement to the power control scheme 

that makes use of the statistics of the mobile channel to control the total interference is 

greatly beneficial in enhancing the capacity of the mobile system. 

Furthermore, we propose a more efficient combination of a power and rate control 

scheme that minimizes the effect of MAI of a single user detector in a multi-user system.  

The following chapters describe the details of our powerful and novel technique. 
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4 Novel Adaptive Power and Rate Control Techniques with Analytical 

Results 

Using as low transmitted energy as possible is a primary design goal in wireless systems 

where a reduction in transmitted power increases handset battery life and reduces 

intercell interference.  In this regard, adaptive modulation is a very interesting topic that 

has attracted several researchers in the past [53, 54, 55, 56, 57].  These authors address 

more efficient and improved quality of service to the users by the use of several different 

adaptive modulation algorithms.  Beside the system power management, system capacity 

and reliability are also of great importance in designing the next generation cellular 

system. 

Our proposed schemes enhance the quality of the system by improved adaptive 

Transmitter Power Control (TPC) and adaptive Seamless Rate Change (SRC) with the 

objective of reducing the error probability while keeping the average transmit power 

constant.  These techniques use the TPC bits and pilot symbols defined in the W-CDMA 

frame structure for signaling. 

In mobile communication systems, the propagation channel is usually modeled as 

Rayleigh distributed [58] where the channel power has a chi-square probability 

distribution function with 2 degrees of freedom.  Therefore the probability distribution 

function of the channel power y=α2 where α is complex channel coefficient and variance 

E(y)=2σ 2 is 

           ( 4-1 ) ( ) 22/
22

1 σ

σ
yeyp −=
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The probability distribution function, γb, of the signal-to-noise ratio (SNR) at the receiver 

is 

           ( 4-2 ) 

           ( 4-3 ) 

where (4-3) is the average SNR at the receiver and the term E(α2) is simply the average 

value of the channel power.  In most W-CDMA systems, the channel has several 

multipath components.  However, in this section, we concentrate on the flat fading case 

and later we discuss the case for the multipath-fading channel. 

We apply the long-range channel prediction scheme presented in chapter 2 to 

implement our adaptive schemes.  In our implementation, the BS for the next 10ms, or 

one future W-CDMA frame, predicts the future channel power.  In our theoretical and 

simulation analysis, we assumed the BS prediction of the channel power at the beginning 

of each slot for the duration of a frame would be perfect, and the pdf of the predicted 

channel power is also chi-square with 2 degrees of freedom or exponentially distributed. 

The modulation scheme applied in our derivations is antipodal BPSK signaling 

where a 0 bit is represented as a – 1 and a 1 bit is represented as a + 1.  The probability of 

error for a BPSK is given by evaluating the integral, 
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           ( 4-4 ) 

 

 

 

By substituting (4-2) into (4-4) and carrying out the integration for P2(γb), the resulting 

integral would become, 

           ( 4-5 ) 

Equation (4-5) is the closed form error probability for a BPSK system operating in a flat 

fading channel environment. 

4.1 Adaptive Power and Rate Control 

The traditional power control algorithms focus on controlling the interference by keeping 

the received power constant or performing Carrier-to-interference ration (CIR) balancing.  

This is normally achieved by reporting the past estimates of the power levels to the 

transmitter where the transmitter increases or decreases its power by a set increment. 

Due to the random behavior of the mobile channel, when the traditional power 

control scheme is applied to the transmitted signal, most of the energy is used to combat 

the signals during the deep fades.  Any increase in the transmitter power of one user 
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of operations for each user of the mobile system, we can balance the MAI of each user 

and maintain a constant MAI. 

However, the probability distribution function of the channel power for a 

Rayleigh fading channel is considered to be exponential or chi-squared distributed with 

two degrees of freedom.  Consequently, to divide this pdf into several regions where the 

probability of every region becomes equal is not a trivial computation. 

Furthermore, in a CDMA receiver, normally the rake receiver has several fingers 

due to the multipath signal arrival.  That is at the receiver, the system either estimates or 

predicts the channel coefficients at each rake finger and performs maximal ratio 

combining by multiplying each finger with its conjugate or chooses the ones with the 

highest received energy and performs maximal ratio combining on the selected fingers by 

multiplying each finger output with the conjugate of the channel coefficients and 

combining the results. 

In either case, the system performs the long-range power prediction of each finger 

to compute the total channel power.  These values are used to modify the thresholds 

based on the new multipath channel power probability density function. 

Figure 4.1 illustrates a three-region pdf of a Rayleigh distributed channel power. 
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Figure 4.1.  Three-Region pdf of the Channel Power 
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transmitted slot is assumed to be available ahead of time at the MS transmitter.  

Therefore, the MS can compare the instantaneous predicted channel power level to the 

“A” and “B” values respectively and make appropriate adjustments to its transmitted 

information.  In other words the MS can optimize its transmitter in order to minimize the 

probability of error at the BS receiver.  We discuss this optimization in terms of TPC and 

SRC schemes. 

4.2 General Procedure 

We define a policy such that the MS transmitter modifies its transmitter power by 

multiplying its transmitted symbols by a gain factor or transmitter rate by a change in its 

spreading factor (SF) based on a threshold set by the BS.  A channel probability 

distribution function is constructed initially based on the long-range prediction of the 

channel power.  This PDF will be updated with the actual values derived from the 

channel estimation and instantaneous power calculations at the beginning of every W-

CDMA slot.  Next, thresholds will be set based on the constructed pdf so that the system 

operates 33% of the time in low-power region [0, A), 33% of the time in the mid-power 

region [A, B) and 33% of the time in the high-power region [B, ∞ ). 

4.2.1 Transmitter Power Control (TPC) 

Implementation of the TPC technique is straightforward. When the instantaneous 

predicted channel power falls below the computed value of “A,” it implies that during the 

next data slot the system operates in a low channel power condition.  Therefore the 

transmitter increases its transmitter power by a fixed value.  In our analysis and 

simulation, we examine a 1-dB and a 3-dB increment policy for simplicity and further 
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comparison to the SRC technique.  Similarly, when the instantaneous predicted channel 

power lies above the “B” value, the MS reduces its transmitter power by 3-dB.  And 

finally, it makes no adjustment when the predicted channel power in the [A, B) region. 

4.2.2 Seamless Rate Change (SRC) 

The system can operate in the SRC mode to utilize the maximum capacity of the cellular 

system and reduce interference.  In this case, if the predicted channel power falls below 

the “A” value, the MS reduces the transmit rate and it selects a predefined longer 

spreading code. In our simulation, two times the Spreading Factor (SF).  When the 

predicted channel power goes above the “B” value, the MS increases its transmitter rate 

and selects a shorter spreading code, one half of the SF.  Finally the system makes no 

adjustment to its transmitter and receiver when the predicted channel power lies in the 

[A, B) region. 

In order to increase the capacity of the cellular system, the BS can make use of its 

available bandwidth and the SRC technique to signal the selected MS to reduce its 

transmitted rate.  Reducing the transmitter rate is the same as increasing the processing 

gain, which allows the mobile user to reduce its transmitter power for achieving the same 

error probability at a lower rate.  Consequently, reduction in the transmit power in an 

interference limited CDMA system increases the channel capacity which allows new 

users to be added into the system. 

When the system chooses to increase or decrease the rate using its TPC bits, the 

BS signals the MS to modify its transmitted rate by halving or doubling the SF.  For 

example if the nominal spreading factor is, “00111100,” the transmitter use code “0011” 
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C8(8) = {1,-1,-1,1,-1,1,1,-1}

SF = 8
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for twice the rate and “0011110000111100” for half the rate transmission.  Figure 4.2 

illustrates the orthogonal code change for the SRC technique. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  Orthogonal Code Change Scheme 

SRC can also be used where there is excess bandwidth for the user to run its application.  

Since increasing the data rate by two has the same effect as doubling the transmitter 

power on the BER performance; SRC would be a better candidate to reduce BER where 

the system operates in a limited power consumption budget. 

The MS transmitter and the BS receiver operate in a synchronous mode and adjust 

their transmitter or receiver according to a message sent by the pilot channel.  The system 

can operate in a combination of the TPC, and SRC for optimum performance where 

excess bandwidth and power is available.  For example, we can double the SF in 

conjunction with increasing the transmit power. 
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4.3 Analytical Results in Flat Rayleigh Fading Channel 

Initially we assume the flat fading case.  In our analytical work the average channel 

power is assumed to be equal to 1.  Therefore, the average SNR (4-3) becomes, 

           ( 4-6 ) 

Therefore, in a system that operates in a three region TPC and the 3-dB adjustment 

policy, the transmitter would be operating at three distinct power levels at each region 

that the average SNR at the receiver become, 

           ( 4-7 ) 

Where, 1, 2, and 3 are the indices corresponding to the three regions of the channel power 

pdf.  Since the average channel power is assumed to be one, the above policy imposes a 

slight energy boost to the system when we apply a 1/3 probability. 

           ( 4-8 ) 

where x=1.1667 is the gain value in our calculations. Therefore, to offset this power 

boost in our analysis, we have shifted the curves upward in the theoretical graphs and 

took the power amplification in account in our simulations. 
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The three different transmit power levels of (4-8) changes the probability 

distribution function of the received SNR at the receiver.  Therefore, we can rewrite the 

pdf of (4-2) for the three different SNR values corresponding to each region. 

           ( 4-9 ) 

In order to compute the thresholds for our adaptive modulation scheme, we need to 

initially integrate and evaluate (4-1) where 2σ 2=1.  In the low power region [0, A) of the 

channel power pdf of Figure (4.1) we can compute threshold “A” by solving 

           ( 4-10 ) 

where we can repeat (4-10) for the other regions [A, B) and [B, ∞ ), and calculate the 

other threshold “B” respectively. 

By substituting (4-9) into (4-4), we determine the theoretical error probability of 

BPSK system operating at three transmit power regions to be, 

           ( 4-11 ) 
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It is not practical to compute a closed form equation for (4-11). Therefore, we 

used Mathematica [59], a numerical analysis tool, to solve the above equation in our 

analytical results.  Numerical analysis tools normally solve complex equations by very 

close approximation methods.  We have compared the results of the one region operation 

that produces the closed form (4-5) to the results solved by the numerical tool and the 

result perfectly match the results presented in text book reference [58].  Also since the 

simulation results closely match the closed form results and results computed by the 

numerical tool, we conclude that our theoretical results are accurate. 

We computed the three integrals of (4-11) that correspond to the area under the 

curve of each region of the channel power pdf separately and sum the results for the total 

channel power.  The result of each integral is the BER of the system when operated 

within the specified regions.  Furthermore, when we define 5 and 7 regions of operation, 

the need to use a mathematical analysis tool such as Mathematica becomes more practical 

and necessary. 

We can expand (4-11) for a multi-region TPC/SRC system and derive a general 

equation for our adaptive algorithm such as 

           ( 4-12 ) 

where N is the number of operation regions and the initial threshold value C0 = 0, and the 

final threshold value CN = ∞ . 
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We calculated the theoretical error probability vs. energy per bit for a system with 

and without TPC/SRC for 3, 5 and 7 regions and a 1-dB adjustment policy and illustrated 

the results in Figure 4.3. 

 

 

 

 

 

 

 

 

 

Figure 4.3.  Theoretical Pe vs. Eb/N0 with/without TPC/SRC 1-dB Adjustment 
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A 1-dB increment in the power control scheme, where it is a small adjustment in 

the power control technique, reduces the probability of error of the system in smaller 

increments.  Consequently the system may not be utilizing its optimum performance. 

Figure 4.4 shows the theoretical performance of the uncoded system with a 3-dB 

adjustment policy. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.  Theoretical Pe vs. Eb/N0 with and without TPC/SRC with 3-dB 

Adjustment 
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Figure 4.4 illustrates the error probability of our proposed scheme as compared to 

the Rayleigh-fading channel with no power or rate adjustment and the AWGN channel.  

A 3-dB power adjustment is also represented as doubling or halving the data rate in the 

SRC scheme. 

The top curve in Figure 4.4 illustrates the performance of a BPSK system with no 

adaptive power or rate control.  The bottom curve is the reference AWGN channel that is 

the system upper bound performance.  The three middle curves illustrate the performance 

of the BPSK system in conjunction with our proposed power control scheme 

It is clear from the graph that the performance of our TPC or SRC techniques 

improves as the number of regions increments.  The improvement for increasing the 

number of regions decreases as the number of regions increase.  Since doubling the 

transmit power of each bit has the same effect as using twice as long a code sequence for 

each symbol, the theoretical values of the uncoded error probability for TPC and SRC are 

the same. 

4.4 Analytical Results in Multipath Rayleigh Fading Channel 

Let assume we have a rake receiver with 4 fingers with each multipath corresponding to 

one of the finger.  After performing the long-range prediction for each path, if the 

receiver chooses to use only 2 of the highest power paths, the total average channel 

power would be a combination of that for the two paths.  In other words the receiver is 

using 2 fingers out of the 4 such that, 
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In this case the pdf of the total channel power considering the 2 strongest paths is a chi-

square function with 4 degrees of freedom.  Consequently the thresholds for adjustment 

of the adaptive transmitter power control would be different from the previous case.  One 

can generalize this by saying that for every path added into the system, the pdf of the total 

channel power will be varied and it becomes a chi-square pdf with n=2,4,6…  degrees of 

freedom such that, 

           ( 4-14 ) 

where Γ(q) = (q-1)! is the Gamma function and n is the degrees of freedom. 

Figure 4.5 illustrates the pdf of the predicted channel power for L=1, 2, 3, and 4 

path Rayleigh fading channels with 2L degrees of freedom.  In this plot we see that as the 

number of the paths increases, the distribution of the channel power becomes closer to a 

Gaussian distribution due to the fact that the sum of large number of Independent 

Identically Distributed (IID) random variables approaches a Gaussian distribution [60]. 

The sampling rate to compute the channel powers pdf of Figure 4.5 is the same 

rate as the sampling rate of the pilot symbols in the W-CDMA slots.  These channel 

power values are computed from the channel coefficients that are recovered adaptively at 

the beginning of each slot.  As noted in previous chapters, a 10 ms W-CDMA frame is 

divided into 16 slots of 0.626 ms..  At the beginning of each slot there are several 

symbols of pilot or training sequences that are used to recover the channel coefficients. 
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Figure 4.5.  Channel Power pdf for 1, 2, 3 and 4 Paths 

It is clear from Figure 4.5 that if we were dividing the multipath channel power pdf into 

three, five or seven regions, the thresholds for the new segments would become a 

different value for 1, 2, 3, or 4 paths.  This graph is obtained from actual simulation of the 

W-CDMA system where for each path the fading coefficients are assumed to be 

independent. 
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Consequently the new b

−
γwhich is the new average SNR at the receiver for the 

multipath case becomes 

           ( 4-15 ) 

Similarly to the flat fading case, the total average channel power in (4-15) is normalized 

to one. 

Similarly, in a system using TPC and the 3-dB adjustment policy, the transmitter 

operates at three transmit levels and consequently the average SNR at the receiver 

becomes the same as given in (4-15).  The pdf of the average SNR at the receiver for a 

chi-square-distributed random variable with 2L degrees of freedom where L is the 

number of paths is given by 

           ( 4-16 ) 

By substituting (4-16) into (4-4) where the system operates in one region, we can 

compute the closed form error probability for a BPSK system operating in a multipath 

fading channel environment as 

           ( 4-17 ) 
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If we adopt the three-region TPC/SRC for power management, the new pdf for the 

received SNR in multipath fading channel becomes  

           ( 4-18 ) 

where n= 1, 2, 3… , is the operating region number and not the power. 

The theoretical error probability of a BPSK system operating at three transmit 

power regions will become similar to (4-11) where we need to integrate and evaluate (4-

15) for the three regions, and solve for the new thresholds A1 and B1 similar to (4-10).  

Therefore the exact equation for the probability of error will become once again (4-19) 

where the lower and upper thresholds are normalized with the corresponding SNR values 

and (4-18) replaces (4-9). 

           ( 4-19) 

In the above equation,  A1, and B1 are normalized for each region with their 

corresponding SNR value for p(γ).  Similarly to the case for (4-11), a closed form 

equation for (4-19) is not practical.  Therefore we applied Mathematica software to solve 

the complicated integral through approximation.  We compared the results of the one 

region operation that produces the closed form (4-17) to the results solved by the 

numerical analysis tool and the result perfectly match the result presented in the textbook 

reference [58]. 
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The calculated theoretical error probability vs. energy per bit for a system with 

and without TPC or SRC for 1, 2 and 4-path Rayleigh fading channels operated at 

different numbers of regions are plotted in Figure 4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6.  Theoretical Pe vs. Eb/N0 with/without TPC/SRC, 1, 2, & 4 Paths 

It is clear from Figure 4.6 that the theoretical performance of the uncoded system as 

compared to the Rayleigh-fading and the multipath fading is superior.  It can also be 
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noted from the graph that the performance of the TPC and SRC systems improve as the 

number of transmission paths increases and also as the number of region increments 

increases.  Similarly to the case for flat fading, the improvement for increasing the 

number of regions decreases as the number of regions increase. 

4.5 Analytical Results for Multi-user Performance 

Let us initially look at a basic CDMA system with K-users.  This system consists of the 

sum of antipodal modulated synchronous signature codes in an Additive White Gaussian 

Noise (AWGN) channel.  Secondly, we introduce the Rayleigh fading channels to 

examine the performance of our proposed system in a multi-user channel model.  In this 

case the received signal would become 

           ( 4-20 ) 

where T is the inverse of the data rate, and sk(t) is the known orthogonal variable 

spreading sequence for user k and is normalized such that 

           ( 4-21 ) 

Ak is the received amplitude and the bk is the transmitted bits for the kth user.  Finally 

n(t) is the AWGN that models the thermal noise and other sources of unrelated signals 

that can be modeled as WGN [61]. 
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For most practical applications such as the mobile handset, single user detectors 

are considered to be a better candidate for implementation in the hardware.  The 

conventional matched filter detector consists of a single-user-matched filter that is 

matched to the signature code of the user of interest.  Therefore detection is also based on 

the output of the filter for the user of interest.  It is known that the performance of the 

single user detector suffers from the near-far problem.  That is the weakly received or far 

user’s signal may be corrupted by the strong or near user’s signal.  Therefore, optimum 

and sub-optimum single and multi user detectors have been developed to combat this 

problem [62, 63, 64].  Due to the high complexity of the multi-user detectors, these 

classes of detectors are strong candidates for BS receivers and not for MS receivers. 

Consider K users transmitting synchronously using binary CDMA over a 

Rayleigh fading frequency non-selective channel.  At the receiver, there are K matched 

filters that de-spread each user’s signal.  In discrete time, we can write the output of the 

correlator bank in the baseband as 

           ( 4-22 ) 

where Ck are IID zero-mean complex Gaussian fading coefficients, and bk and nk are 

data bits and AWGN.  The normalized cross correlation between the two signature 

waveforms of user 1 and user K is rkj for j=1.  If the signature waveforms are orthogonal, 

the cross correlation rkj becomes zero and the Multiple Access Interference term 
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disappears.  Therefore, the matched filter output (4-22) reduces to a single-user problem 

where 

           ( 4-23 ) 

In this case the probability of error for such a system would become the same as (4-5) 

which is the same error probability we obtain in the absence of other users.  Since the 

presence of other users cannot reduce the probability of error, the bank of single-user-

matched filters is only optimum in the synchronous orthogonal CDMA case.  Due to the 

effect of fading, the rkj is not zero where in this case the system under study becomes a 

non-orthogonal CDMA.  In a k-user system [62], the exact BER expression for user 1 

with a single-user detector in a flat Rayleigh fading channel and AWGN is similar to (4-

5) that is given by  

           ( 4-24 ) 

where the equivalent SNR for the above BER is 

           ( 4-25 ) 

In these calculations no approximation is used.  For non-orthogonal CDMA where the 

signature sequences are not deterministic, the correlation between the two signature 
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           ( 4-26 ) 

In this case the variance of r1j evaluates to 
N
1  where we can replace (r1j)2 with 

N
1  in (4-

25) and N is the spreading factor [65].  Figure 4.7 illustrates this approximation  

 

 

 

 

 

 

 

 

Figure 4.7.  BER Performance in Multi User System, Exact and Gaussian 

Approximation 
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We notice from Figure 4.7 that at a relatively low signal to noise ratio, around 10 to 25 

dB, the Standard Gaussian Approximation (SGA) of the MAI term is relatively accurate. 

If the set of power levels for the K-1 interfering users is constant, γj = γ, we 

obtain the new approximate equivalent SNR as [66] 

           ( 4-27 ) 

In other words we can define a combined noise and interference term variance such that 

           ( 4-28 ) 

Therefore, we can replace N0 in (4-3, 4-6) with (4-27) where the new noise term is the 

combination of the thermal noise and the approximation for the MAI. 

By comparing (4-24) to (4-5), we conclude that our multi-user system can be 

approximated relatively accurately with the SGA to a single user system where the MAI 

is imbedded into the total noise term for calculation of the SNR.  Consequently, if we 

were applying our proposed adaptive power and rate control in the multi-user system, the 

analytical results would be very similar to the single user system.  In this case, the error 

probability performance of our adaptive system will become (4-11) for three regions and 

similarly will become (4-12) for higher number of regions. 

These findings can be demonstrated and validated with accurate simulations for a 

2-user system where we model actual MAI in our results.  We present performance 
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curves when the system operates in a 3-region TPC scheme and a 3-dB power adjustment 

policy in the next chapter. 
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5 Simulations Results 

We evaluated the performance of our proposed algorithm in the context of a W-CDMA 

system using a detailed block diagram simulation package called CAPSIM [67].  The 

CAPSIM simulation package, with its graphical interface, allows the implementers to 

modify simulation parameters of each block in the graphical mode.  CAPSIM is a multi-

rate simulation tool that is capable of modeling very complex communication systems 

with a large number of data points for capturing very accurate statistical results which is 

important for calculating the probability of error.  All major components of the W-

CDMA system were modeled and simulated including an accurate model for realistic flat 

fading mobile channels. 

 

 

 

 

Figure 5.1.  Block Diagram of Simulation Topology for W-CDMA System 

In our simulation, the MS and BS transmitters randomly generate data for several seconds 

at 256 kbps. The output of the DATA block is connected to a rate ½ convolutional 

DATA 

Encoder 
Rate ½ Interleave Code 

Tree 
Long 
Code 

BP 
Fade 

Receiver 

0 0 0 

0 

0 0 

0 

0 

1 1 1 1 

1 

Conjugate 1 
1 2 3 

1 

0 

1 BER 4 



 5-76

encoder with the generator polynomials of g0=[1 0 1, 1 1 0, 0 0 1] and g1=[1 1 1, 1 0 1, 0 

1 1] and constraint length of 9.  The input terminal 0 of the Encoder block receives the 

random bit stream from the DATA block and produces the real and imaginary values.  

The configuration of the convolutional encoder is presented in Figure 5.2. 

 

 

 

Figure 5.2.  Rate ½ Convolutional Encoder 

The real and imaginary output terminals 0 & 1 in Figure 5.2 that generate the rate ½ 

convolutional encoded data is block interleaved for 10 ms of data.  The Interleaver block 

is design to be a 128 x 20 element matrix where the encoded bits are written into the 

matrix row wise and read column wise.  A simple representation of the block Interleaver 

is illustrated in Figure 5.3. 
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Figure 5.3.  Block Interleaving 

We consider that the pilot information is multiplexed with the interleaved data before 

appropriate orthogonal and long codes are multiplied by the signal before modulation.  

The data rate is assumed to be 256 Kbps with spreading factor equal to 16.  That means 

each of the interleaved bits is over sampled with the appropriate orthogonal code of 

length 16.  The orthogonal code that is generated by the tree structure is implemented in 

the Code Tree block where terminals 0 and 1 of the block carry the real and imaginary 

values of the baseband data respectively. 

Our proposed SRC and TPC algorithms at the transmitter are implemented in the 

Code Tree block where the variable SF is used to create higher or lower data rates in the 

SRC technique or TPC values are adjusted according to the algorithm outlined 

previously.  We assumed that the instantaneous channel power values are available at the 

beginning of every W-CDMA slot.  Consequently, the Code Tree block has access to 

these values and makes the necessary adjustment to the rate or the power of the 
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transmitted slot based on rules defined by the algorithm.  At the selected bit rate of 256 

Kbps, the Code Tree block modifies the SF or the transmitted gain every 160 bits that 

represent one W-CDMA slot. 

The next block is the Long Code generation where the long scrambling code is a 

40960-chips segment of a Gold code of length 241-1.  The output of the spreader enters 

the BP Fade where we implemented the W. Jakes fading model.  The channel is initially 

assumed to be flat fading with Additive White Gaussian Noise (AWGN) and later, we 

introduce multipath fading to the system.  Figure 5.4 illustrates the BP Fade block 

diagram. 

 

 

 

 

Figure 5.4.  Band Pass Fading Channel Model Block Diagram 

The real and the imaginary data bits from input terminals 0 and 1 undergo the RtC block 
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RAKE receiver.  The CtR block brings back the complex value perturbed data to Inphase 

and Quadrature values where the AWGN block represents the complex additive white 

noise at the receiver.  The output terminals 0 and 1 of Figure 5.4 represent the perturbed 

and complex conjugate channel coefficients respectively where they enter the Receiver 

block. 

The Receiver block uses a standard RAKE receiver with correlator banks and 

maximum ratio combining.  For simplicity, we assume the complex conjugate channel 

coefficients are available to the receiver RAKE through input terminal 1 of the Receiver 

block and input terminal 0 contains the corrupted signal.  Input terminals 2, 3, and 4 are 

used to calculate the coded and uncoded BER values. 

The receiver assumes perfect knowledge of the modulation scheme.  In a realistic 

system, some form of signaling, such as a pilot channel, must be used to convey the 

modulation parameters for the receiver.  Figure 5.5 illustrates the block diagram of the 

Receiver block. 

The complex perturbed data is initially multiplied with the complex conjugate 

channel coefficients provided to the Receiver block from the BP Fade Block in this 

simulation.  The CtR block produces I and Q bit streams where they are multiplied by the 

long code that is the same as the long code applied to the transmitted data.  We assumed 

perfect synchronization of the long spreading codes at the receiver exist.  Consequently, 

in a multipath system where multiple instances of the perturbed data arrive at the 

receiver, a delayed version of the same spreading code is used to recover the data of each 

path. 
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Figure 5.5.  Receiver Block Diagram 

The Rake block models the standard Maximal Ratio Combiner (MRC) RAKE receiver in 

the multipath Rayleigh fading operation.  The output of the Rake block is also integrated 

for the length of the SF.  The general block diagram of the MRC receiver is illustrated in 

Figure 5.6. 
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tapped delay line receiver attempts to collect the signal energy from all the received 

signal paths that fall within the span of the delay line and carry the same information. 
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Figure 5.6.  Optimum MRC for BPSK Signaling 

The output of the MRC receiver is passed to the Slice block where the hard decisions are 

made based on the positive or negative values of the integrated MRC output.  That is for 

any positive values of the MRC output, the block outputs a 1 and a 0 otherwise. 
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In the above equation, k is the spreading factor, b is the input bit, S is the soft output and 

S1 and S0 are the hard output values. 

The De-Interleave block performs the reverse function of the Interleave block.  

That is the data is written into columns and read in rows.  The total number of bits in the 

De-Interleave and Interleave blocks should match.  Therefore the original coded data is 

reconstructed at the receiver for input to the Viterbi Decoder. 

The original data is received from input terminals 2 and 3 in Figure 5.5 and are 

compared with the bits received from the De-Interleave block in order to compute the 

uncoded BER at the receiver.  The total uncoded BER for a BPSK is calculated by the 

averaging the BERs for the Inphase and Quadrature signals respectively. 

The final block in Figure 5.5 is the Viterbi Decoder.  The rate ½ Viterbi decoder 

decodes the convolutionally encoded data.  The output of the Viterbi Decoder is 

compared with the original data that is passed by input terminal 4. 

Figure 5.7 describes the interaction between the channel prediction logic, 

TPC/SRC logic and the communications between the transmitter and the receiver in a 

practical system.  This figure illustrates the block diagram of the actual receiver topology 

where the system operates with our proposed TPC/SRC algorithm.  The Matched filter is 

matched to the shape of the transmitted symbols.  The Channel Prediction block 

implements the long-range power prediction of the mobile channel.  These prediction 

values are passed to the TPC/SRC Logic where the threshold values are calculated and 

reported to the transmitter. 
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Figure 5.7.  General Block Diagram of MS or BS Receiver Operating in TPC/SRC 

Mode 

The BS Estimates the channel coefficients through the use of the transmitted pilot 

training symbols.  The length of the pilot symbols is sufficiently adequate for estimating 

the complex channel coefficients and its length varies as the rate of the transmitted signal 

varies.  Based on the linear prediction algorithm for channel power mentioned in chapter 

3, the BS uses the instantaneous estimation of the complex channel coefficients to predict 

its long-range channel power.  These predicted values are initially used to construct the 

channel power histogram for computing the area under the curve of the channel power 

pdf for 3, 5, and 7 regions for TPC or SRC.  Furthermore, we computed the appropriate 

threshold and based on the TPC or SRC algorithm we issue a command for the remote 

transmitter to change its transmitter power or rate.  This procedure is illustrated in Figure 

5.7. 
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5.1 Flat Fading Performance 

Figure 5.8 illustrates the error performance results of the simulation of a one-user W-

CDMA system in a flat Rayleigh fading channel.  In this Figure we have illustrated the 

error probability of the W-CDMA system with and without TPC and SRC in a three-

region system. 

The top curve shows the performance of the uncoded BPSK system without 

power or rate control.  The 2nd and the 3rd curves from the top illustrate the performance 

of the uncoded system with TPC and SRC respectively.  It is evident that the uncoded 

probability of error for the system operating in the TPC mode with a 3-dB adjustment 

policy is very similar to the system operating in the SRC mode with a doubling or halving 

adjustment policy.  The 4th curve from the top illustrates the performance of the coded 

BPSK system without power or rate control.  As we explained in Figure 5.2 and 5.5, the 

channel coding scheme is a rate ½ convolutional encoder and rate ½ Viterbi decoder.  

Similarly, the 5th and the 6th curves illustrate the performance of the coded BPSK with 

adaptive TPC and SRC respectively that are once again very similar.  Finally the bottom 

curve illustrates the simulation result for the performance of the BPSK system in a 

AWGN channel. 

Figure 5.8 also illustrates noticeable improvement in the error performance of our 

W-CDMA system with the TPC or the SRC schemes.  We can imply from this 

improvement that a mobile unit with the TPC or SRC can operate at a lower transmitter 

power to obtain the same error probability as a system with no adaptive power or rate 

techniques.  Lower transmitter power reflects lower MAI and consequently increases 

channel capacity. 
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Figure 5.8.  Experimental Pe vs. Eb/N0 with/without TPC/SRC 

We compared our simulation results of figure 5.8 with our analytical results that were 

presented in chapter 4.  It is evident from these results that the simulation results of our 
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adjustment policy for the uncoded case perfectly match the theoretical results.  We 

illustrate these results in Figure 5.9. 
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Figure 5.9.  Comparison of the Simulation and the Theoretical Results for 1 Path 

The top two curves in Figure 5.9 compares the theoretical error performance of our 

system with the simulation results.  The three middle curves illustrate the performance of 
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the theoretical results for TPC, the simulations result for TPC and the simulation results 

for SRC technique.  Finally the bottom curve illustrates our AWGN channel 

performance.  Due to the limitation of our simulation environment we have not simulated 

beyond the 3 regions SRC and TPC.  However, we conclude from the performance 

results shown in Figure 5.9 that in a flat fading channel environment, the 5-region and 7-

region system with adaptive TPC or SRC improves the performance of the our BPSK 

system and reduces the error probability similar to the way it does for the 3-region policy. 

5.2 Multipath Fading Performance 

We simulated a one-user W-CDMA system operating in a 2-path Rayleigh fading 

channel model.  The simulated system is very similar to the system described in Figure 

5.2 with the exception of the channel model and the MRC that combines 2 fingers in the 

RAKE receiver.  The block diagram of the multipath channel model is illustrated in 

Figure 5.10. 

 

 

 

 

Figure 5.10.  Band Pass Fading Channel Model Block Diagram 
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The transmitted signal that is received from input terminals 0 and 1 are convolved with 

the two independent complex fading channels signals that arrive at the receiver at 

instances delayed by 1 chip.  For the two path channel model simulations, we normalized 

the total average channel power to 1 similarly to our one path channel model simulation 

where E(α2) = 1.  We assume that both the perturbed original and the delayed version of 

the same transmitted signal propagated through two independent paths.  A complex 

AWGN is applied to the combined channel coefficients to model the thermal noise at the 

receiver  

We illustrate the error performance of our proposed technique by fixing the 

AWGN variance and adjusting the transmit power level to generate a range of Eb/N0 for 

the BER curves.  The simulated results for our TPC and SRC system are plotted in Figure 

5.11.  In this Figure, we illustrated the error probability of the W-CDMA system with and 

without TPC and SRC in a three-region system with a 3-dB step adjustment policy.  The 

top two curves in Figure 5.11 show that when the system operates with a 2-path Rayleigh 

fading channel and a 2-finger MRC receiver, it performs significantly better than the 

system operating in a flat fading channel.  Furthermore, the error performance of our 

system improves with a 3-region adaptive TPC or SRC and a 3-dB adjustment policy.  

The two bottom curves in Figure 5.11 illustrate the improved error performance of the 

system in conjunction with channel coding where the inherent redundancies introduced in 

the convolutional encoder are used to correct the random errors introduced by the channel 

at the decoder. 
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Figure 5.11.  Simulation Results for Pe vs. Eb/N0 with/without TPC/SRC, 2-Paths 

Similarly to the flat fading performance comparison, the results presented in Figure 5.11 

perfectly match the analytical results presented in Figure 4.6.  Figure 5.12 illustrates the 

theoretical and the simulation results for the error performance of our W-CDMA system.   
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Figure 5.12.  Comparison of the Simulation and the Theoretical Results for 2 Paths 

The top two curves in Figure 5.12 compare the theoretical error performance of our 

system with the simulation results when operates in a 1-path Rayleigh fading channel.  

The middle two curves illustrate the error performance of the theoretical and the 

simulations result for our system with no power control in a 2-path fading model and the 
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next coupled curves are with 3-region TPC adaptive power control and 3-dB power 

adjustment policy.  Finally the bottom curve illustrates the AWGN channel performance.  

Due to the limitation of our simulation environment we have not simulated beyond the 3 

regions SRC and TPC.  Furthermore, we conclude from the performance results shown in 

Figure 5.12 and Figure 4.6 that the error performance of our proposed TPC and SRC 

techniques improves when the number of regions increases to 5-region and 7-region in 

the multipath fading channel environment and MRC receiver. 

5.3 Multi-user Performance 

We applied the TPC technique in our simulation of a 2-user system where user 2 

introduces interference to user 1. However, user 1 does not introduce interference to user 

2.  In this case we can monitor the effect of the MAI on user one while user 2 adjusts its 

transmitter power based on our adaptive TPC technique.  Due to the fact that the 

performance of the TPC technique with 3-dB adjustment policy is similar to the SRC 

technique, we have not performed simulations for our proposed SRC technique.  

However, it is clear from the derivations and the illustrations in this chapter that their 

performance is very similar.  Figure 5.13 illustrates the block diagram of a 2-user system. 

In this block diagram, user 1 and user 2 identically perform the transmitter and 

receiver function of 2 mobile units.  In this configuration we assume that user 2 

introduces MAI to user 1.  Both users operate at the same transmission rate with two 

distinct orthogonal codes.  The transmitted data is spread using 2 unique long codes 

initialized with different seeds for the uplink transmission to the base station.  Each user 

propagates data through independent flat fading channels in this simulation. 
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Figure 5.13.  Top Level Block Diagram of a 2-User W-CDMA system 

The BP Fade block for user 2 is similar to Figure 5.4 with the exception of a second 

output that contains the MAI.  However, topology of the BP Fade block for user 1 is 
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different from the topology of the BP Fade block of user 2 in the sense that it receives 

MAI from the output terminal 2 for BP Fade block for user 2.  The diagram of BP Fade 

block for user 1 is illustrated in Figure 5.14. 

 

 

 

 

Figure 5.14.  Band Pass Fading Channel Model with MAI 

In the traditional single user detector for multi-user systems, the closed-loop power 
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to the point that the SNR at the receiver becomes acceptable.  Due to the time variant 

nature of the mobile radio channel, if the power control is not performed effectively, it 

increases the near far effect.  

However, in our proposed power and rate control schemes, the total average 

interference power remains constant, due to the selected regions of operation that is based 

on the channel power pdf.  Consequently, the effect of the near-far problem is practically 

reduced or eliminated.  Figure 5.15 illustrates the error performance of our two-user 

system in conjunction with our proposed three-region TPC and 3-dB adjustment policy. 
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Figure 5.15.  Simulation Results for Pe vs. Eb/N0, 2-User Performance, Constant 

Power User 1 

The top two curves in Figure 5.15 illustrate the error performance of the user 1 with MAI 

from user 2.  In this simulation, user 1 is operating at a constant 12 dB transmit SNR 

where user 2 increases its transmitter power from 3 dB to 20 dB.  The bottom two curves 

show the performance of user 2 without MAI from user 1 and finally, the last curve is the 
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performance of user 2 in the AWGN channel.  We notice from these curves that the error 

performance of user 1 remains constant while user 2 applies TPC at the transmitter. 

We also conducted another simulation where user 1 operates at the same transmit 

SNR level as user 2.  In this simulation both users increase their transmitter power from 3 

dB to 20 dB.  Figure 5.16 illustrates the error performance of this system. 

 

 

 

 

 

 

 

 

 

Figure 5.16.  Simulation Results for Pe vs. Eb/N0, 2-User Performance, Equal Power 
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The top two curves in Figure 5.16 are similar to the top two curves in Figure 5.15, where 

they illustrate the error performance of user 1 with the MAI from user 2.  The middle two 

curves illustrate the error performance of user 2 without MAI from user 1 and finally, the 

last curve shows the error performance of user 2 in the AWGN channel. 

Consequently, by comparing and analyzing Figure 5.15 and Figure 5.16, it is 

apparent that the error performance of our 2-user system improves when the TPC 

technique is applied to every user.  We also notice from these curves that the error 

performance for user 1 remains constant while user 2 applies TPC at the transmitter. 

One can generalize from these error performance results that as the number of 

users increases, the amount of MAI power also increases.  Therefore, since the capacity 

of CDMA systems are interference limited, as we showed in our 2-user system, the TPC 

or SRC technique reduces the MAI.  Therefore, we conclude that in a W-CDMA system 

when all users adopt our adaptive TPC or SRC schemes, we obtain the same SNR value 

at the receiver with a smaller transmitter power.  Consequently, the total channel capacity 

increases and the error performance of each user in the system improves noticeably. 
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6 Conclusion and Future Work 

We have proposed novel adaptive power and rate control techniques for W-CDMA 

systems according to an algorithm for long-range prediction of the mobile channels.  We 

simulated all major components of the system including the channel coding, interleaving, 

spreading and accurate model of flat and multipath Rayleigh fading channels. 

We performed extensive background literature and patent search regarding the 

past and present state of the adaptive power and rate control in the CDMA and W-CDMA 

systems.  Based upon our literature review, we defined an enhancement to the existing 

power and rate control technique for W-CDMA systems.  Our analytical and simulation 

results show that our proposed techniques would reduce the system’s probability of error, 

reduce the MAI and consequently increase the channel capacity. 

We defined a mobile system with three regions of operations (0-A, A-B, B-∞ ).  

These regions are defined based upon the mobile channel power pdf.  The operation of 

the system is such that the mobile station transmitter modifies its transmitter power by 

multiplying its transmitted symbols by a set gain factor during its operation in each 

region.  Furthermore, it can modify its transmitter rate by doubling or halving its 

spreading factor.  The thresholds in our simulated system were set such that the system 

operates 33% of time in the low-power region [0, A), 33% in the mid-power region [A, 

B) and 33% in the high-power region [B, ∞ ). 

We were able to formulate the problem in a mathematical model and we 

presented comprehensive analytical results to support our findings.  Furthermore, we 

demonstrated that the simulation results accurately match the analytical results. We show 
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that the use of our techniques in conjunction with channel coding can further improve the 

system performance and reduce the probability of error.  We also described a method to 

improve the channel capacity by dynamically reducing the transmit rate to allow 

temporary admission of new users to the system. 

We extended the proposal to a multipath environment where power and rate 

control thresholds are set according to the pdf of the multipath channel power.  We 

approximated the MAI in a multi-user environment as a standard Gaussian approximation 

and demonstrated that the proposed technique reduces the multi-access interference while 

keeping the average BER constant. 

The practical applications of our techniques are in W-CDMA systems where 

higher bandwidth, better throughput and increase in the channel capacity are the goals of 

the promoters of the third generation mobile system.  We rely vastly on the accurate long-

range power prediction of the mobile channel to perceive the maximum performance of 

our proposed techniques.  However, we did not address the long-range power prediction 

problem in this dissertation. 

Due to the fact that we have assumed a perfect channel power prediction in our 

simulations of our power and rate control algorithm, a possible future research 

contribution could be to extend the long-range channel power prediction scheme by 

solving a nonlinear model that may forecast more accurate prediction coefficients.  A 

more accurate long-range channel power prediction would lead to a more accurate 

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

Another possible enhancement to the W-CDMA system is the use of an adaptive 

coding technique in conjunction with our proposed power and rate control schemes where 
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the combination can provide a basis for a communication system that may fully exploit 

the potential capacity of the mobile radio channel.  A different number of regions can 

also be explored where the system can adjust its configuration based on the new set of 

defined regions.  Generally speaking, any increase in spectral efficiency in mobile 

telephony would allow more mobile units to access the same base station.  Consequently, 

a lower transmit power requirement would be associated with longer talk times and 

would reduce MAI. 
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